


    Molecular Diagnostics 



This page intentionally left blank



 Molecular Diagnostics

Second Edition

  Edited by      

      George P.   Patrinos    

Wilhelm J. Ansorge

    

AMSTERDAM • BOSTON • HEIDELBERG • LONDON • NEW YORK • OXFORD

PARIS • SAN DIEGO • SAN FRANCISCO • SINGAPORE • SYDNEY • TOKYO

Academic Press is an imprint of Elsevier          



      Academic   Press is an imprint of Elsevier 
 32   Jamestown Road, London NW1 7BY, UK 
 30   Corporate Drive, Suite 400, Burlington, MA 01803, USA 
 525   B Street, Suite 1900, San Diego, CA 92101-4495, USA 

 First   edition 2005 
 Second edition 2010 

 Copyright    ©  2010 Elsevier Ltd. All rights reserved 
 
No   part of this publication may be reproduced, stored in a retrieval system 
or transmitted in any form or by any means electronic, mechanical, photocopying, 
recording or otherwise without the prior written permission of the publisher. 
Permissions may be sought directly from Elsevier’s Science  &  Technology Rights 
Department in Oxford, UK: phone ( � 44) (0) 1865 843830, fax ( � 44) (0) 1865 853333; 
email:  permissions@elsevier.com . Alternatively, visit the Science and Technology Books 
website at  www.elsevierdirect.com/rights  for further information 

 Notice   
 No   responsibility is assumed by the publisher for any injury and/or damage to persons 
or property as a matter of products liability, negligence or otherwise, or from any use or 
operation of any methods, products, instructions or ideas contained in the material herein. 
Because of rapid advances in the medical sciences, in particular, independent verification of 
diagnoses and drug dosages should be made 
  
British   Library Cataloguing-in-Publication Data  
 A   catalogue record for this book is available from the British Library 
  
Library   of Congress Cataloging-in-Publication Data  
 A   catalog record for this book is available from the Library of Congress 
 
ISBN  : 978-0-12-374537-8 
 

For   information on all Academic Press publications 
visit our website at  www.elsevierdirect.com  

 
Typeset   by Macmillan Publishing Solutions 
( www.macmillansolutions.com ) 
 
Printed   and bound in the United States of America 

   10 11 12 13 14       15 10 9 8 7 6 5 4 3 2 1   



v

   Contents  

  List   of Contributors   ix  
  Preface    –  First Edition   xiii  
 Preface  –  Second Edition   xv 
  Foreword    –  First Edition   xvii  

    1.    Molecular Diagnostics: Past, Present, 
and Future   1 
  George   P. Patrinos and Wilhelm J. Ansorge  

 Section I
Molecular Diagnostic Technology   13

     2.    Allele-Specifi c Mutation Detection   15 
  Aglaia   Athanassiadou, Eleana F. Stavrou, 
Adamandia Papachatzopoulou and 
George P. Patrinos  

    3.    Enzymatic and Chemical Cleavage 
Methods to Identify Genetic 
Variation   29 
  Chinh   T. Bui, Emmanuelle Nicolas, Georgina 
Sallmann, Maria Chiotis, Andreana Lambrinakos, 
Kylee Rees, Ian Trounce, Richard G.H. Cotton, 
Lauryn Blakesley, Andrew K. Godwin and 
Anthony T. Yeung  

    4.    Mutation Detection by Single Strand 
Conformation Polymorphism and 
Heteroduplex Analysis   45 
  Panayiotis   G. Menounos and 
George P. Patrinos  

    5.    Capillary Electrophoresis   59 
  Anja   Bosserhoff and Claus Hellerbrand  

    6.    Temperature and Denaturing 
Gradient Gel Electrophoresis   75 
  Hartmut   Peters and Peter N. Robinson  

    7.    Real-Time Polymerase Chain 
Reaction   87 
  Lut   Overbergh, Anna-Paula Giulietti, 
Dirk Valckx and Chantal Mathieu  

    8.    Pyrosequencing   107 
  Sharon   Marsh  

     9.    Application of Padlock and Selector 
Probes in Molecular Medicine   117 
  Mats   Nilsson, Chatarina Larsson, Johan 
Stenberg, Jenny G ö ransson, Ida Grundberg, 
Magnus Isaksson, Tim Conze and 
Sara Henriksson  

    10.    Molecular Cytogenetics in 
Molecular Diagnostics   133 
  Holger   T ö nnies  

    11.    Analysis of Human Splicing 
Defects Using Hybrid Minigenes   155 
  Franco   Pagani and Francisco E. Baralle  

    12.    Detection of Genomic Duplications 
and Deletions   171 
  Graham   R. Taylor and Carol A. Delaney  

    13.    Multiplex Ligation-Dependent Probe 
Amplifi cation (MLPA) and Methylation-
Specifi c (MS)-MLPA: Multiplex 
Detection of DNA/mRNA 
Copy Number and 
Methylation Changes   183 
  Eline   M. Sepers and Jan P. Schouten  

    14.    Molecular Techniques for DNA 
Methylation Studies   199 
  J   ö rg Tost and Ivo G. Gut  

    15.    High-Resolution Melting Curve 
Analysis for Molecular Diagnostics   229 
  Jared   S. Farrar, Gudrun H. Reed and 
Carl T. Wittwer  

    16.    DNA Microarrays and 
Genetic Testing   247 
  Lars   Dyrskj ø t, Karina Dalsgaard-S ø rensen, 
Marie Stampe-Ostenfeld, Karin Birkenkamp-
Demtroder, Kasper Thorsen, Claus L. Andersen, 
Mogens Kruh ø ffer, Jens L. Jensen and 
Torben F.  Ø rntoft  



Contentsvi

    17.    Arrayed Primer Extension Microarrays 
for Molecular Diagnostics   267 
  Neeme   Tonisson, Eneli Oitmaa, 
Kaarel Krjutskov, Janne Pullat, Ilona Lind, 
Merike Leego, Ants Kurg and Andres Metspalu  

    18.    Application of Proteomics to 
Disease Diagnostics   285 
  Samir   Hanash, Ji Qiu and Vitor Faca  

    19.    RNA-Based Variant Detection: The 
Protein Truncation Test   293 
  Johan   T. den Dunnen  

    20.    Protein Diagnostics by Proximity 
Ligation: Combining Multiple 
Recognition and DNA Amplifi cation 
for Improved Protein Analyses   299 
  Karl  -Johan Leuchowius, Ola S ö derberg, 
Masood Kamali-Moghaddam, Malin Jarvius, 
Irene Weibrecht, Katerina Pardali and 
Ulf Landegren  

    21.    Mass Spectrometry and its 
Applications to Functional 
Proteomics   307 
  Thomas   K ö cher and Giulio Superti-Furga  

Section II
Applications of Molecular 
Diagnostics and Related Issues   325

    22.    Pharmacogenetics and 
Pharmacogenomics: Impact on 
Drug Discovery and Clinical Care   327 
  Minoli   Perera and Federico Innocenti  

    23.    Nutrigenomics: Integrating 
Genomic Approaches into 
Nutrition Research   347 
  Lynette   R. Ferguson, Martin Philpott and 
Matthew P.G. Barnett  

    24.    Novel Next-Generation DNA 
Sequencing Techniques for Ultra 
High-Throughput Applications in 
Bio-Medicine   365 
  Wilhelm   J. Ansorge  

    25.    Locus-Specifi c and National/Ethnic 
Mutation Databases: Emerging Tools 
for Molecular Diagnostics   379 
  George   P. Patrinos  

    26.    Molecular Diagnostic Applications in 
Forensic Science   393 
  Bruce   Budowle, John V. Planz, Rowan 
Campbell and Arthur J. Eisenberg  

    27.    Mass Disaster Victim Identifi cation 
Assisted by DNA Typing   407 
  Daniel   Corach  

    28.    Detection of Highly Pathogenic 
Viral Agents: Implications for 
Therapeutics, Vaccines and 
Biodefense   417 
  Kylene   Kehn-Hall and Sina Bavari  

      29.    Identifi cation of Genetically 
Modifi ed Organisms   431 
  Farid   E. Ahmed  

    30.    Molecular Diagnostics and 
Comparative Genomics in 
Clinical Microbiology   445 
  Alex   van Belkum  

    31.    Genetic Monitoring of Laboratory 
Rodents   461 
  Jean  -Louis Gu é net and Fernando J. Benavides  

    32.    Safety Analysis in Retroviral 
Gene Therapy: Identifying Virus 
Integration Sites in
 Gene-Modifi ed Cells   471 
  Stephanie   Laufs, Luisa Schubert, Patrick 
Maier, W. Jens Zeller and Stefan Fruehauf  

    33.    Preimplantation Genetic 
Diagnosis   485 
  Martine   de Rycke and Karen Sermon  

    34.    Automated DNA Hybridization and 
Detection   501 
  Bert   Gold  

   35.   The Use of Microelectronic-Based 
Techniques in Molecular Diagnostic 
Assays   513 
  Piotr   Grodzinski, Michael Ward, Robin Liu, 
Kathryn Scott, Saul Surrey and Paolo Fortina  

    36.    Human Gene Patents and Genetic 
Testing   527 
  Timothy   Caulfi eld and Yann Joly  



Contents vii

    37.    Genetic Counseling and Ethics in 
Molecular Diagnostics   537 
  Mary   Petrou  

    38.    Genetic Testing and Psychology   549 
  Andrea   Farkas Patenaude  

    39.    General Considerations Concerning 
Safety in Biomedical Research 
Laboratories   563 
  William   E. Grizzle, Walter C. Bell and 
Jerry Fredenburgh  

    40.    Quality Management in the 
Laboratory   573 
  David   Burnett  

  Glossary      583 
  Index      591   

 Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.



This page intentionally left blank



ix

   Contributors 

  Prof  . Dr. Farid E. Ahmed      Professor  , Department of 
Radiation Oncology, Leo W. Jenkins Cancer Center, East 
Carolina University, The Brody School of Medicine, 600 
Moye Boulevard, LSB 014, Greenville, NC 27858, USA.    

  Dr  . Claus L. Andersen      Associate   Professor, Molecular 
Diagnostic Laboratory, Department of Clinical 
Biochemistry, Aarhus University Hospital, Skejby, 
8200-Aarhus N, Denmark. 

  Prof  . Dr. Wilhelm J. Ansorge      Visiting   Professor, Ecole 
Polytechnique Federal Lausanne, PH D2 445 (B â timent 
PH) Station 3, Lausanne, CH-1015, Switzerland .

  Prof  . Dr. Aglaia Athanassiadou      Professor   of General 
Biology, University of Patras, Faculty of Medicine, 
School of Health Sciences, Department of General 
Biology, Asclepiou Street, Panepistimioupolis, GR- 
26110, Patras, Greece. 

  Prof  . Dr. Francisco E. Baralle      Head  , Molecular 
Pathology Laboratory; Director, International Centre 
for Genetic Engineering and Biotechnology (ICGEB), 
Padriciano, 99, 34012 Trieste, Italy. 

  Dr  . Matthew P. G. Barnett      Senior   Research Scientist, 
Food, Metabolism and Microbiology, Food and Textiles 
Group, AgResearch Limited, Palmerston North, New 
Zealand. 

  Dr  . Sina Bavari      Chief   of Immunology, Target 
Identification, and Translational Research, United States 
Army Medical Research Institute of Infectious Diseases, 
Bacteriology Division, Ft. Detrick, MD, 21702, USA. 

  Prof  . Dr. Alex van Belkum      Professor   of Molecular 
Microbiology, Erasmus MC, Department of Medical 
Microbiology and Infectious Diseases, Unit Research 
and Development, Dr. Molewaterplein 40, 3015 GD 
Rotterdam, The Netherlands. 

  Dr  . Walter Bell      Associate   Professor of Pathology, 
Division of Anatomic Pathology, University of 
Alabama at Birmingham, North Pavilion  –  Room 3540, 
University Station, Birmingham, AL 35294-7331, USA. 

  Dr  . Fernando Benavides      Associate   Professor and Director, 
Genetic Services, Department of Carcinogenesis, The 
University of Texas MD Anderson Cancer Center, 1808 
Park Road 1C  –  PO Box 389, Smithville, TX 78957, USA. 

  Dr  . Karin Birkenkamp-Demtroder      Associate   Professor, 
Molecular Diagnostic Laboratory, Department of 
Clinical Biochemistry, Aarhus University Hospital, 
Skejby, 8200-Aarhus N, Denmark. 

  Lauryn   Blakesley      Research   Assistant, Fox Chase Cancer 
Center, 333 Cottman Avenue, Philadelphia, PA 19111-
2497, USA. 

  Prof  . Dr. Anja Katrin Bosserhoff      Professor   of Molecular 
Pathology, University of Regensburg, Institute of 
Pathology, Franz-Josef-Strau ß -Allee 11, D-93042 
Regensburg, Germany. 

  Dr  . Bruce Budowle      Senior   Scientist, Federal Bureau of 
Investigation, Laboratory Division, 2501 Investigation 
Parkway, Quantico, Virginia, 22135, USA. 

  Dr  . Chinh Thien Bui      Senior   Research Officer, Walter 
and Eliza Hall Research Institute, 4 Research Ave, 
Latrobe Research and Development Park, Bundoora, 
Victoria 3086, Australia. 

  Dr  . David Burnett      Consultant   in Quality and 
Accreditation Systems, Lindens Lodge, Bradford Place, 
Penarth, CF64 1LA, United Kingdom. 

  Dr  . Rowan S. Campbell      Research   Associate, University 
of North Texas, School of Medicine, PO Box 311277, 
Denton, Texas 76203, USA. 

  Prof  . Dr. Timothy Caulfield      Canada   Research Chair 
in Health Law and Policy, Research Director, Health 
Law Institute; Professor, Faculty of Law, Faculty of 
Medicine and Dentistry, 461 Law Centre, University of 
Alberta, Edmonton, Alberta, T6G 2H5, Canada. 

  Maria   Chiotis      Research   Assistant, Genomic Disorders 
Research Centre, 7th Floor, Daly Wing, St. Vincent’s 
Hospital, 41 Victoria Parade, Fitzroy 3065, Melbourne, 
Victoria, Australia. 

  Tim   Conze      Graduate   Student, Department of Genetics 
and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Prof  . Dr. Daniel Corach      Professor  , Department of 
Genetics and Molecular Biology, University of Buenos 
Aires, School of Pharmacy and Biochemistry; Director, 
DNA Fingerpring Service (Servicio de Hiellas Digitales 
Gen é ticas-SHDG); Principal Research Fellow, National 
Research Council (CONICET), Junin 956, 1113-
Buenos Aires, Argentina. 

  Prof  . Dr. Richard G.H. Cotton      Director  , Genomic 
Disorders Research Centre, 7th Floor, Daly Wing, 
St. Vincent’s Hospital, 41 Victoria Parade, Fitzroy 
3065, Melbourne, Victoria, Australia. 

  Dr  . Karina Dalsgaard-S ø rensen      Associate   Professor, 
Molecular Diagnostic Laboratory, Department of 
Clinical Biochemistry, Aarhus University Hospital, 
Skejby, 8200-Aarhus N, Denmark. 

  Dr  . Carol A. Delaney      Clinical   Scientist in Molecular 
Cytogenetics, SE Scotland Cytogenetics Laboratory, 
Western General Hospital, Crewe Road, Edinburgh 
EH4 2XU, United Kingdom. 



Contributorsx

  Dr  . Martine de Rycke      Senior   Scientist, Centre for Medical 
Genetics, UniversitairZiekenhuis Brussel, Department of 
Embryology and Genetics, Vrije Universiteit Brussel, 
Laarbeeklaan 101, B-1090 Brussels, Belgium. 

  Johan   T. den Dunnen  Leiden Genome Technology Center, 
Human and Clinical Genetics, Leiden University 
Medical Center, Leiden, The Netherlands. 

  Dr  . Lars Dyrskj ø t      Associate   Professor, Molecular 
Diagnostic Laboratory, Department of Clinical 
Biochemistry, Aarhus University Hospital, Skejby, 
8200-Aarhus N, Denmark. 

  Dr  . Arthur J. Eisenberg      Associate   Professor and 
Director, DNA Identity Laboratory, Department of 
Pathology and Anatomy, University of North Texas 
Health Science Center, 3500 Camp Bowie Boulevard, 
Ft. Worth, Texas 76107, USA. 

  Dr  . Vitor Faca      Post  -Doctoral Fellow, Department 
of Molecular Diagnostics, Fred Hutchinson Cancer 
Research Center, 1100 Fairview Avenue N, M5-C800, 
Seattle, WA 98109, USA. 

  Jared   S. Farrar      Laboratory   Assistant, University of 
Utah School of Medicine, Department of Pathology, 
50       N Medical Drive, Salt Lake City, UT 84132, USA. 

  Prof  . Dr. Lynnette R. Ferguson      Programme   Leader, 
Nutrigenomics New Zealand; Professor and Head, 
Discipline of Nutrition, Faculty of Medical and Health 
Sciences, University of Auckland, Private Bag 92019, 
Auckland, New Zealand. 

  Prof  . Dr. Paolo Fortina      Professor   of Medicine, 
Thomas Jefferson University; Director of Genomics 
and Diagnostics Center for Translational Medicine, 
Department of Medicine, 408 College Building, 1025 
Walnut Street, Philadelphia, PA 19107, USA. 

  Dr  . Jerry Fredenburgh      Chief   Executive Officer, 
Fredenburgh Consultants, 3403 Cypress Drive, Spring 
Grove, IL 60081-8617, USA. 

  Prof  . Dr. Stefan Fruehauf      Professor  , Center for Tumor 
Diagnostics and Therapy, Paracelsus-Klinik, Am 
Natruper Holz 69, D-49090 Osnabr ü ck, Germany. 

  Dr  . Anna-Paula Giulietti      Scientific   Researcher, Laboratory 
for Experimental Medicine and Endocrinology 
(LEGENDO), Catholic University of Leuven, UZ 
Gasthuisberg, Herestraat 49, B-3000 Leuven, Belgium. 

  Dr  . Andrew K. Godwin      Member  , Fox Chase Cancer 
Center, 333 Cottman Avenue, Philadelphia, PA 19111-
2497, USA. 

  Dr  . Bert Gold      Staff   Scientist, Human Genetics Section, 
Laboratory of Genomic Diversity, National Cancer 
Institute at Frederick, Building 560, Room 21-21, 
Frederick, MD, 21702, USA. 

  Jenny   G ö ransson      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Prof  . Dr. William E. Grizzle      Professor   of Pathology, 
Department of Pathology, University of Alabama at 

Birmingham, Zeigler Research Building  –  Room 408, 703 
South 19th Street Birmingham, AL 35294-0007, USA. 

  Dr  . Piotr Grodzinski         Center for Strategic and Scientific 
Initiative, National Cancer Institute, Bethesda, MD, USA. 

  Ida   Grundberg      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Dr  . Jean-Louis Gu é net      Emeritus   Scientist, Institut 
Pasteur, France. 

  Dr  . Ivo G. Gut      Assistant   Director and Department Head, 
Department for Translational Research, Centre National 
de G é notypage, CEA  –  Institut de G é nomique, 2 rue 
Gaston Cr é mieux, F-91000 Evry Cedex, France. 

  Prof  . Dr. Samir Hanash      Professor   and Head, 
Department of Molecular Diagnostics, Fred Hutchinson 
Cancer Research Center, 1100 Fairview Avenue N, M5-
C800, Seattle, WA 98109, USA. 

  Dr  . Claus Hellerbrand      Assistant   Professor, University 
Hospital Regensburg, Department of Internal Medicine 
I, Franz-Josef-Strau ß -Allee 11, D-93042 Regensburg, 
Germany. 

  Sara   Henriksson      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Dr  . Federico Innocenti      Assistant   Professor, University 
of Chicago, Department of Medicine, Section of 
Hematology/Oncology, 5841 South Maryland Avenue, 
MC 2115, Chicago, IL 60637, USA. 

  Magnus   Isaksson      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Malin   Jarvius      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Prof  . Dr. Jens L. Jensen      Professor  , Molecular Diagnostic 
Laboratory, Department of Clinical Biochemistry, Aarhus 
University Hospital, Skejby, 8200-Aarhus N, Denmark 

  Yann   Joly      Research   Scientist, University of Montreal, 
Public Law Research Center, Montr é al, Qu é bec, Canada. 

  Dr  . Masood Kamali-Moghaddam      Associate   Professor, 
Department of Genetics and Pathology, Uppsala 
University, Rudbeck Laboratory, SE-751 85, Uppsala, 
Sweden. 

  Dr  . Kylene Kehn-Hall      Assistant   Research Professor, 
Department of Microbiology, Immunology, and 
Tropical Medicine, The George Washington University, 
2300 I Street, NW Ross Hall, Room 551, Washington, 
DC 20037, USA. 

  Thomas   K ö cher  IMP  –  Research Institute of Molecular 
Pathology, Vienna, Austria. 

  Kaarel   Krjutskov  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia 
and Asper Biotech, Tartu, Estonia. 

  Dr  . Mogens Kruh ø ffer      Associate   Professor, Molecular 
Diagnostic Laboratory, Department of Clinical 



Contributors xi

Biochemistry, Aarhus University Hospital, Skejby, 
8200-Aarhus N, Denmark. 

  Ants   Kurg  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia 
and Asper Biotech, Tartu, Estonia. 

  Andreana   Lambrinakos      Ph  .D. Scholar, Genomic 
Disorders Research Centre, 7th Floor, Daly Wing, St. 
Vincent’s Hospital, 41 Victoria Parade, Fitzroy 3065, 
Melbourne, Victoria, Australia. 

  Prof  . Dr. Ulf Landegren      Professor  , Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Chatarina   Larsson      Graduate   Student, Department of 
Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Dr  . Stephanie Laufs      Research   Scientist, Department 
of Experimental Surgery, Medical Faculty Mannheim, 
University of Heidelberg, and Department of Molecular 
Oncology of Solid Tumors Unit, German Cancer 
Research Center (DKFZ), Heidelberg, Germany; 
Deutsches Krebsforschungszentrum (DKFZ), G360 
Klinische Kooperationseinheit Molekulare Onkologie 
Solider Tumoren, Im Neuenheimer Feld 580, 69120 
Heidelberg, Germany. 

  Merike   Leego  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia 
and Asper Biotech, Tartu, Estonia. 

  Karl  -Johan Leuchowius      Graduate   Student, Department 
of Genetics and Pathology, Uppsala University, 
Rudbeck Laboratory, SE-751 85, Uppsala, Sweden. 

  Ilona   Lind  Asper Biotech, Tartu, Estonia and Tartu 
University Hospital, Estonia. 

  Dr  . Robin Liu        Molecular Diagnostics, Osmetech 
Molecular Diagnostics, Pasadena, CA, USA. 

  Dr  . Patrick W. Maier      Research   Scientist, Department 
of Radiation Oncology, Mannheim Medical Centre, 
University of Heidelberg; Universit ä tsklinik f ü r 
Strahlentherapie und Radioonkologie, Univer-
sit ä tsklinikum Mannheim, Universit ä t Heidelberg, 
Theodor-Kutzer-Ufer 1-3, D-68167 Mannheim, Germany. 

  Sharon   Marsh  G é nome Qu é bec and Montreal Heart 
Institute Pharmacogenomics Centre, Montreal, Quebec, 
Canada. 

  Dr  . Chantal Mathieu      Associate   Professor of 
Medicine, Laboratory for Experimental Medicine and 
Endocrinology (LEGENDO), Catholic University 
of Leuven, UZ Gasthuisberg, Herestraat 49, B-3000 
Leuven, Belgium. 

  Dr  . Panayiotis G. Menounos      Director  , Laboratory of 
Research, Nursing Military Academy, SAKETA  ‘  ‘ A ’  ’  
barrack, Vironas GR-16201, Athens, Greece .

  Andres   Metspalu  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia, 
Asper Biotech, Tartu, Estonia and Estonian Genome 
Project, University of Tartu. 

  Dr  . Emmanuelle Nicolas      Research   Associate, Fox Chase 
Cancer Center, 333 Cottman Avenue, Philadelphia, PA 
19111-2497, USA. 

  Dr  . Mats Nilsson      Associate   Professor, Uppsala 
University, Department of Genetics and Pathology, 
Rudbeck Laboratory, SE-751 85, Uppsala, Sweden. 

  Eneli   Oitmaa  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia 
and Asper Biotech, Tartu, Estonia. 

  Prof  . Dr. Torben F.  Ø rntoft      Professor  , Molecular 
Diagnostic Laboratory, Department of Clinical 
Biochemistry,   Aarhus   University Hospital, Skejby, 
8200-Aarhus N, Denmark. 

  Dr  . Lut Overbergh      Scientific   Researcher, Laboratory 
for Experimental Medicine and Endocrinology 
(LEGENDO), Catholic University of Leuven, UZ 
Gasthuisberg, Herestraat 49, B-3000 Leuven, Belgium. 

  Dr  . Franco Pagani      Staff   Scientist, International Centre 
for Genetic Engineering and Biotechnology (ICGEB), 
Padriciano, 99, 34012 Trieste, Italy. 

  Dr  . Adamandia Papachatzopoulou      Assistant   Professor, 
University of Patras, Faculty of Medicine, School 
of Health Sciences, Department of General Biology, 
Asclepiou Street, Panepistimioupolis, GR-26110, 
Patras, Greece. 

  Dr  . Katerina Pardali      Post  -Doctoral Fellow, Department 
of Genetics and Pathology, Uppsala University, 
Rudbeck Laboratory, SE-751 85, Uppsala, Sweden. 

  Dr  . Andrea Farkas Patenaude      Director   of Psycho-
Oncology Research and Assistant Professor of Psychology, 
Division of Pediatric Oncology, Dana-Farber Cancer 
Institute; Department of Psychiatry, Harvard Medical 
School, 44 Binney Street, Boston MA 02445, USA. 

  Dr  . George P. Patrinos      Assistant   Professor and Head, 
Pharmacogenomics Group, University of Patras, School 
of Health Sciences, Department of Pharmacy University 
Campus, GR-26504, Rion, Patras, Greece; Adjunct 
Assistant Professor, Erasmus University Medical Cen-
ter, Faculty of Medicine and Health Sciences, 
Department of Bioinformatics, Room Ee1579, PO Box 
2040, 3000 CA, Rotterdam, the Netherlands. 

  Dr  . Minoli Perera      Instructor  , University of Chicago, 
Department of Medicine, Section of Genetic Medicine, 
5841 South Maryland Ave, Room TS 651, MC 6091, 
Chicago IL, 60637, USA .

  Dr  . Hartmut Peters      Research   Scientist, Institute of 
Medical Genetics, Charit é -Universit ä tsmedizin, Humboldt 
University Berlin, Augustenburger Platz 1, D-13353, 
Berlin, Germany. 

  Dr  . Mary Petrou         University College London, Institute of 
Women’s Health, Haemoglobinopathy Genetics Centre 
(Perinatal Centre), University College London Hospitals 
NHS Foundation Trust, London, UK. 

  Dr  . Martin Philpott      Senior   Research Fellow, Discipline 
of Nutrition, Faculty of Medical and Health Sciences, 



Contributorsxii

University of Auckland, Private Bag 92019, Auckland, 
New Zealand. 

  Dr  . John V. Planz      Assistant   Professor and Associate 
Director, DNA Identity Laboratory, Department of 
Pathology and Anatomy, University of North Texas 
Health Science Center, 3500 Camp Bowie Boulevard, 
Ft. Worth, Texas 76107, USA. 

  Janne   Pullat  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia. 

  Dr  . Ji Qiu      Senior   Scientist, Department of Molecular 
Diagnostics, Fred Hutchinson Cancer Research Center, 
1100 Fairview Avenue N, M5-C800, Seattle, WA 
98109, USA. 

  Dr  . Gudrun H. Reed      Senior   Research Specialist, 
University of Utah School of Medicine, Department 
of Pathology, 50       N Medical Drive, Salt Lake City, UT 
84132, USA. 

  Kylee   Rees      Ph  .D. Scholar, Genomic Disorders Research 
Centre, 7th Floor, Daly Wing, St. Vincent’s Hospital, 
41 Victoria Parade, Fitzroy 3065, Melbourne, Victoria, 
Australia. 

  Dr  . Peter N. Robinson      Staff   Scientist, Institute of Medical 
Genetics, Charit é -Universit ä tsmedizin, Humboldt Uni-
versity Berlin, Augustenburger Platz 1, D-13353, Berlin, 
Germany. 

  Georgina   Sallmann      Research   Assistant, Genomic 
Disorders Research Centre, 7th Floor, Daly Wing, St. 
Vincent’s Hospital, 41 Victoria Parade, Fitzroy 3065, 
Melbourne, Victoria, Australia. 

  Jan   P. Schouten  MRC-Holland BV, Amsterdam, The 
Netherlands. 

  Luisa   Schubert      Student  , Innovative Cancer Diagnostic 
and Therapy Unit, German Cancer Research Center, Im 
Neuenheimer Feld 280, D-69120 Heidelberg, Germany. 

  Kathryn   E. Scott      Molecular   Research Specialist, 
Thomas Jefferson University, Department of Medicine, 
Center for Translational Medicine Genomics, 415 
College Building, 1025 Walnut Street, Philadelphia, PA 
19107, USA. 

  Eline   M. Sepers  MRC-Holland BV, Amsterdam, The 
Netherlands. 

  Prof  . Dr. Karen Sermon      Professor  , Centre for Medical 
Genetics, UniversitairZiekenhuis Brussel, Department 
of Embryology and Genetics, Vrije Universiteit 
Brussel, Laarbeeklaan 101, B-1090 Brussels, Belgium. 

  Dr  . Ola S ö derberg      Associate   Professor, Department of 
Genetics and Pathology, Uppsala University,   Rudbeck   
Laboratory, SE-751 85, Uppsala, Sweden. 

  Dr  . Marie Stampe-Ostenfeld      Post  -Doctoral Fellow, 
Molecular Diagnostic Laboratory, Department of 
Clinical Biochemistry, Aarhus University Hospital, 
Skejby, 8200-Aarhus N, Denmark. 

  Dr  . Eleana Stavrou      Research   Scientist, University of 
Patras, Faculty of Medicine, School of Health Sciences, 
Department of General Biology, Asclepiou Street, 
Panepistimioupolis, GR-26110, Patras, Greece. 

  Dr  . Johan Stenberg      Post  -Doctoral Fellow, Department 
of Genetics and Pathology, Uppsala University, 
Rudbeck Laboratory, SE-751 85, Uppsala, Sweden. 

  Giulio   Superti-Furga  Center for Molecular Medicine of 
the Austrian Academy of Sciences, Vienna, Austria. 

  Prof  . Dr. Saul Surrey      Professor   of Medicine and 
Associate Director of Research, Cardeza Foundation 
for Hematologic Research and Division of Hematology, 
Thomas Jefferson University, 703 Curtis Building, 1015 
Walnut Street, Philadelphia, PA 19107, USA. 

  Prof  . Dr. Graham. R. Taylor      Head   of Genomic Services, 
Regional Genetics Laboratory and Cancer Research 
UK, Mutation Detection Facility, St. James’s University 
Hospital, DNA laboratory, Room 6.2 Clinical Science 
Building, Leeds, Yorkshire LS9 7TF, United Kingdom. 

  Dr  . Kasper Thorsen      Post  -Doctoral Fellow, Molecular 
Diagnostic Laboratory, Department of Clinical 
Biochemistry, Aarhus University Hospital, Skejby, 
8200-Aarhus N, Denmark. 

  Neeme   Tonisson  Institute of Molecular and Cell Biology, 
University of Tartu/Estonian Biocentre, Tartu, Estonia 
and Tartu University Hospital, Estonia. 

  Dr  . Holger T ö nnies      Research   Scientist, Cytogenetics 
and Molecular Cytogenetics Laboratory, Institute of 
Human Genetics, Christian-Albrechts-University, Kiel 
University Hospital, Schleswig-Holstein, D-24105 
Kiel, Germany. 

  Dr  . J ö rg Tost      Group   Leader, Laboratory for Epigenetics, 
Centre National de G é notypage,   CEA    –  Institut de 
G é nomique, B â timent G2, 2 rue Gaston Cr é mieux, CP 
5721, F-91057 Evry Cedex, France. 

  Dr  . Ian Trounce      Associate   Director, Genomic Disorders 
Research Centre, 7th Floor, Daly Wing, St. Vincent’s 
Hospital, 41 Victoria Parade, Fitzroy 3065, Melbourne, 
Victoria, Australia. 

  Dirk   Valckx      Research   Associate, Laboratory for 
Experimental Medicine and Endocrinology (LEGENDO), 
Catholic University of Leuven, UZ Gasthuisberg, 
Herestraat 49, B-3000 Leuven, Belgium .

  Dr  . Michael Ward        Invitrogene Corp, Eugene, OR, USA 
  Irene   Weibrecht      Graduate   Student, Department of 

Genetics and Pathology, Uppsala University, Rudbeck 
Laboratory, SE-751 85, Uppsala, Sweden. 

  Prof  . Dr. Carl T. Wittwer      Professor   of Pathology, 
University of Utah School of Medicine, Department 
of Pathology, ARUP Institute for Clinical and 
Experimental Pathology, 50       N Medical Drive, Salt Lake 
City, UT 84132, USA. 

  Dr  . Anthony T. Yeung      Director  , Fannie E. Rippel 
Biochemistry and Biotechnology Facility; Member, 
Fox Chase Cancer Center, 333 Cottman Avenue, 
Philadelphia, PA 19111-2497, USA. 

  Prof  . Dr. W. Jens Zeller      Group   Leader, Innovative 
Cancer Diagnostic and Therapy Unit, German Cancer 
Researh Center, Im Neuenheimer Feld 280, D-69120 
Heidelberg, Germany.  



xiii

   Preface  –  First Edition 

  This   book is the result of the initiative to edit a reference 
publication dealing exclusively with all the aspects of mod-
ern molecular diagnostics. The need for such a book derives 
from the intellectual revolution in biomedical science and 
the realization that human diseases, both congenital and 
inherited, are rapidly becoming susceptible to molecular 
quantitative analysis. Our effort has been assisted by many 
world-leading scientists, experts in their field, who have 
kindly accepted our invitation to compile the 48 chapters of 
this book and share with us and our readers their expertise, 
experience, and results, sometimes even unpublished ones. 

 In   the post-genomic era at the dawn of the twenty-first 
century, the deciphering of the information encrypted into 
the human genome sequence, together with the expansion 
of our knowledge on the molecular basis of human inher-
ited disorders, brought up the need to provide diagnosis at 
the molecular level for inherited diseases easily, accurately, 
and quickly. As a consequence, an increasing number of 
diagnostic and research laboratories, both academic and 
private in the USA and in Europe, are preparing to deal 
with the demands and challenges this new era sets forth for 
medicine and health sciences. They move in that direction 
not only by establishing innovative approaches for mutation 
detection, or improving existing ones, but also by imple-
menting novel technologies for the benefit of the patient. 

 Despite   the fact that molecular diagnostics has already 
entered its golden era, the scientific literature lacks a spe-
cialized reference book, dealing exclusively with the 
technology and techniques available for the detection of 
the sequence variations leading to inherited diseases. We 
consider this reference book, together with the underly-
ing framework, to be fundamental for the fruitful synthe-
sis of all aspects of modern molecular diagnostics to result 
in a well-orchestrated entity. There are only a few books 
available in the literature that allude to these issues in the 
topics they deal with, and none is dedicated exclusively to 
diagnosis at the molecular level. On the other hand, a great 
number of internet sites are scattered throughout the World 
Wide Web, which serve as tools, for example, for imple-
menting mutation screening methodologies. Unfortunately, 
in their vast majority, these sites possess the inherent dan-
gers of being outdated, unclear, and hence confusing, and 

are sometimes difficult and time consuming to find. Also, 
they often lack the important aspect of being compiled and 
based on many years of relevant experience of well-known 
expert researchers, leaders in their fields. 

 The   innovative aspect of this book is its structure. It 
contains an expert introduction to each subject, next to 
only few protocols and technical details, which can be 
found in comprehensive reference lists at the end of each 
chapter. The contents of this book are divided in two parts. 
The first part is dedicated to the battery of the most widely 
used molecular biology techniques. Their arrangement is 
in a more or less chronologic order of their development. 
Starting from the first ones with relatively low throughput, 
like single-strand conformation polymorphism analysis, 
allele-specific amplification, temperature and denaturing 
gradient gel electrophoresis, and others, to more mod-
ern techniques, such as fluorescence  in situ  hybridization, 
denaturing high-performance liquid chromatography, two-
dimensional gene scanning, microarrays, mass spectrom-
etry, proteomic analysis, and others. These techniques are 
still evolving fast, becoming more cost effective, and are 
characterized by high throughput. Each of these chapters 
includes the principle and a brief description of the tech-
nique, followed by examples from the area of expertise 
from the selected contributor. The selected contributors are 
well-known experts in their fields and come from a variety 
of disciplines, so that the book covers efficiently not only 
a great number of techniques applied to molecular diag-
nosis but also their applications to a variety of inherited 
disorders. 

 The   second part attempts to integrate the previously 
mentioned techniques to the different aspects of molecu-
lar diagnosis, such as identification of genetically modified 
organisms, stem cells, pharmacogenetics, modern forensic 
science, genetic quality of laboratory animals, molecular 
microbiology, and preimplantation genetic diagnosis. We 
believe that issues such as personalized medicine, pharma-
cogenetics, and integration of diagnostics and therapeutics 
will be subjects for debate in the following years. In addi-
tion, various everyday issues in a diagnostic laboratory are 
discussed, such as the establishment of mutation databases 
to store and organize the continuously growing information 
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 on gene variation, genetic counseling, patenting of genes 
and of genetic tests, safety and quality management, and 
various ethical considerations and psychological issues per-
taining to diagnostics. We feel that the inclusion of the lat-
ter issues in this reference book have great relevance to our 
society and the aim is to assist in finding answers to some 
of the problematic questions that undoubtedly will arise, 
since application of molecular diagnostics may precipitate 
an important ethical crisis that physicians and the commu-
nities they serve will be confronted with. 

 The   intended audience of this book is university post-
graduate students from various life sciences disciplines, 
physicians, scientists in human molecular genetics and 
medicine, professionals working in diagnostic laboratories 
in academia or industry, academic institutions, hospital 
libraries, biotechnology and pharmaceutical companies. 
We believe that this book will be of help to decision-
making advisors in medical insurance companies. In addi-
tion, undergraduate medical and life science students will 
find very useful the description and explanation of recent 
modern techniques in life sciences. A major concern was to 
formulate the book contents in such a way that the notions 
described therein are clear and explained in a simple lan-
guage and terminology. The numerous illustrations of the 
book are comprehensive and self-descriptive, and the glos-
sary at the end of this book provides a brief explanation of 
the most commonly found terms. 

 We   expect that some points in this book can be further 
improved. We would welcome comments and criticism 
from the attentive readers, which will contribute to the 
improvement of the content of this book in its future edi-
tions as well as helping to establish it as a reference publi-
cation in the field of molecular diagnostics. 

 Without   the support and contributions of many peo-
ple, the completion of this book would not be possible. We 

wish to thank the anonymous referees who supported our 
proposal and subsequently the people at Elsevier, in partic-
ular Dr. Tessa Picknett and her department, whose interest 
in this title has encouraged us to proceed. 

 We   are also grateful to the editors, Drs. Claire Minto 
and Tari Paschall, and the senior production manager, Sarah 
Hajduk, at Elsevier, who helped us in a close collaboration 
to solve and overcome encountered difficulties. Their effi-
ciency, pleasant manner, and patience added immensely to 
the smooth completion of this project from the very start. 

 We   also express our gratitude to all contributors for 
delivering outstanding compilations that summarize their 
experience and many years of hard work in their field of 
research. We are indebted to Julio Esperas who was respon-
sible for the design and the cover of this book and to the 
copy editor, Adrienne Rebello, who has refined the final 
manuscript prior to going into production. We also thank 
our university colleagues, in particular Prof. Miel Ribbe 
from the Medical School of the University of Amsterdam, 
for discussions of the content of this book and ensuring 
its greatest possible relevance. We owe our thanks to the 
academic reviewers for their constructive criticisms on the 
chapters. 

 We   wish also to thank our families, from whom we 
have taken considerable amounts of time to dedicate to this 
work and whose patience and support have been conducive 
to the successful completion of this project.

   George P. Patrinos  Wilhelm J. Ansorge 
   Erasmus Medical Centre  European Molecular 
   Rotterdam, The Netherlands  Biology Laboratory 
     Heidelberg, Germany 
 June   2005  
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   Preface  –  Second Edition 

 Four   years after the publication of the first edition of 
 Molecular Diagnostics , we are pleased to deliver the sec-
ond edition of this textbook. Molecular diagnostics is a rap-
idly evolving field, particularly after the deciphering of the 
human genome sequence. The need for a second edition of 
such a book derives not only from the recent discoveries 
and intellectual revolution in biomedical science but also 
from the rapid technological advancements applicable to 
low-cost and high-throughput molecular diagnostics, par-
ticularly pertaining to nanotechnology. 

 Over   these last four years that this textbook has been 
available to the scientific community, it has been adopted 
as key reference in the field. This is clearly demonstrated 
from (a) the large number of copies sold worldwide in a 
relatively short time, (b) the various post-graduate and spe-
cialist training courses on molecular diagnostics that have 
been used as a syllabus, (c) the adoption by universities as 
a textbook for related undergraduate courses and curricula, 
which also led to its translation in 2008, (d) the various 
positive reviews obtained not only from external reviewers, 
e.g. Doody’s and scientific journals, but also from fellow 
academics and students. The above have encouraged us and 
prompted Elsevier/Academic Press to move forward with 
the compilation of a second edition. As with the previous 
edition, our effort has been assisted by many internationally 
renowned experts in their field, who have kindly accepted 
our invitation to compile the 40 chapters of this book and 
share with us and our readers their expertise, experience, 
and results. 

 The   second edition kept the original structure of the 
first edition, which was one of its main innovative aspects. 
Each chapter contains an expert introduction to each sub-
ject, next to few technical details and many applications 
for molecular genetic testing, which can be found in com-
prehensive reference lists at the end of each chapter. The 
contents of this book are divided in two parts. The first 
part is dedicated to the battery of the most widely used 
molecular biology techniques. Their arrangement is in a 
more or less chronologic order of their development. In 
order to keep pace with the recent developments, few chap-
ters from the first edition have been omitted, others have 

been merged while a large number of chapters pertaining 
to high-throughput molecular diagnostic approaches, e.g. 
oligonucleotide microarrays, next-generation sequencing, 
mass spectrometry, MLPA, etc., have been included. The 
remaining chapters have been updated compared to the pre-
vious edition, to include not only technology innovations 
but also novel diagnostic applications. This resulted in the 
book being completely updated with over half of its con-
tent being new compilations. As with the first edition, each 
of these chapters includes the principle and a brief descrip-
tion of the technique, followed by examples from the area 
of expertise from the selected contributor. 

 The   second part attempts to integrate the previously 
analyzed technology to the different aspects of molecular 
diagnostics, such as identification of genetically modified 
organisms, stem cells, pharmacogenomics, modern foren-
sic science, genetic quality of laboratory animals, molecu-
lar microbiology, and preimplantation genetic diagnosis. 
Again, new chapters on areas where molecular genetic test-
ing became relevant in the recent years, such as biodefense, 
victim identification in mass disasters, nutritional genom-
ics (nutrigenomics), etc., have been included in this second 
edition. Finally, various everyday issues in a diagnostic 
laboratory, from locus-specific and national/ethnic muta-
tion databases to gene patents and genetic counseling and 
related ethical and psychological issues to safety and qual-
ity management, are discussed. As with the first edition, we 
feel that the inclusion of the latter issues in this reference 
book has still great relevance to our society. 

 In   addition, we made an effort to formulate the book 
contents such that the notions described therein are 
explained in a simple language and terminology for the 
book to be useful not only to experienced physicians and 
health care specialists and academics but also to undergrad-
uate medical and life science students, and the numerous 
self-explanatory illustrations and glossary clearly contrib-
ute to this end. Next, we tried to be consistent with the offi-
cial gene and genetic variation nomenclature throughout 
the compilation. 

 We   are grateful to those colleagues who construc-
tively criticized the first edition and identified deficiencies 
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that have been, hopefully, rectified in this second edition. 
However, we expect that some points in this book can still 
be further improved. Therefore, we would welcome com-
ments and criticisms from attentive readers, which will 
contribute to improve the contents of this book even further 
in its future editions. We are also grateful to the editors, 
Tari Broderick, April Graham, and Janice Audet at 
Elsevier, who helped us in close collaboration to overcome 
encountered difficulties. We also express our gratitude to 
all contributors for delivering outstanding compilations that 
summarize their experience and many years of hard work 
in their field of research. We are indebted to  Greg Harris  
who was responsible for cover design of this book and to 
the Elsevier production team (Alan Everett, Joe Howarth, 
Deena Burgess and Kim Lander) who refined the final 
manuscript. We owe our thanks to the academic reviewers 
for their constructive criticisms on the chapters and their 
positive evalution of our proposal for the second edition. 

 Last  , but not least, we wish to cordially thank our fami-
lies for their patience and continuous support over the 
years, from whom we have taken a considerable amount of 
time to devote to this project.

    George P. Patrinos    Wilhelm J. Ansorge  
   University of Patras, Faculty 
of Health Sciences, 

 Ecole Polytechnique 
Federal Lausanne, 

   Department of Pharmacy  Lausanne, Switzerland 
   Patras, Greece   
   Erasmus MC, Faculty of 
Medicine and Health Sciences, 

  

   Department of Bioinformatics   
   Rotterdam, The Netherlands   

 September   2009  
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   Foreword  –  First Edition 

  The   recent pace of discoveries in human genetics and 
molecular biology is stunning. Completion of the human 
genome sequence analysis, successive development of 
diverse high-throughput analytical approaches (genomics, 
proteomics, transcriptomics), and most recently, devel-
opments in nano-technology have permitted innovative 
enhancement of genetic testing. Elucidation of the molec-
ular bases of numerous human diseases, combined with 
rapidly evolving techniques in molecular biology, have 
brought molecular diagnostics to a high stage of sophisti-
cation which is still evolving. 

 This   textbook on molecular diagnostics is ambitious in 
its scope and intended usage. It addresses not only scien-
tists already in the field, but also those who intend to enter 
it. It provides a much-needed comprehensive reference pub-
lication on current and developing methods. Importantly, it 
also includes an innovative treatment of diverse molecular 
diagnostic techniques as they apply to the actual practice 
of clinical microbiology, forensic analysis, development of 
pharmaceuticals, and other fields. 

 The   first section of the book covers the principles and 
applications of numerous genetic testing methodologies, 
in approximately the chronological order of discovery. 
This section includes chapters on both targeted and high-
throughput diagnosis using genomic, transcriptomic, and 
proteomic approaches. 

 The   second section is devoted to the application of 
molecular diagnostics in a variety of fields. It illustrates the 
vast potential as well as the versatility of molecular diag-
nostics, which are applicable not only to modern medical 

practice but also to the identification of genetically modi-
fied organisms, forensics, quality assessment of laboratory 
animals, pharmacogenomics, and other fields. Of spe-
cial interest in this section are the discussions of recently 
emerged issues, such as gene patenting, ethics, safety, and 
the psychological context of genetic testing. 

 The   editors succeeded in attracting more than 100 well-
qualified authors to compile the 48 chapters of this book. 
The result is an up-to-date comprehensive treatment of 
molecular diagnostics, which aims to be a standard refer-
ence resource for biomedical scientists from a wide range 
of disciplines. It will be invaluable for clinicians and others 
who come into close contact with genetic testing for diag-
nostic purposes. It will also promote a wider understanding 
of molecular diagnostics among physicians, postgraduate 
students, researchers in the academic and corporate world, 
and even policymakers. 

 The   self-explanatory nature of the book, assisted by 
a glossary and numerous illustrations, will also appeal to 
undergraduate students in the medical and life sciences. 
The editors can be congratulated for putting together such 
a valuable resource, for an area of the biomedical sciences 
that is of major and ever-increasing importance. 

 Prof  . Fotis C. Kafatos 
 Director  -General 

 European   Molecular Biology Laboratory 
 Heidelberg  , Germany 

 August   2004  
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 Chapter 1 

    1.1       INTRODUCTION 

 Molecular   or nucleic acid-based diagnosis of human dis-
orders is referred to as the detection of the various patho-
genic mutations in DNA and/or RNA samples in order to 
facilitate detection, diagnosis, subclassification, prognosis, 
and monitoring response to therapy. Molecular diagnostics 
combines laboratory medicine with the knowledge and 
technology of molecular genetics and has been enormously 
revolutionized over the last decades, benefiting from the 
discoveries in the field of molecular biology (see  Table 1.1   ). 
The identification and fine characterization of the genetic 
basis of the disease in question is vital for accurate pro-
vision of diagnosis. Gene discovery provides invaluable 
insights into the mechanisms of disease, and gene-based 
markers allow physicians not only to assess disease pre-
disposition but also to design and implement improved 
diagnostic methods. The latter is of great importance, as 
the plethora and variety of molecular defects demands the 
use of multiple rather than a single mutation detection plat-
form. Molecular diagnostics is currently a clinical reality 
with its roots deep into the basic study of gene expression 
and function.  

    1.2       HISTORY OF MOLECULAR 
DIAGNOSTICS: INVENTING THE WHEEL 

 In   1949,  Pauling and his coworkers  introduced the term 
 molecular disease  into the medical vocabulary, based on 
their discovery that a single amino acid change at the 
 β -globin chain leads to sickle cell anemia, characterized 
mainly by recurrent episodes of acute pain due to vessel 
occlusion. In principle, their findings have set the founda-
tions of molecular diagnostics, although the big revolution 

occurred many years later. At that time, when molecular 
biology was only hectically expanding, the provision of 
molecular diagnostic services was inconceivable and tech-
nically not feasible. The first seeds of molecular diagnos-
tics were provided in the early days of recombinant DNA 
technology, with many scientists from various disciplines 
working in concert. cDNA cloning and sequencing were at 
that time invaluable tools for providing the basic knowl-
edge on the primary sequence of various genes. The latter 
provided a number of DNA probes, allowing the analysis 
via Southern blotting of genomic regions, leading to the 
concept and application of restriction fragment length poly-
morphism (RFLP) to track a mutant allele from hetero-
zygous parents to a high-risk pregnancy. In 1976,  Kan and 
coworkers  carried out, for the first time, prenatal diagno-
sis of  α -thalassemia, using hybridization on DNA isolated 
from fetal fibroblasts. Also,  Kan and Dozy , in 1978, imple-
mented RFLP analysis to pinpoint sickle cell alleles of 
African descent. This breakthrough provided the means of 
establishing similar diagnostic approaches for the charac-
terization of other genetic diseases, such as phenylketonu-
rea ( Woo  et al. , 1983 ), cystic fibrosis ( Farrall  et al. , 1986 ), 
and so on. 

 At   that time, however, a significant technical bottleneck 
had to be overcome. The identification of the disease caus-
ing mutation was possible only through the construction 
of a genomic DNA library from the affected individual, in 
order first to clone the mutated allele and then determine 
its nucleotide sequence. Again, many human globin gene 
mutations were among the first to be identified through 
such approaches ( Busslinger  et al. , 1981 ;  Treisman  et al. , 
1983 ). In 1982,  Orkin and his coworkers  showed that a 
number of sequence variations were linked to specific 
 β -globin gene mutations. These groups of RFLPs, termed 
 haplotypes  (both intergenic and intragenic), have provided a 
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first-screening approach in order to detect a disease-causing 
mutation. Although this approach enabled researchers to 
predict which  β -globin gene would contain a mutation, sig-
nificantly facilitating mutation screening, no one was in the 
position to determine the exact nature of the disease-causing 
mutation, as many different  β -globin gene mutations were 
linked to a specific haplotype in different populations 
(further information is available at  http://globin.bx.psu.
edu/hbvar ;  Hardison  et al. , 2002 ;  Patrinos  et al. , 2004 ; 
 Giardine  et al. , 2007 ). 

 At   the same time, in order to provide a shortcut to DNA 
sequencing, a number of exploratory methods for pin-
pointing mutations in patients ’  DNA were developed. The 

first methods involved mismatch detection in DNA/DNA or 
RNA/DNA heteroduplexes (       Myers  et al. , 1985a, b ) or dif-
ferentiation of mismatched DNA heteroduplexes using gel 
electrophoresis, according to their melting profile ( Myers 
 et al. , 1987 ). Using this laborious and time-consuming 
approach, a number of mutations or polymorphic sequence 
variations have been identified, which made possible the 
design of short synthetic oligonucleotides that were used 
as allele-specific probes onto genomic Southern blots. This 
experimental design was quickly implemented for the 
detection of  β -thalassemia mutations ( Orkin  et al. , 1983 ; 
 Pirastu  et al. , 1983 ). 

 Despite   the intense efforts from different laboratories 
worldwide, diagnosis of inherited diseases on the DNA 
level was still underdeveloped and therefore still not ready 
to be implemented in clinical laboratories for routine anal-
ysis of patients due to the complexities, costs, and time 
requirements of the technology available. It was only after 
a few years that molecular diagnosis entered its golden era 
with the discovery of the most powerful molecular biology 
tool since cloning and sequencing, the polymerase chain 
reaction (PCR).  

    1.3       THE PCR REVOLUTION: GETTING 
MORE OUT OF LESS 

 The   discovery of PCR ( Saiki  et al. , 1985 ;  Mullis and 
Faloona, 1987 ) and its quick optimization, using a ther-
mostable  Taq  DNA polymerase from  Thermus aquaticus  
( Saiki  et al. , 1988 ) has greatly facilitated and in principle 
revolutionized molecular diagnostics. The most powerful 
feature of PCR is the large amount of copies of the target 
sequence generated by its exponential amplification (see 
 Fig. 1.1   ), which allows the identification of a known muta-
tion within a single day, rather than months. Also, PCR has 
markedly decreased or even diminished the need for radio-
activity for routine molecular diagnosis. This has allowed 
molecular diagnostics to enter the clinical laboratory for the 
provision of genetic services, such as carrier or population 
screening for known mutations, prenatal diagnosis of inher-
ited diseases, or in recent years, identification of unknown 
mutations, in close collaboration with research laboratories. 
Therefore, being moved to their proper environment, the 
clinical laboratory, molecular diagnostics could provide the 
services for which they have been initially conceived. 

 The   discovery of PCR has also provided the foundations 
for the design and development of many mutation detection 
schemes, based on amplified DNA. In general, PCR either 
is used for the generation of the DNA fragments to be ana-
lyzed, or is part of the detection method. The first attempt 
was the use of restriction enzymes ( Saiki  et al. , 1985 ) or 
oligonucleotide probes, immobilized onto membranes or in 
solution ( Saiki  et al. , 1986 ) in order to detect the existing 
genetic variation, in particular the sickle cell disease-causing 

 TABLE 1.1          The timeline of the principal discoveries in 
the field of molecular biology, which influenced the 
development of molecular diagnostics.  

   Date  Discovery 

   1949  Characterization of sickle cell anemia as a 
molecular disease 

   1953  Discovery of the DNA double helix 

   1958  Isolation of DNA polymerases 

   1960  First hybridization techniques 

   1969   In situ  hybridization 

   1970  Discovery of restriction enzymes and reverse 
transcriptase 

   1975  Southern blotting 

   1977  DNA sequencing 

   1983  First synthesis of oligonucleotides 

   1985  Restriction fragment length polymorphism analysis 

   1985  Invention of PCR 

   1986  Development of fluorescent  in situ  hybridization 
(FISH) 

   1988  Discovery of the thermostable DNA polymerase  –  
Optimization of PCR 

   1992  Conception of real-time PCR 

   1993  Discovery of structure-specific endonucleases for 
cleavage assays 

   1996  First application of DNA microarrays 

   2001  First draft versions of the human genome sequence 

   2001  Application of protein profiling in human diseases 

   2005  Introduction of the high-throughput next-generation 
sequencing technology 
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mutation. In the following years, an even larger number of 
mutation detection approaches have been developed and 
implemented. These techniques can be divided roughly into 
three categories, depending on the basis for discriminating 
the allelic variants: 

    1.      Enzymatic-based methods . RFLP analysis was histori-
cally the first widely used approach, exploiting the 
alterations in restriction enzyme sites, leading to the 
gain or loss of restriction events ( Saiki  et al. , 1985 ). 
Subsequently, a number of enzymatic approaches for 
mutation detection have been conceived, based on the 
dependence of a secondary structure on the primary 
DNA sequence. These methods exploit the activity of 
resolvase enzymes T4 endonuclease VII, and, more 
recently, T7 endonuclease I to digest heteroduplex 
DNA formed by annealing wild-type and mutant DNA 
( Mashal  et al. , 1995 ). Digestion fragments indicate the 
presence and the position of any mutations. A variation 
of the theme involves the use of chemical agents for the 
same purpose ( Saleeba  et al. , 1992 ; see also Chapter 3).   
Another enzymatic approach for mutation detection is 
the oligonucleotide ligation assay ( Landegren  et al. , 
1988 )  . In this technique, two oligonucleotides are 

hybridized to complementary DNA stretches at sites 
of possible mutations. The oligonucleotides ’  primers 
are designed such that the 3 �  end of the first primer is 
immediately adjacent to the 5 �  end of the second primer. 
Therefore, if the first primer matches completely with 
the target DNA, then the primers can be ligated by DNA 
ligase. On the other hand, if a mismatch occurs at the 3 �  
end of the first primer, then no ligation products will be 
obtained.  

    2.      Electrophoretic-based techniques . This category is 
characterized by a plethora of different approaches 
designed for screening of known or unknown muta-
tions, based on the different electrophoretic mobility of 
the mutant alleles, under denaturing or non-denaturing 
conditions. Single strand conformation polymorphism 
(SSCP) and heteroduplex (HDA) analyses ( Orita 
 et al. , 1989 ; see Chapter 4)   were among the first meth-
ods designed to detect molecular defects in genomic 
loci. In combination with capillary electrophoresis (see 
Chapter 5)  , SSCP and HDA analysis now provide an 
excellent, simple, and rapid mutation detection platform 
with low operation costs and, most interestingly, the 
potential of easily being automated, thus allowing for 
high-throughput analysis of patients ’  DNA. Similarly, 
denaturing and temperature gradient gel electrophoresis 
(DGGE and TGGE, respectively) can be used equally 
well for mutation detection (see Chapter 6)  . In 
this case, electrophoretic mobility differences between 
a wild-type and mutant allele can be  ‘  ‘ visualized ’  ’  
in a gradient of denaturing agents, such as urea and 
formamide, or of increasing temperature. Finally, an 
increasingly used mutation detection technique is 
the two-dimensional gene scanning  , based on two-
dimensional electrophoretic separation of amplified 
DNA fragments, according to their size and base pair 
sequence. The latter involves DGGE, following the size 
separation step.  

    3.      Solid phase-based techniques . This set of techniques 
consists of the basis for most of the present-day muta-
tion detection technologies, since they have the extra 
advantage of being easily automated and hence are 
highly recommended for high-throughput mutation 
detection or screening. A fast, accurate, and convenient 
method for the detection of known mutations is reverse 
dot-blot, initially developed by  Saiki and coworkers 
(1989)  and implemented for the detection of 
 β -thalassemia mutations. The essence of this method 
is the utilization of oligonucleotides, bound to a mem-
brane, as hybridization targets for amplified DNA. 
Some of this technique’s advantages is that one mem-
brane strip can be used to detect many different known 
mutations in a single individual (a one strip/one patient 
type of assay), the potential of automation, and the ease 
of interpretation of the results, using a classical avidin-
biotin system. However, this technique cannot be used 

 FIGURE 1.1          The PCR principle. Thick and thin black lines correspond 
to the target sequence and genomic DNA, respectively; gray boxes cor-
respond to the oligonucleotide primers, and the correct size PCR products 
are included in the white ellipses. Dashed lined arrows depict the elonga-
tion of the template strand.    
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for the detection of unknown mutations. Continuous 
development has given rise to allele-specific hybridi-
zation of amplified DNA (PCR-ASO, Chapter 2)   on 
filters and recently extended on DNA oligonucleotide 
microarrays (see Chapters 16 and 17)   for high through-
put mutation analysis ( Gemignani  et al. , 2002 ;  Chan 
 et al. , 2004 ). In particular, oligonucleotides of known 
sequence are immobilized onto appropriate surfaces 
and hybridization of the targets to the microarray is 
detected, mostly using fluorescent dyes.    

 The   choice of the mutation detection method is depend-
ent upon a number of variables, including the mutation 
spectrum of a given inherited disorder, the available infra-
structure, and the number of tests performed in the diag-
nostic laboratory, and recently with issues of intellectual 
properties (see also section 1.5.1 and Chapter 36)  . Most 
of the clinical diagnostic laboratories have not invested 
in an expensive high technology infrastructure, since the 
test volumes, that is, the number of tests expected to be 
performed, have not been large enough to justify the capi-
tal outlay. Therefore, simple screening tests such as SSCP 
and HDA were and still are the methods of choice for many 
clinical laboratories, as they allow for rapid and simultane-
ous detection of different sequence variations at a detec-
tion rate of close to 100%. Although PCR has significantly 
facilitated the expansion of molecular diagnostics, it none-
theless has a number of limitations. First of all, amplifica-
tion of CG repeat-rich regions can be problematic for  Taq  
polymerase, which sometimes leads to the classic alterna-
tive of Southern blot analysis. Also,  Taq  polymerase is error 
prone at a range of 10  � 4  to 10  � 5  per nucleotide, which is 
strongly influenced by the conditions of the amplification 
reaction, such as magnesium or deoxyribonucleotide con-
centration, pH, temperature, and so on. Polymerase errors 
can contribute to unspecific background, depending on the 
detection method, resulting in limiting the detection level. 
To overcome these technical problems, positive results 
should be confirmed by alternative methods or by using 
high fidelity thermostable polymerases. 

 Finally  , it needs to be stressed that despite the wealth of 
mutation detection methodologies, DNA sequencing is still 
considered the gold standard and the definitive experimen-
tal procedure for mutation detection. However, the costs for 
the initial investment and the difficulties for standardization 
and interpretation of ambiguous results have restricted its 
use only to basic research laboratories.  

    1.4       MOLECULAR DIAGNOSTICS IN THE 
POST-GENOMIC ERA 

 In   February 2001, with the announcement of the first 
draft sequence of the human genome ( International Human 
Genome Sequencing Consortium, 2001 ;  Venter  et al. , 2001 ) 

and subsequently with the genomic sequence of other organ-
isms, molecular biology has entered into a new era with 
unprecedented opportunities and challenges. These tremen-
dous developments put pressure on a variety of disciplines 
to intensify their research efforts to improve by orders of 
magnitude the existing methods for mutation detection, to 
make available data sets with genomic variation and ana-
lyze these sets using specialized software, to standardize 
and commercialize genetic tests for routine diagnosis, and 
to improve the existing technology in order to provide state-
of-the-art automated devices for high-throughput genetic 
analysis. 

 The   biggest challenge, following the publication of the 
human genome draft sequence, was to improve the existing 
mutation detection technologies to achieve robust cost-effective, 
rapid, and high-throughput analysis of genomic variation. 
In the last couple of years, technology has improved rapidly 
and new mutation-detection techniques have become avail-
able, whereas old methodologies have evolved to fit into 
the increasing demand for automated and high-throughput 
screening. The chromatographic detection of polymor-
phic changes of disease-causing mutations using denatur-
ing high-performance liquid chromatography (DHPLC; for 
review, see  Xiao and Oefner, 2001 ) is one of the new tech-
nologies that emerged. DHPLC reveals the presence of a 
genetic variation by the differential retention of homo- and 
heteroduplex DNA on reversed phase chromatography under 
partial denaturation. 

 Single  -base substitutions, deletions, and insertions can 
be detected successfully by UV or fluorescence monitor-
ing within two to three minutes in unpurified PCR prod-
ucts as large as 1.5 kilo bases. These features, together 
with its low cost, make DHPLC one of the most powerful 
tools for mutational analysis. Also, pyrosequencing, a non-
gel-based genotyping technology, provides a very reliable 
method and an attractive alternative to DHPLC (Chapter 8)  . 
Pyrosequencing detects  de novo  incorporation of nucle-
otides based on the specific template. The incorporation 
process releases a pyrophosphate, which is converted to 
ATP and followed by luciferase stimulation. The light 
produced, detected by a charge coupled device camera, 
is  ‘  ‘ translated ’  ’  to a pyrogram, from which the nucleotide 
sequence can be deducted ( Ronaghi  et al. , 1998 ). 

 The   use of the PCR in molecular diagnostics is consid-
ered the gold standard for detecting nucleic acids and it has 
become an essential tool in the research laboratory. Real-
time PCR ( Holland  et al. , 1991 ) has engendered wider 
acceptance of the PCR due to its improved rapidity, sen-
sitivity, and reproducibility (see Chapter 7)  . The method 
allows for the direct detection of the PCR product during 
the exponential phase of the reaction, therefore combin-
ing amplification and detection in one single step. The 
increased speed of real-time PCR is due largely to reduced 
cycles, removal of post-PCR detection procedures, and the 
use of fluorogenic labels and sensitive methods of detecting 
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their emissions. Therefore, real-time PCR is a very accurate 
and sensitive methodology with a variety of applications in 
molecular diagnostics, allows a high throughput, and can 
easily be automated and performed on very small volumes, 
which makes it the method of choice for many modern 
diagnostic laboratories. 

 Above   all, the DNA microarray-based genotyping 
approach offers simultaneous analysis of many polymor-
phisms and sequence alterations (see Chapters 16 and 17)  . 
Microarrays consist of hundreds of thousands of oligonu-
cleotides attached on a solid surface in an ordered array. 
The DNA sample of interest is PCR amplified and then 
hybridized to the microarray. Each oligonucleotide in the 
high-density array acts as an allele-specific probe and 
therefore perfectly matched sequences hybridize more effi-
ciently to their corresponding oligonucleotides on the array. 
The hybridization signals, obtained from allele-specific 
arrayed primer extension (AS-APEX) ( Pastinen  et al. , 
2000 ), are quantified by high-resolution fluorescent scan-
ning and analyzed by computer software, resulting in the 
identification of DNA sequence alterations. Therefore, 
using a high-density microarray makes possible the simul-
taneous detection of a great number of DNA alterations, 
hence facilitating genome-wide screening. Several arrays 
have been generated to detect variants in the HIV genome 
( Kozal  et al. , 1996 ;  Wen  et al. , 2000 ), human mitochon-
dria mutations ( Erdogan  et al. , 2001 ),  β -thalassemia ( Chan 
 et al. , 2004 ;  Cremonesi  et al. , 2007 ), and glycose-6-phosphate 
dehydrogenase (G-6-PD) deficiency mutations ( Gemignani 
 et al. , 2002 ), and so on. 

 In   recent years, there has been a significant develop-
ment of proteomics, which has the potential to become 
an indispensable tool for molecular diagnostics. A useful 
repertoire of proteomic technologies is available, with the 
potential to undergo significant technological improve-
ments, which would be beneficial for increased sensitiv-
ity and throughput while reducing sample requirement 
(see Chapters 18 and 21)  . The improvement of these tech-
nologies is a significant advance toward the need for bet-
ter disease diagnostics. The detection of disease-specific 
protein profiles goes back to the use of two-dimensional 
protein gels ( Hanash, 2000 ), when it was demonstrated 
that leukemias could be classified into different subtypes 
based on the different protein profile ( Hanash  et al. , 2002 ). 
Nowadays, mass spectrometers are able to resolve many 
protein and peptide species in body fluids, being virtu-
ally set to revolutionize protein-based disease diagnostics 
(see Chapter 21)  . The robust and high-throughput nature 
of the mass spectrometric instrumentation is unparalleled 
and imminently suited for future clinical applications, as 
elegantly demonstrated by many retrospective studies in 
cancer patients (reviewed in  Petricoin  et al. , 2002 ). Also, 
high-throughput protein microarrays, constructed from 
recombinant, purified, and yet functional proteins, allow 
the miniaturized and parallel analysis of large numbers 

of diagnostic markers in complex samples. The first pilot 
studies on disease tissues are already starting to emerge, 
such as assessing protein expression profiles in tissue 
derived from squamous cell carcinomas of the oral cavity 
( Knezevic  et al. , 2001 ), or the identification of proteins 
that induce an acute antibody response in autoimmune dis-
orders, using auto-antigen arrays ( Robinson  et al. , 2002 ). 
These findings indicate that proteomic pattern analysis ulti-
mately might be applied as a screening tool for cancer in 
high-risk and general populations. 

 The   development of state-of-the-art mutation detec-
tion techniques has not only a positive impact on molecu-
lar genetic testing of inherited disorders, but also provides 
the technical means to other disciplines. Mutation detection 
schemes are applicable for the identification of genetically 
modified (GM) products, which may contaminate non-GM 
seeds, or food ingredients containing additives and flavorings 
that have been genetically modified or have been produced 
from GM organisms (see Chapter 29)  . The same techniques 
can ascertain the genotype of an animal strain (see Chapter 
31)  . Another research area that benefits from the continuous 
development of mutation detection strategies is pharmacoge-
netics and pharmacogenomics (see Chapter 22)  , referred to 
as the effort to define the inter-individual variations that are 
expected to become integral for treatment planning, in terms 
of efficacy and adverse effects of drugs. This approach uses 
the technological expertise from high-throughput mutation 
detection techniques, genomics, and functional genomics to 
define and predict the nature of the response of an individual 
to a drug treatment, and to rationally design newer drugs or 
improve existing ones. Ultimately, the identified genomic 
sequence variation is organized and stored into specialized 
mutation databases, enabling a physician or researcher to 
query upon and retrieve information relevant to diagnostic 
issues (see Chapter 25)  . 

 Finally  , and for the last 20 years, DNA analysis and 
testing has also significantly revolutionized the forensic 
sciences. The technical advances in molecular biology 
and the increasing knowledge of the human genome have 
had a major impact on forensic medicine (see Chapter 26)  . 
Genetic characterization of individuals at the DNA level 
enables identity testing from a minimal amount of bio-
logical specimen, such as hair, blood, semen, bone, and so 
forth, in cases of sexual assault, homicide, and unknown 
human remains, and paternity testing is also changing 
from the level of gene products to the genomic level. DNA 
testing is by far more advantageous over the conventional 
forensic serology, and over the years has contributed to the 
acquittal of falsely accused people (saving most of them 
even from death row) and the identification of the indi-
vidual who had committed criminal acts ( Cohen, 1995 ), 
and even helped to specify identities of unknown human 
remains, such as those from the victims at Ground Zero in 
New York, or from the skeletons of the Romanov family 
members ( Gill  et al. , 1994 ).  
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    1.5       FUTURE PERSPECTIVES: WHAT LIES 
BEYOND 

 As   an intrinsic part of DNA technology, molecular diag-
nostics are rooted in the April 1953 discovery of the DNA 
double helix. Today, it is clear that they embody a set of 
notable technological advances allowing for thousands 
of diagnostic reactions to be performed at once and for a 
range of mutations to be simultaneously detected. The rea-
sons for this dramatic increase are two-fold. First of all, 
the elucidation of the human genomic sequence, as well as 
that of other species such as bacterial or viral pathogens, 
has led to an increased number of diagnostically relevant 
targets. Second, the molecular diagnostic testing volume 
is rapidly increasing. This is the consequence of a better 
understanding of the basis of inherited diseases, therefore 
allowing molecular diagnostics to play a key role in patient 
or disease management. 

 Presently  , a great number of blood, hair, semen, and 
tissue samples are analyzed annually worldwide in both 
public and private laboratories, and the number of genetic 
tests available is steadily increased year by year. Taking 
these premises into account, we can presume that it is only 
a matter of time before molecular diagnostic laboratories 
become indispensable in laboratory medicine. In the post-
genomic era, genetic information will have to be examined 
in multiple health care situations throughout people’s lives. 
Currently, newborns can be screened for phenylketonurea 
and other treatable genetic diseases ( Yang  et al. , 2001 ). It 
is also possible that in the not-so-distant future, children 
at high risk from coronary artery disease will be identified 
and treated to prevent changes in their vascular walls dur-
ing adulthood. Similarly, parents will have the option of 
being informed about their carrier status for many reces-
sive diseases before they decide to start a family. Although 
not widely accepted, this initiative has already started to 
be implemented in Cyprus, where a couple at risk for tha-
lassemia syndrome have been advised to undergo a genetic 
test for thalassemia mutations before their marriage (see 
also Chapter 37)  . Also, for middle-aged and older popula-
tions, scientists will be able to determine risk profiles for 
various late-onset diseases, preferably before the appear-
ance of symptoms, which at least could be partly prevented 
through dietary or pharmaceutical interventions. In the near 
future, the monitoring of individual drug response profiles 
throughout life, using genetic testing for the identifica-
tion of their individual DNA signature, will be part of the 
standard medical practice. Soon, genetic testing will com-
prise a wide spectrum of different analyses with a host of 
consequences for individuals and their families, which is 
worth emphasizing when explaining molecular diagnos-
tics to the public (see also Chapter 38)  . All these issues 
are discussed in detail next. However, and in order to be 
more realistic, many of these expectations still are based on 
promises, though quite optimistic ones. Thus, some of the 

new  perspectives of the field could be a decade away, and 
several challenges remain to be realized. 

    1.5.1       Commercializing Molecular 
Diagnostics 

 Currently  , clinical molecular genetics is part of mainstream 
health care worldwide. Almost all clinical laboratories 
have a molecular diagnostic unit or department. Although 
in recent years the notion of molecular diagnostics has 
increasingly gained interest, genetic tests are still not gener-
ally used for population screening, but rather for diagnosis, 
carrier screening, and prenatal diagnosis, and only on a lim-
ited basis. Therefore, and in order to make molecular diag-
nostics widely available, several obstacles and issues need 
to be taken into consideration and resolved in the coming 
years. 

 The   first important issue is the choice of the mutation 
detection platform. Despite the fact that there are over 50 
different mutation detection and screening methods, there 
is no single platform or methodology that prevails for 
genetic testing. Genotyping can be done using different 
approaches, such as filters, gels, microarrays, microtiter 
plates; different amplification-based technologies; different 
separation techniques, such as blotting, capillary electro-
phoresis, microarrays, mass spectroscopy; and finally dif-
ferent means for labeling, such as radioactive, fluorescent, 
chemiluminescent, or enzymatic substances. The variety 
of detection approaches makes it not only difficult but also 
challenging to determine which one is better suited for a 
laboratory setting. Generally speaking, DNA sequenc-
ing is the gold standard for the identification of causative 
or non-DNA sequence variations, particularly with the 
advent of the next-generation sequencing technologies 
(see also Chapter 24)  . The initial investment costs and the 
expected test volume are some of the factors that need to 
be taken into consideration prior to choosing the detection 
technique. Related issues are also the costs of the hard-
ware and software, testing reagents, and kits. The latter is 
of great importance, since the fact that most of the diag-
nostic laboratories today are running  ‘  ‘ home-brew ’  ’  assays 
 –  for example, not using well-standardized genetic testing 
kits due to cost barriers, which brings to surface the issue 
of quality control of the reagents (see Chapter 40)   and of 
safety (see Chapter 39)  . Currently, there are several clini-
cal and technical recommendations for genetic testing for 
monogenic disorders that have been issued by several 
organizations (see  Table 1.2   ). 

 Another   very important issue is training the personnel of a 
molecular diagnostic laboratory, reflecting in the quality and 
the correct interpretation of the results. Continuous education 
of the personnel of the diagnostic laboratory is crucial for the 
accuracy of the results provided (see also Chapter 40).   Many 
times, such as in the case of prenatal or pre-implantation 
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diagnosis, irrevocable decisions need to be made, most of the 
time based on a simple test result. In the past decade, there 
has been a significant reduction in the number of incorrect 
genotypes diagnosed, as a result of continuous training and 
proficiency testing schemes ( http://www.eurogentest.org ). 
In the USA, there is a voluntary biannual proficiency test-
ing for molecular diagnostic laboratories, while in Europe, 
the EuroGenTest European Network of Excellence ( http://
www.eurogentest.org ) has been founded to promote quality 
in molecular genetic testing through the provision of exter-
nal quality assessment (proficiency testing schemes) and the 
organization of best practice meetings and publication of 
guidelines. It is generally true that many geneticists and non-
geneticist physicians would benefit from continuous education 
regarding the appropriate use of molecular diagnostic tests, 
which is necessary to evaluate the method pre-analytically 
and to interpret results. 

 The   legal considerations and the ethical concerns are 
also hurdles that need to be overcome in the coming years. 
One issue is reimbursing of the diagnosis costs. At present, 
there are no insurance companies that reimburse the costs 
for molecular testing to the people insured; the necessary 
regulatory and legal framework remains to be established. 
 ‘  ‘ Legalizing ’  ’  molecular testing, by the adoption of the rele-
vant regulations, would probably result in an increase of the 
test volume and at the same time it can pose an immense 
barrier to uncontrolled genetic testing. Similarly, the need 
to obtain an informed consent from the patient to be ana-
lyzed is also of great importance and should be encouraged 
and facilitated by the diagnostic laboratory. 

 On   the other hand, the issue of intellectual proper-
ties hampers the wide commercialization of molecular 

 diagnostics. Almost all the clinically relevant genes have 
been now patented and the terms that the patent holders 
offer vary considerably (see Chapter 36)  . Among the dif-
ficulties that this issue imposes is the limiting choice of 
mutation detection platforms, the large loyalties for rea-
gent use, and the exclusive sublicenses that many com-
panies grant to clinical laboratories, leading eventually to 
monopolies. Since one of the biggest challenges that the 
clinical laboratory is facing is patent and regulatory com-
pliance, partnerships and collaborations may be envisaged 
in order to take the technology licenses to the diagnostic 
laboratory that will subsequently develop, standardize, 
and distribute the assays. These will partly alleviate some 
of the intellectual properties issues. Finally, the issue of 
the medical genetics specialty is more urgent than ever. In 
the USA, medical genetics has been formally recognized 
as a medical specialty only within the past 15 years, and 
in Europe, medical genetics only recently has been for-
mally recognized as a specialty ( http://www.eshg.org ). 
The implementation of this decision is still facing sub-
stantial difficulties ( http://www.eshg.org/geneticseurope.
htm ), which will probably take years to bypass. With the 
completion of the Human Genome Project, genetics has 
become the driving force in medical research and is now 
poised for integration into medical practice. An increase in 
the medical genetics workforce, including geneticists and 
genetic counselors, will be necessary in the coming years. 
After all, the Human Genome Project has made informa-
tion of inestimable diagnostic and therapeutic importance 
available and therefore the medical profession now has the 
obligation to rise to both the opportunities and challenges 
that this wealth of genetic information presents.  

 TABLE 1.2          Indicative clinical and technical recommendations for genetic testing for 
monogenic disorders. ACMG: American College of Medical Genetics, ASHG: American 
Society of Human Genetics.  

   Disease/syndrome  Gene  References 

   Alzheimer’s disease   ApoE    ACMG (1995)  

   Canavan disease   ASPA    ACMG (1998)  

   Cystic fibrosis   CFTR    Dequeker  et al.  (2000) ,
 Grody  et al.  (2001a)  

   Thrombophilia  Factor V Leiden   Grody  et al.  (2001b)  

   Fragile X syndrome   FMR1    Maddalena  et al.  (2001)  

   Prader – Willi/Angelman syndrome  15q11-q13   ASHG/ACMG (1996)  

   Multiple endocrine neoplasia   MEN1/MEN2    Brandi  et al.  (2001)  

   Tuberous sclerosis   TSC1/TSC2    Roach  et al.  (1999)  

   Breast cancer   BRCA1    Sorscher and Levonian (1997)  
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    1.5.2       Personalized Medicine 

 The   term  ‘  ‘ personalized medicine ’  ’  refers to the practice 
of medicine where patients receive the most appropri-
ate medical treatment, fitting dosage, and combination of 
drugs based on their genetic background. Some of the rea-
sons for many types of adverse drug reactions are already 
known and often related to polymorphic gene alleles of 
drug metabolizing enzymes ( Nebert and Menon, 2001 ; 
 Risch  et al. , 2002 ). The application of high-throughput 
genotyping tools for the identification and screening of sin-
gle nucleotide polymorphisms (SNPs) eventually can lead 
to the determination of the unique molecular signature of 
an individual in a relatively short period of time. This way, 
individual drug responses can be predicted from predeter-
mined genetic variances correlated with a drug effect. In 
other words, this will allow the physician to provide the 
patient with a selective drug prescription (see Chapter 22)  . 
A handful of pharmaceutical companies are developing a 
precise haplotyping scheme to identify individuals/patients 
who will derive optimal benefit from drugs currently under 
development. Clinicians will facilitate this effort by import-
ing clinical data into this haplotyping system for a complete 
patient analysis and drug evaluation. In addition to these 
efforts, there is a growing need to incorporate this increas-
ingly complex body of knowledge to standard medical 
practice. Incorporating pharmacogenomics-related courses 
in the standard curriculum of medical schools potentially 
can ensure that the forthcoming generation of clinicians 
and researchers will be familiar with the latest develop-
ments in that field and will be capable of providing patients 
with the expected benefits of personalized medicine. 

 Similarly  , nutrigenomics (or nutritional genomics) inves-
tigates the interactions between nutrition and an individual’s 
genome, and the consequent downstream effects on their 
phenotype with the aim of providing tailored nutritional 
advice or developing specialist food products (see Chapter 
23)  . In other words, nutrigenomics recognizes that specific 
dietary advice that can be beneficial for one individual may 
be inappropriate, or actually harmful, to another. Although 
comparable to pharmacogenomics, nutrigenomics is still 
considered as an emerging science contrary to pharma-
cogenomics, which is considered to have  ‘  ‘ come of age ’  ’  
( Allison, 2008 ). 

 However  , there are growing concerns regarding the eth-
ical aspects of personalized medicine. First of all, equality 
in medical care needs to be ensured, when genetics fore-
tell clinicians which patients would be less likely to benefit 
from a particular drug treatment. Second, it will become 
increasingly vital to devise operational tools for the preven-
tion of stigmatization and discrimination of different popu-
lations, in particular on ethnic grounds (van  Ommen, 2002 ), 
and therefore every precaution should be taken to elimi-
nate all lingering prejudice and bias associated with the 
study of human genetic variation. Other dilemmas include 

the right to deny an available treatment from specific patient 
populations according to genetic-derived indications, as 
currently is the case with prenatal diagnosis (see also 
Chapter 37)  . Appropriate guidelines will be crucially needed 
for the successful implementation of pharmacogenomics 
into clinical practice.  

    1.5.3       Personal Genomics 

 The   ultimate goal in health care over the next decades will 
be the efficient integration of molecular diagnostics with 
therapeutics. With the advent of next generation sequenc-
ing in 2005 ( Margulies  et al. , 2005 ) and the avalanche of 
developments in this field since then (see Chapter 24)  , 
experts believe that reasonably soon, people will be able 
to have their own genomes sequenced for under $1,000. 
This is going to involve sequencing technology that is 
much cheaper and faster than today’s machines and several 
efforts are currently under way, often encouraged by major 
funding bodies (e.g. the European Commission-funded 
READNA consortium;  http://www.cng.fr/READNA ). When 
that point is reached, this can ultimately be translated in a 
patient being able to carry a smart card, like an ordinary 
credit card, providing secure access to his or her genetic 
information. So far, the entire DNA sequence of a handful 
of individuals has been sequenced, such as Craig Venter 
( Levy  et al. , 2007 ), Jim Watson ( Wheeler  et al. , 2008 ), 
and so on, while  ‘  ‘ the 1000 genomes ’  ’  project is an ambi-
tious venture that involves sequencing the genomes of 
approximately 1,200 people from around the world, with 
the overall goal  ‘  ‘ . . . to create the most detailed and medi-
cally useful picture to date of human genetic variation ’  ’  
( http://www.1000genomes.org ). In the future, a person 
may appear at the clinic for treatment,  ‘  ‘ carrying ’  ’  its entire 
genome at hand or, alternatively, nanotechnology could even-
tually enable DNA analysis with a portable DNA sequencing 
device. 

 Even   though the expectations are high and compa-
nies are currently using these new technologies to provide 
information to individuals to predict health and disease 
outcome, even behavioral traits, it is generally premature 
to make promises for clinically useful information from 
genomic analyses. Next to that, there is an inherent dan-
ger of overestimating the usefulness of the various per-
sonalized genomic tests that can be ordered directly by 
consumers. Unlike other genetic analyses, these tests pro-
vide sheer amounts of genetic information, but their diag-
nostic or prognostic value remains uncertain because of (a) 
the lack of information about the influence of environmen-
tal and other factors, and (b) the weak association for the 
vast majority of genetic loci with disease. In a carefully 
conducted study by  Janssens and coworkers (2008) , the 
scientific evidence supporting gene – disease associations 
for genes included in genomic tests offered commercially 
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to consumers online was assessed. These authors concluded 
that the synthetic odds ratios for the  ‘  ‘ predictive genomic ’  ’  
tests offered by seven of these companies were ranging 
from 0.54 to 0.88 for protective variants and from 1.04 to 
3.2 for risk variants. Furthermore, genes in genomic profiles 
assessing the risk for developing cardiovascular disease 
were more frequently associated with non-cardiovascular 
diseases, and the same was true for associations of genomic 
profiles with bone diseases. These findings clearly demon-
strate that, currently, there is insufficient scientific evidence 
to conclude that genomic profiles are useful in measuring 
genetic risk for common diseases or in developing per-
sonalized diet and lifestyle recommendations for disease 
prevention. 

 It   is puzzling how these companies use their clients ’  
genetic profiles to tailor individualized diets and lifestyle 
recommendations. Also, it is noteworthy that some of the 
companies that provide personal genomic tests have no 
physicians involved in ordering these tests, with the argu-
ment that  ‘  ‘ . . . patients deserve direct access to their health 
information without a physician intermediary ’  ’  ( http://
www.nytimes.com/2008/06/26/business/26gene.html ). 
Overall, although these tests could provide value to cus-
tomers by offering tools for social networking or geneal-
ogy, there are questions whether and how to regulate these 
tests, about the extent to which they provide (useful) medi-
cal information and the risks from misinterpreting them 
( Magnus  et al. , 2009 ).   

    1.6       CONCLUSIONS 

 In   the coming years, molecular diagnostics will continue 
to be of critical importance to public health worldwide. 
Molecular genetic testing will facilitate the detection and 
characterization of disease, as well as monitoring of the drug 
response, and will assist in the identification of genetic mod-
ifiers and disease susceptibility. A wide range of molecular-
based tests is available to assess DNA variation and changes 
in gene expression. However, there are major hurdles to 
overcome before the implementation of these tests in clini-
cal laboratories, such as which test to employ, the choice of 
technology and equipment, and issues such as cost effec-
tiveness, accuracy, reproducibility, personnel training, reim-
bursement by third-party payers, and intellectual property. 
At present, PCR-based testing predominates; however, alter-
native technologies aimed at exploring genome complex-
ity without PCR are anticipated to gain momentum in the 
coming years. Furthermore, development of integrated chip 
devices ( ‘  ‘ lab-on-a-chip ’  ’ ) should facilitate genetic readouts 
from single cells and molecules. Together with proteomic-
based testing, these advances will improve molecular 
diagnostics and will present additional challenges for imple-
menting such technology in public or private research units, 
hospitals, clinics, and pharmaceutical industries.  
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 Chapter 2 

    2.1       INTRODUCTION 

 A   primary function of molecular diagnostics is the detec-
tion of mutations and single nucleotide polymorphisms 
(SNPs) that are associated with particular phenotypes. This 
chapter provides a description of three relatively simple 
polymerase chain reaction (PCR)-based techniques that can 
be applied to detect known nucleotide variations in DNA. 

 The   first approach, known as the amplification refrac-
tory mutation system, or PCR-ARMS, is based on the prin-
ciple that a mismatch between the 3 �  nucleotide of a PCR 
primer and the template reduces or prevents primer exten-
sion by  Taq  polymerase. A variety of strategies have been 
developed using primers that are complementary to, and 
allow for the specific amplification of, individual alleles. 

 The   second approach described in this chapter is based 
on hybridization of PCR products to allele-specific oli-
gonucleotide probes, or PCR-ASO. This method can be 
applied in two formats: the forward ASO approach where 
PCR products are immobilized on membrane and hybrid-
ized to labeled ASO probes; and the reverse ASO approach, 
where ASO probes are immobilized on the membrane and 
hybridized to labeled PCR products. 

 Finally  , the third approach, competitive oligopriming, 
is a strategy based on allele-specific amplification, by the 
use of ASO. However, there is a fundamental difference 
between the usual methods involving allele-specific ampli-
fication and competitive oligonucleotide priming. In the 
former, mismatching between primer and template DNA 
prevents extension of DNA synthesis, whereas in the com-
petitive oligopriming system mismatching prevents primer 
annealing. 

 Allele  -specific mutation detection has been widely 
used in research and molecular diagnostics since their ini-
tial development in the late 1980s. The attraction of these 

methods lies in their simplicity and applicability to the 
analysis of virtually any known point mutation or SNP. 
Moreover, these methods do not require expensive and 
sophisticated instrumentation.  

    2.2       PCR-ARMS 

 In   1989, several independent groups described a PCR-
based approach for analyzing known point mutations in 
DNA and distinguishing between normal, heterozygous, 
and homozygous mutant genotypes ( Newton  et al. , 1989 ; 
 Nichols  et al. , 1989 ;  Okayama  et al. , 1989 ;  Sommer  et al. , 
1989 ;  Wu  et al. , 1989 ). The method is most commonly 
referred to as PCR-ARMS or ARMS (amplification refrac-
tory mutation system) ( Newton  et al. , 1989 ). It has also 
been referred to as PASA (PCR amplification of specific 
alleles) by  Sommer and coworkers (1989)  and as ASPCR 
(allele-specific PCR) by  Wu and coworkers (1989) . The ini-
tial reports demonstrated the applicability of this approach 
to analyze known disease mutations associated with 
 α 1-antitrypsin deficiency, amyloidotic  polyneuropathy, 
phenylketonuria, and sickle cell disease. Subsequent 
 validation studies quickly established that this strategy 
is applicable to the analysis of any known point mutation 
or SNP ( Sommer  et al. , 1992 ). 

    2.2.1       Basic Principles 

 PCR  -ARMS is based on the observation that DNA ampli-
fication is inefficient or completely refractory if there is 
a mismatch between the 3 �  terminal nucleotide of a PCR 
primer and the corresponding template ( Newton  et al. , 
1989 ).  Taq  DNA polymerase lacks a 3 �  to 5 �  exonuclease 
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activity, and therefore cannot correct mismatches at the 
3 �  terminus of the primer. As such, complementary base-
pairing at the 3 �  end of the primer is required for efficient 
amplification by  Taq  DNA polymerase and is a strong 
determining factor of template specificity. Amplification 
of the normal allele, and not that of the mutant, is accom-
plished using a primer that is complementary to the normal 
allele and has a mismatch between the 3 �  residue and the 
mutant allele. Conversely, only the mutant will be ampli-
fied if the 3 �  residue of the primer is complementary to the 
mutant allele and not the normal allele. The specificity or 
discriminating power of the 3 �  terminal nucleotide can be 
enhanced further by incorporating an additional mismatch 
positioned near the 3 �  nucleotide ( Newton  et al. , 1989 ). 
The basic concept is illustrated in  Fig. 2.1   . 

 Various   studies have attempted to quantify the inhibi-
tory effect of different 3 �  mismatches on PCR amplifica-
tion ( Kwok  et al. , 1990 ;  Sarkar  et al. , 1990 ;  Huang  et al. , 
1992 ;  Ayyadevara  et al. , 2000 ). Although some trends 
have emerged, the results were remarkably discordant. 
 Sarkar and coworkers (1990)  concluded that PCR is inhib-
ited by mismatches between the template and the 3 �  or 
3 �  penultimate nucleotide of the primer. Under relatively 
relaxed stringency conditions for primer-template anneal-
ing,  Kwok and coworkers (1990)  demonstrated a 20-fold 
reduction in amplification efficiency with A:A (primer-
template) mismatches, 100-fold reductions with A:G, G:
A, and C:C mismatches, and little or no reduction with 
any other mismatches. Under higher stringency condi-
tions,  Huang and coworkers (1992)  showed some degree 
of inhibition with every combination of 3 �  mismatch. The 
weakest inhibition, about 100-fold reduction, was associ-
ated with C:T mismatches. There was approximately 103-
fold reduction with A:C, C:A, G:T, and T:G mismatches; 
103- to 104-fold reduction with T:C and T:T mismatches; 
and at least 106-fold reduction with A:A, G:A, A:G, G:G, 
and C:C mismatches.  Ayyadevara and coworkers (2000)  
systematically varied both the 3 �  terminal and penultimate 
nucleotides of primers, all under relatively high stringency 
conditions. Their study indicated that primers ending 
with 3 �  A are moderately inferior to those ending in other 
nucleotides. Allele-specific amplification had 40- to 100-
fold reduction when the mismatched primer had T, G, or 
C at the 3 �  terminal position. They also concluded that the 
penultimate 3 �  nucleotide plays a minor role in mismatch 
discrimination, and that amplification efficiency is reduced 
when A (and to a lesser extent T) occupies the penultimate 
3 �  position. 

 The   design and optimization of PCR-ARMS proto-
cols is primarily a function of the target sequence and the 
nucleotide differences that define the alleles. In addition 
to mismatches between the 3 �  terminal base of the primer 
and the target, single mismatches should be incorporated at 
several positions from the 3 �  terminus. Apart from the the-
oretical considerations relating to the 3 �  terminal position 

of the allele-specific primers, the design and optimization 
of PCR-ARMS primers follows the same considerations 
used for any other type of PCR. Primers are chosen to have 
comparable theoretical melting temperatures ( T  m ). Primer 
lengths are generally 20 nucleotides or longer, although 
the length is less important than the  T  m . Primers should 
not have self-complementary sequences of 4 nucleotides or 
more, nor should they have more than 4 nucleotide comple-
mentarity between their 3 �  ends. 

 As   with any PCR-based strategy, false negative results 
could result from the presence of sequence variations 
that negatively impact on the primer annealing and/or 
amplification. This potential problem can be overcome 
by targeting the opposite strand for amplification, or by 
incorporating a degenerate nucleotide into the primer. For 
single mutation ARMS, the PCR conditions can be estab-
lished by titrating the MgCl 2  concentration and/or primer 
concentrations, at constant annealing temperature. For 
multiplex ARMS, the first step is to optimize the PCR con-
ditions for sensitive and specific detection of each allele. 
The objective is to define the PCR cycling parameters and 
MgCl 2  concentration under which all of the alleles will be 
amplified in an efficient and specific manner. It may be 
necessary to redesign one or more primer pair to achieve 
allele-specific amplification under one set of PCR condi-
tions. Once the PCR parameters have been established, 
the primer pairs can be combined to evaluate the perform-
ance of the multiplex ARMS assay. Primer concentrations 
should be adjusted such that each of the alleles is ampli-
fied to a comparable degree. The specificity of the ARMS 
assay should be evaluated using samples from normal con-
trols and known carriers of the mutations. Specificity can 
also be tested using serial dilutions of mutant DNA mixed 
with normal DNA (e.g. mutant:normal  �  1:1, 1:2, 1:4, 1:8, 
etc.). Uniform and specific amplification of each allele 
may require further manipulation of the cycling parameters 
or the concentration of one or more reagents (primers,  Taq  
polymerase, MgCl 2 ).  

 FIGURE 2.1          Schematic of PCR-ARMS. Schematic representation of 
a PCR-ARMS assay for the detection of a single-base mutation (under-
lined). The 3 �  terminal nucleotide of the ARMS primer is complementary 
to the mutant allele. The ARMS primer has an additional mismatch posi-
tioned three bases from the 3 �  terminal nucleotide (not shown).    
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    2.2.2       Single and Multiplex PCR-ARMS 

 A   common application of PCR-ARMS is the detection of 
individual point mutations in DNA. Primers are designed 
that will preferentially amplify the mutant allele, while 
being refractory to amplification of the normal allele. 
Included in the reaction mix is a second set of primers that 
are specific for a heterologous locus that serves as a posi-
tive control for PCR amplification. Conventional agarose 
or polyacrylamide gel electrophoresis systems are used to 
resolve the control amplicon from the mutant amplicon. 
Since the efficiency of amplification is inversely propor-
tional to the length of the amplicon, the control amplicon 
should be larger or close in size to the mutant amplicon. 
 Figure 2.2    illustrates the use of this approach to detect the 

most common  DHCR7  gene mutation associated with the 
Smith – Lemli – Opitz syndrome ( Nowaczyk  et al. , 2001 ). 
This assay distinguishes between samples that are posi-
tive for the IVS 8-1 G      �      C mutation (heterozygous or 
homozygous) and those that are negative for the mutation. 
This is sufficient for applications where it is not necessary 
to distinguish between heterozygotes and homozygotes 
(e.g. mutation analysis of unaffected carriers of a recessive 
disorder). For other applications, such as mutation analysis 
for individuals affected with a recessive disorder, it may be 
desirable to genotype individuals who are positive for the 
mutation. This can be accomplished by screening all posi-
tive samples with a second ARMS assay that is specific 
for the normal allele and refractory for the mutant allele. 
Heterozygotes will be positive for both ARMS assays, 
whereas homozygotes will be positive for only the mutant 
ARMS assay. The specificity of PCR-ARMS is such that 
pools of samples can be screened to identify rare carriers of 
specific mutations. This approach is capable of detecting a 
single positive sample in pools of 30 or more samples. This 
eliminates the need to test large numbers of samples indi-
vidually to establish population frequencies for individual 
mutant alleles ( Nowaczyk  et al. , 2001 ;  Waye  et al. , 2002 ). 

 Multiplex   PCR-ARMS assays can easily be developed 
for single-tube detection of four to six different mutations 
( Old  et al. , 1990 ). Multiplexing PCR-ARMS assays is often 
necessary, since many genetic disorders are characterized 
by a small number of common mutations that account for 
a significant proportion, and in some instances, the major-
ity of mutant alleles represented in a given population (see 
also Chapter 25)  . Once the spectrum of mutations and the 
frequencies of individual alleles have been established, 
PCR-ARMS can be used to simultaneously screen for the 
most common mutations.  Figure 2.3    shows two multiplex 
PCR-ARMS panels that detect 11 common  DHCR7  gene 
mutations. Collectively, these mutations account for more 
than 85% of the mutant alleles detected in North American 
Smith-Lemli-Opitz syndrome patients.  

    2.2.3       Genotyping with PCR-ARMS 

 PCR  -ARMS can be used to determine genotypes for indi-
vidual mutations or SNPs, using two separate ARMS 
assays: one specific for the mutant allele and the other spe-
cific for the normal allele. Alternatively, PCR-ARMS sys-
tems have been developed for single-tube genotyping of 
mutations or SNPs. The simplest system involves bidirec-
tional amplification, with the normal allele amplified using 
one strand as the template and the mutant allele amplified 
off the complementary strand ( Waterfall and Cobb, 2001 ; 
 Ye  et al. , 2001 ). The primers are designed such that the 
lengths of the amplicons can easily be resolved by con-
ventional gel electrophoresis. This strategy has a built-in 

 FIGURE 2.2          PCR-ARMS detection of a single  DHCR7  mutation.  A.  
Schematic representation of the boundary between intervening sequence 
8 and exon 8 of the  DHCR7  gene showing the position of a common 
mutation causing Smith – Lemli – Opitz syndrome. The mutation alters the 
canonical splice acceptor sequence (AG      �      AC) and can be detected using 
an ARMS primer specific for the mutant allele.  B.  PCR-ARMS detection 
of the IVS 8-1 G Æ C mutation (underlined). The 3 �  terminal nucleotide 
of the ARMS primer is complementary to the mutant allele, and an addi-
tional mismatch is incorporated three bases from the 3 �  nucleotide (not 
shown).  C.  Analysis of PCR-ARMS products by non-denaturing poly-
acrylamide gel electrophoresis, visualized by ethidium bromide staining 
and UV fluorescence. The 190       bp fragment is specific for the IVS 8-1 
G      �      C mutant allele. The 429       bp fragment corresponds to a region of the 
 HFE  gene that serves as a positive internal control for PCR amplification. 
Lane 1: IVS 8-1 G      �      C heterozygote; lane 2: normal control; lane 3: 1:1 
mixture of carrier:normal DNA; lanes 4 – 13: 1:2n mixture (N  �  1 – 10) of 
carrier:normal DNA, respectively (1:2 to 1:1024).    
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positive control resulting from amplification between the 
outermost primers of the normal and mutant amplicons. 
 Figure 2.4    shows the application of PCR-ARMS to geno-
type samples for the most common mutation associated 
with hereditary hemochromatosis ( HFE  p.C282Y). 

 PCR  -ARMS can be also used to establish haplotypes of 
individuals in the absence of samples from relatives. This 
is particularly useful for haplotyping SNPs that are located 
within distances that are amenable to PCR amplification. 
Consider the case of adjacent bi-allelic SNPs, where the 
alleles are designated Aa and Bb. PCR-ARMS using the 
four possible combinations of ARMS primers specific for 
the SNP A and SNP B alleles (AB, Ab, aB, ab) can be used 
to establish the haplotype ( Eitan and Kashi, 2002 ).  

    2.2.4       Advantages and Limitations 

 PCR  -ARMS assays are ideally suited for many molecu-
lar diagnostic applications, particularly those requiring 
detection of relatively small numbers of point mutations 
and having low-to-moderate throughputs. The primary 
advantage of PCR-ARMS is the ease with which multi-
plex assays can be developed, validated, and implemented. 
Moreover, the tests are non-radioactive and do not require 
expensive and sophisticated detection systems. 

 The   most significant limitation of PCR-ARMS is that it 
can be used to detect only known mutations and polymor-
phisms. As such, it is usually necessary to combine PCR-
ARMS with other molecular diagnostic strategies (e.g. 
sequencing) to provide comprehensive mutation detec-
tion. In its simplest formats, such as those described in this 
chapter, PCR-ARMS may be impractical for applications 
involving large numbers of mutations or high through-
put. For such applications, consider using ARMS assays 
with allele detection strategies that are more amenable to 
automation. One such approach is to use ARMS primers 
labeled with fluorescent dyes.   

    2.3       PCR-ASO 

 The   analysis of point mutations in DNA using hybridiza-
tion with ASO probes is based on the principle that even 
single nucleotide mismatches between a probe and its tar-
get can destabilize the hybrid. ASO probes can be designed 
to be complementary and specific for the various alleles, 
thus providing a simple methodology to detect any known 
mutation or SNP. 

 The   use of ASO probes actually predates PCR, and 
was a commonly used approach to analyze cloned DNA. 
Radioactively labeled ASO probes have even been used 
to diagnose genetic disease using non-amplified genomic 
DNA that has been immobilized on a membrane after 
restriction endonuclease digestion and electrophoretic 
separation ( Conner  et al. , 1983 ;  Orkin  et al. , 1983 ;  Pirastu 
 et al. , 1983 ). With the advent of PCR amplification (         Saiki 
 et al. , 1985, 1988a, b ), PCR-ASO became one the first 
approaches used to analyze known point mutations within 
amplified DNA fragments ( Saiki  et al. , 1986 ). 

    2.3.1       Basic Principles 

 The   design of ASO probes is largely dependent on the 
sequence of the region being targeted for analysis. ASO 
probes are generally short oligonucleotides (15- to 17-
mers) with 30 – 50% G      �      C content, designed with the dis-
criminating nucleotide located near the middle of the probe. 
Longer probes can be used to compensate for regions that 
have low G      �      C content. G:T and G:A mismatches are 
slightly destabilizing, whereas the effect is significantly 

 FIGURE 2.3          Multiplex PCR-ARMS detection of 11  DHCR7  gene muta-
tions.  A.  Schematic representation of the  DHCR7  gene (introns not drawn 
to scale) showing the seven coding exons and PCR-ARMS strategies 
for detecting 11 point mutations associated with Smith – Lemli – Opitz 
syndrome. The mutations are detected in two multiplex PCR-ARMS 
assays (multiplex II mutations indicated in brackets).  B.  Analysis of PCR-
ARMS multiplex products. Each multiplex includes an internal control 
amplicon from the  HFE  gene. Multiplex I: lane 1: normal control; lane 2: 
p.E448K carrier; lane 3: p.R404C; lane 4: p.W151X; lane 5: p.R352W; 
lane 6: p.T93M; lane 7: IVS 8-1 G      �      C. Multiplex II: lane 1: normal 
control; lane 2: p.R443C carrier; lane 3: p.T289I; lane 4: p.C380R; lane 5: 
p.V326L; lane 6: p.L109P.    
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greater for A:A, T:T, C:T, and C:A mismatches ( Ikuta 
 et al. , 1987 ). Therefore, the choice of the sense or anti-
sense strand may affect specificity (e.g. a C:A mismatch is 
often easier to discriminate than a G:T mismatch). 

 The   choice of ASO primer sequences can involve a 
considerable amount of trial-and-error testing of candidate 
probes. Candidate probes should be evaluated individu-
ally using known positive and negative control samples, all 
under fixed hybridization and wash stringency conditions. 
For some mutations, it may be necessary to synthesize sev-
eral versions of a given probe to attain allele specificity 
under the assay conditions. Care should be taken to avoid 
sequences that are associated with polymorphisms. False 
negative results could occur if a polymorphism impairs 
annealing and/or extension of a primer used for amplifi-
cation, or if a polymorphism lies near the mutation being 
tested and destabilizes the ASO/target hybrid.  

    2.3.2       Forward and Reverse ASO Formats 

 The   forward ASO format involves immobilizing PCR-
amplified DNA fragments onto a nylon membrane, and 
hybridizing the membrane to a labeled oligonucleotide 
probe that is complementary and specific for a given 
sequence. The membrane is then washed at the appropri-
ate stringency to dissociate any probe molecules that are 
not perfectly matched to the target. The first-generation 

PCR-ASO protocols utilized oligonucleotide probes that 
were phosphorylated at their 5 �  termini with [ γ - 32 P], and 
exposure to X-ray film to detect the membrane bound 
probe-target hybrids ( Saiki  et al. , 1986 ). Subsequent proto-
cols employed ASO probes that have biotin conjugated to 
their 5 �  termini ( Saiki  et al. , 1988b ). Following stringency 
washes, the probe-target hybrid is detected using strepta-
vidin conjugated with horseradish peroxidase (HRP). The 
HRP activity can then be detected using a colorimetric 
detection with tetramethylbenzidine and hydrogen perox-
ide. Alternatively, the HRP activity can be detected using 
chemiluminescent substrates. 

 The   forward ASO format is most useful when large 
numbers of samples are being screened for a small number 
of mutant alleles.  Figure 2.5a    shows examples of forward 
dot-blots for the two most common  ARSA  gene mutations 
in patients with metachromatic leukodystrophy ( Polten 
 et al. , 1991 ). However, the forward ASO format requires 
separate labeled probes and hybridization cycles for each 
allele being tested, making this technique overly cumber-
some for applications involving multiple mutations. 

 Reverse   ASO comes as a solution to this problem. In 
particular, reverse ASO entails immobilization of an array 
of ASO probes to a membrane strip and hybridization of 
the strip to labeled PCR-amplified DNA. The original 
reverse ASO format, or reverse dot-blot, employed probes 
that had poly(dT) tails added to their 3 �  termini and were 
immobilized on the nylon membranes by UV cross-linking 

 FIGURE 2.4          Genotyping of  HFE  p.C282Y mutation.  A.  Schematic representation of a portion of the  HFE  gene showing the most common mutation 
associated with hereditary hemochromatosis (p.C282Y). The multiplex analysis contains primers for two different PCR-ARMS assays, run off opposite 
strands. One PCR-ARMS assay is specific for the mutant allele, whereas the other assay is specific for the normal allele. The PCR products for the 
mutant and normal alleles have different lengths and can easily be distinguished by gel electrophoresis.  B.  Analysis of the PCRA-RMS products. Lane 1, 
p.C282Y homozygote; lane 2, p.C282Y heterozygote; lane 3, normal control; lanes 4 – 11, samples.    
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( Saiki  et al. , 1989 ). The method subsequently was improved 
by covalent binding of the ASO probes to membranes via 5 �  
amino linkers ( Zhang  et al. , 1991 ;  Chehab and Wall, 1992 ). 

 Over   the past decade, the reverse ASO format has 
become a widely used tool for routine screening of genes 
that have numerous mutant alleles (reviewed in  Gold, 2003 ; 
see also Chapter 34)  . Reverse PCR-ASO test kits have 
evolved for mutation screening for several genetic diseases, 
including  α -thalassemia ( Chan  et al. , 1999 ;  Foglietta  et al. , 

2003 ),  β -thalassemia ( Chehab, 1993 ;  Cai  et al. , 1994 ), and 
cystic fibrosis ( Chehab and Wall, 1992 ;  Makowski  et al. , 
2003 ). Also, several commercial kits have been developed 
for  α - and  β -thalassemia mutation detection (reviewed in 
 Patrinos  et al. , 2005 ), while test kits also have been devel-
oped for genotyping SNPs used for forensic identity testing 
( Budowle  et al. , 1995 ; see also Chapter 26)  .  Figure 2.5a  
shows commercial ASO reverse dot-blots for SNPs associ-
ated with five independent loci.  
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 FIGURE 2.5          A. Forward PCR-ASO of ARSA gene mutations. PCR-ASO analysis of the two most common ARSA mutations (IVS2      �      1 G      �      A and 
p.P426L) causing metachromatic leukodystrophy. Corresponding regions of the ARSA were amplified by PCR and immobilized to nylon membranes. 
The membranes were hybridized to non-radioactively labeled ASO probes that are complementary to the normal or mutant alleles. Probe/target hybrids 
were detected by chemiluminescence. Each test strip contains amplified DNA from known controls (homozygous mutant (M/M), heterozygous mutant 
(N/M), normal (N/N)) and two samples. B. Reverse PCR-ASO of SNPs. PCR-ASO analysis of SNPs at five independent loci using the AmpliType 
PolyMarker ™  reverse dot-blot system (Perkin – Elmer). The corresponding regions of the genome are amplified as a multiplex PCR using biotin-
ylated primer sets. The PCR products are then hybridized to membrane strips containing ASO probes that are complementary to the various alleles. 
Biotinylated PCR products that hybridize to the membrane-bound ASO probes are detected using a non-radioactive colorimetric reaction. SNP pro-files 
are shown for five unrelated individuals. A, B, C on the strips correspond to the different alleles at each locus.    
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and template DNA prevents extension of DNA synthesis, 
whereas in the competitive oligopriming system mismatch-
ing prevents primer annealing (Table 2.1). 

    2.4.1       Basic Principles 

 Differential   primer annealing in competitive oligopriming 
is achieved by the use of three primers of DNA synthesis 
instead of two, in one polymerase chain reaction. A pair 
of competitive oligonucleotides is used as forward primers 
and the third primer is serving as a common reverse one, 
for the respective PCR. The mismatching is formed within 
the forward primer, usually in the middle, but in some cases 
is formed at the 3 �  end of the forward primer, as is the case 
of ARMS but in the competitive oligopriming setting, that 
is by using two competitive forward primers. 

 The   forward primers that detect DNA sequence altera-
tions in competitive oligopriming are a pair of synthetic 
short DNA sequences (competitive oligoprimers or COP 
primers), carrying the mutant or the normal configuration at 
the mutation site in the middle of their sequence and capa-
ble of discriminating between mutated and normal tem-
plate DNA for annealing. Thus, competitive oligopriming 
is a system of allele-specific amplification, through differ-
ential primer annealing. In competitive oligopriming allele-
specific amplification occurs for both alleles in the same 
reaction, which is the important feature of the method. 
Once the competitive amplification of DNA has been 
completed, identification of the mutant versus the normal 
amplified allele among the products of a competitive PCR 

    2.3.3       Advantages and Limitations 

 The   PCR-ASO method, and particularly the reverse ASO 
format, provides a simple approach for simultaneous geno-
typing of large numbers of mutations and polymorphisms. 
The method can be applied to any known sequence vari-
ation, is non-radioactive, and does not require specialized 
instrumentation to detect the alleles. A potential drawback 
to the PCR-ASO strategy is the amount of developmental 
work needed to identify a panel of oligonucleotide probes 
that are allele specific under the same hybridization and 
wash stringency conditions. For small laboratories with 
limited resources, this initial investment may preclude the 
development of in-house PCR-ASO assays. For the same 
reasons, it is unlikely that commercial PCR-ASO will 
become available for rare diseases having limited market 
potential.   

    2.4       THE COMPETITIVE OLIGOPRIMING 
ASSAY 

 Competitive   oligonucleotide priming (COP) of DNA syn-
thesis has been described for the first time by Gibbs and 
coworkers in 1989. As previously mentioned, COP is 
a strategy for the detection of known sequence varia-
tions, based on allele-specific amplification, using ASO. 
However, there are two fundamental differences between 
the usual methods involving allele-specific amplification 
( Nollau and Wagener, 1997 ) and competitive oligonucle-
otide priming: in the former, mismatching between primer 

 TABLE 2.1             Genetic loci for which the competitive oligopriming approach for mutation detection was applied. The 
position of the mismatch within COP primers, and the potential of multiplexing and/or high-throughput screening 
are recorded.  HPRT : hypoxanthine phosphoribosyltransferase;  BCHE : butyrylcholinesterase;  ALDH2 : aldehyde 
dehydrogenase;  PON : paraoxonase/arylesterase.  

   Gene  Mismatch position  Multiplexing  High throughput  References 

    HPRT   Middle  No  No   Gibbs  et al.  (1989)  

    HBA2/HBA1, HBB   Middle  Yes  No   Chehab and Kan (1989)  

    HBB   Middle  Yes  No   Athanassiadou  et al.  (1995)  

    PON   –  Apolipo-
protein B 

 3 �  end  Yes  Yes   Germer and Higuchi 
(1999)  

    ALDH2   3 �  end  No  No   Koch  et al.  (2000)  

     3 �  end  No  Yes   McClay  et al.  (2002)  

    MCAD  Factor V  3 �  end  No  No   Giffard  et al.  (2001)  

   Various SNPs  3 �  end  No  Yes   Myakishev  et al.  (2001)  

    BCHE   Middle  No  No   Yen  et al.  (2003)  
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is rendered crucial. To this end a number of approaches 
have been applied, involving differential labeling of the 
competitive primers prior to their use in competitive PCR. 

 Thus  , the competitive oligopriming assay (COP assay) 
is carried out in two consecutive stages: the first stage 
involves the DNA amplification by competitive oligoprim-
ing; the second stage involves the detection of the genetic 
identity  –  mutant versus normal  –  of the amplified material.  

    2.4.2       Genotyping with COP Assay 

    2.4.2.1       DNA Amplification  In Vitro  by COP 

 In   COP PCR, both allele-specific oligonucleotides  –  the 
mutated and the normal one  –  are used in the same reac-
tion and through the competition that arises between them 
for annealing on the target DNA sequence, the binding of 
the perfectly matched primer to the template is strongly 
favored relative to the primer differing by a single base. 

 Only   one reverse primer is used in a competitive oligo-
priming PCR, to serve synthesis with both allele-specific 
primers, which therefore must derive from the same  –  
opposite of that of the reverse primer  –  strand of DNA 
sequence. One nevertheless can formulate a competitive 
PCR, in which the competitive oligoprimers are of opposite 
direction, but this necessitates the use of two reverse primers, 
too, and most probably elaborate optimization procedures. 

 In   COP PCR all three primers, namely the two forward 
primers for the mutation site, one (m) and the other (wt) 
and the common reverse primer, are used in one reaction 
( Fig. 2.6   ) with a given template DNA. 

 In   this setting, competitive primers (m) and (wt) anneal 
only or mainly with the mutated and normal DNA, respec-
tively, promoting correct priming and not vice versa. 
Results fall into three categories, depending on the geno-
type of the template DNA: 

      ●      If the amplified DNA contains only (or mainly) 
the normal primer (wt), the template DNA used is 
homozygous wild-type for this site.  

      ●      If the amplified DNA contains only (or mainly) 
the mutated primer (m), the template DNA used is 
homozygous mutant for this site.  

      ●      If the amplified DNA contains both (m) and (wt) prim-
ers in equal (or almost equal) amounts, the template 
DNA used is heterozygous for this site.    

 The   efficiency of COP PCR depends on a number of 
parameters but limited data exist on this issue: 

    A)     The  primers ’  length : competition experiments between 
oligoprimers of different length have shown that 
12-mers bear a greater potential for correct priming 
than 20-mers ( Gibbs  et al ., 1989 ). However, the precise 
relationship between the length of competitive  primers 
and their discriminatory potential depends on their 

overall sequence, as well as on the individual base mis-
match ( McClay  et al. , 2002 ).  

    B)     The  annealing temperature : effective competition occurs 
at low stringency for shorter types of primers (12-mers) 
but annealing temperatures close to  T  m  ( Yen  et al. , 2003 ) 
or fairly stringent ( McClay  et al. , 2002 ) to high stringent 
condition ( Athanassiadou  et al. , 1995 ) gave good results 
with longer oligoprimers (16- to 20-mers).  

    C)     The  primer concentration : an excess primer to template 
ratio, promoters correct priming in low as well as in 
high stringency reactions ( Athanassiadou  et al. , 1995 ).  

    D)     The  nature of the mismatch : successful competition 
has been shown for a number of mismatches between 
primer and template DNA, as documented in only one 
work ( Gibbs  et al ., 1989 ). Finally, no data exist for the 
possible effect on COP PCR of the exact position of the 
mismatch within the COP oligoprimers.     

    2.4.2.2       Genotype Detection Systems 

 The   size of the PCR products in a COP PCR is the same 
in all three cases A, B, and C ( Fig. 2.6 ), that is irrespec-
tive of the genotype of the PCR products and therefore a 
detection system of their genotype is necessary. This relies 
on the possibility for differential detection of the genetic 
identity (mutant vs normal) of the incorporated competi-
tive primer and can be achieved by differential labeling 
of the two competitive primers. Various approaches have 
been employed so far: a color complementation assay was 
developed by  Chehab and Kan (1989) , which allows dis-
crimination between fluorescent oligonucleotide prim-
ers. The addition of a 5 �  GC tail to one of the primers so 
that it can be distinguished by  T  m  shift was employed by 
 Germer and Higuchi (1999) , and allele-specific PCR with 
universal energy transfer labeled primers was developed by 
 Myakishev and coworkers (2001) . Differential end labeling 
of the competitive oligoprimers with compounds that are 
recognized by different antibodies has also been applied 
( Athanassiadou  et al. , 1995 ). 

 This   approach was used for the differential identifica-
tion of  β -thalassemia mutation. In this system the detec-
tion of the identity (normal vs mutant) of the COP primers 
incorporated in each case is carried out by means of differ-
ential 5 �  labeling of the COP primers (mutant primer with 
dansylchloride and normal primer with FITC) that were 
subsequently recognized by specific antibodies on a solid 
support. The common reverse primer was biotinylated so 
as to facilitate the formation of a conjugate on the ampli-
fied DNA. 

 Three   sets of results are shown (see  Fig. 2.7c   ), two sets 
for mutation  HBB :c.93      �      21G      �      A (IVS I-110 G      �      A; I 
and II) and one for mutation  HBB :c.92      �      6T      �      C (IVS I-6 
T      �      C; III). The two sets of mutation  HBB :c.93      �      21G      �      A 
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differ from each other only by 1 ° C in the annealing tem-
perature; that is, case I is carried out at 1 ° C and case II at 
2 ° C below high stringency. It is noticeable that a very low 
degree of mispriming persists for the n primer for mutation 
 HBB :c.93      �      21G      �      A, like the practically negligible level 
of cross-hybridization of these primers when used in ASO 

hybridization, but this does not interfere with interpretation 
of results. 

 The   detection of  β -thalassemia and other mutations is 
efficient and reliable with the COP assay applied and this 
leads to the conclusions that the COP assay, as exemplified 
here, is a robust and reliable method of mutation detection.   

 FIGURE 2.6          The three possible outcomes of a competitive PCR using a pair of allele-specific competitive primers: dark dots (m): mutant, and dark 
squares (wt): normal; as well as a common reverse primer, with template DNA  A.  Wild type (dark squares only),  B.  Homozygous mutant (dark dots 
only), and  C.  Heterozygous (dark squares and dark dots). Competitive PCR products in each case show correct priming as a result of efficient competi-
tion between the two primers for correct annealing on the template DNA. Dark and empty romvoids at the end of primers and PCR products represent 
differential labeling for the discrimination between normal and mutated amplified DNA.    
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    2.4.3       Development of COP Assays with a 
3 �  End Mismatch 

 A   combination of COP array and ARMS has also been 
applied in some cases. This is a COP system in which the 
two forward primers (mutant and normal) are designed to 
form the mismatch at their 3 �  end, thus promoting differen-
tial DNA synthesis in one reaction, rather than differential 
primer annealing. Such a system was used for the purpose 
of allele association studies ( Koch  et al. , 2000 ) and the 
genotyping COP PCR products was by fluorescent labe-
ling of the competitive primers at the 5 �  end, consequently 
detected on an automated fluorescent DNA sequencer. 

 Another   system of this category, developed by  Germer 
and Higuchi (1999) , is termed  T  m -shift genotyping, as the 
detection of primer identity within COP PCR products is 
based on the addition of a GC-tail in one of the allele-spe-
cific primers. This results in a shift in the  T  m  of the PCR 
product that has incorporated the primer with the GC tail.  

    2.4.4       Multiplexing and High-Throughput 
COP Assays 

 Simultaneous   DNA amplification of more than one genetic 
site on one DNA sample can be carried out by multiplex 
COP assay ( Gibbs  et al ., 1989 ) and it is dependent on the 
system by which the genetic identity of the COP PCR prod-
ucts is determined. When the different pairs of COP prim-
ers used produce COP PCR products of different length, it 
is possible to determine their identity by gel electrophore-
sis. However, a less complex detection method than gel 
electrophoresis is usually desirable. 

 A   detection system based on color complementation 
assay was developed by  Chehab and Kan (1989)  for the 
simultaneous amplification of DNA loci for two  β -tha-
lassemia mutations and an  α -globin gene deletion (five 
primers in total) that were simultaneously analyzed in one-
tube reaction. 

 When   a discrimination system for various PCR prod-
ucts, generated in a one-tube multiplex PCR, is not avail-
able, multiplex COP assay is possible only as a system of 
a number of COP PCR tubes, designed to operate in one 
PCR machine with the same PCR program. 

 In   both these multiplex assays there is a requirement for 
the same annealing temperature for efficient competition of 
all COP primer pairs used. Shorter primers are expected to 
compete efficiently in not just one annealing temperature 
value, but rather in a spectrum of temperatures (albeit in 
lower stringency). The multiplex system in this case would 
be more tolerant with respect to the annealing temperatures 
of the individual COP PCRs, than with the longer COP 
primers. Evidently, every disease entity caused by multiple 
mutations needs its own analysis, which will determine the 
conditions for simultaneous detection of as many mutations 
as possible. 

 Regarding   high-throughput approaches, that is test-
ing many samples for one SNP, two COP PCRs have been 
developed, both using competitive oligoprimers with the 
mismatch at their 3 �  end. One of them ( Myakishev  et al. , 
2001 ) involved PCR amplification of genomic DNA with 
two-tailed allele-specific primers, which introduce prim-
ing sites for universal energy-transfer labeled primers. The 
accuracy of the method is greater in conditions of competi-
tive oligopriming than when single allele-specific primer 
is used, with little if any non-specific signal recorded, 
especially with small amounts (0.4       ng) of genomic DNA 
required per reaction. In addition, it is cost effective as one 
set of energy-transfer primers can be used for all SNPs 
analyzed. A second approach is using a fluorescent label 
at their 5 �  end, so that PCR products can be detected by 
conventional automatic sequencer ( McClay  et al. , 2002 ). 
The SniPTag used in this method is capable of discriminat-
ing among all combinations of nucleotide substitutions. A 
very interesting feature of this approach is that it is pos-
sible to increase throughput by loading the PCR products 

 FIGURE 2.7           A.  Results of single COP primer for two  β -thalassemia 
mutations,  HBB :c.93      �      21G      �      A (upper panel) and  HBB :c.92      �      6T      �      C 
(lower panel), both at high stringency; m: mutant, n: normal. Intense 
correct priming is evident but also a variable degree of mismatch prim-
ing.  B.  Competitive PCRs with (1) wild-type, (2) heterozygous, and (3) 
homozygous mutant template DNA, for mutations  HBB :c.93      �      21G      �      A 
(left) and  HBB :c.92      �      6T      �      C (right).  C.  Detection of the mutant (m) 
and normal (n) products of the competitive PCRs for mutation  HBB :
c.93      �      21G      �      A (I and II) and  HBB :c.92      �      6T      �      C (III), all at primer 
annealing temperatures at or close to  T  m  (high stringency).    
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for several markers ’  loci in a single lane on the automated 
sequencer, provided that these products have been designed 
to be of different length.  

    2.4.5       Advantages and Limitations 
of the COP Assay 

 The   main advantage of COP assay is that it does not need 
heavy equipment or complex procedures and the bare 
essential of molecular biology analysis is enough in most 
cases. Additionally, it is cost effective as most labeling is 
commercially available for routine work. Thus the devel-
opment of COP aims at the formulation of mutation detec-
tion systems that can be used almost anywhere, supporting 
molecular diagnosis in geographical areas that are not close 
to hospitals. Another advantage is the possibility for multi-
plexing, as the primer competition for correct annealing to 
template DNA is possible for temperatures of medium to 
low stringency, thus allowing for the accommodation of the 
annealing temperatures for several mutations in one tube or 
in one PCR run. High-throughput approaches are also pos-
sible, but do not include a setting for true multiplexing at 
the same time, due to the narrow range of optimum anneal-
ing temperature for each SNP. 

 The   main disadvantage of the COP assay arises in the 
detection system, as there is a need to differentiate between 
equal size DNA molecules, but of different genetic identity, 
produced in one PCR. This difficulty has been interfering 
with the widespread use of COP. Second, as with the other 
allele-specific mutation detection methods, COP assay is 
applicable exclusively with DNA changes whose precise 
nature is known in advance, so that the COP oligoprim-
ers can be designed methods in which prior knowledge of 
the nature of the mutation is not an absolute requirement, 
like denaturing gradient gel electrophoresis (DGGE, see 
Chapter 6)  , or single strand conformation polymorphism 
(SSCP) analysis (see Chapter 4)  , which can be applied for 
known and unknown DNA sequence changes. Finally, an 
aspect that makes COP assay difficult to apply is the rather 
long and laborious optimization procedure that is required, 
in order for every mutation, to specify the exact conditions 
for a COP PCR. This includes the elimination of misprim-
ing and of improper differential detection of PCR products, 
which may interfere with interpretation of the results.   

    2.5       CONCLUSIONS 

 Allele  -specific mutation detection is feasible and quite 
straightforward using all three above-mentioned method-
ologies, namely PCR-ARMS, PCR-ASO, and COP assay. 
All methods have a comparably high degree of accuracy 
and specificity. Although PCR-ARMS and PCR-ASO 
enjoy broad applicability in low-throughput laboratories, 

COP’s potential has not been fully exploited yet, presum-
ably because the detection systems are somewhat elaborate 
and need special equipment. 

 The   question of the efficiency, in terms of accuracy and 
specificity, of the competitively primed versus the con-
ventional single allele-specific DNA amplification was 
addressed by  Giffard and coworkers (2001) . In a simula-
tion study, it has been argued that although conventional 
allele-specific amplification has somewhat higher inher-
ent specificity than competitive oligopriming reaction, it 
actually may be easier to optimize the latter ones to offer 
greater reproducibility and tolerance to alterations in target 
amounts without any significant loss of specificity. This 
was supported by the work of  Myakishev  et al.  (2001) , 
mentioned earlier, where the accuracy of the method is 
greater in conditions of competitive oligopriming than 
when single allele-specific primer is used. 

 It   is noteworthy that allele-specific mutation detection 
set the standards for the development of high-throughput 
systems, such as microarrays for the purpose of large-scale 
SNP genotyping that concern genome scans and DNA diag-
nostics of genetic, acquired, and infectious diseases (see 
also Chapters 16 and 17)  . A methodology, which resem-
bles PCR-ASO, has also been employed to screen for 
 HBB  mutations in an array format ( Foglieni  et al. , 2004 ). 
A microelectronic DNA chip was constructed that con-
tained PCR-amplified fragments from a large number of 
 β - thalassemia homozygous and compound heterozygous 
samples, using primer pairs, one of which was biotinylated 
at its 5 �  end ( Santacroce  et al. , 2002 ). Following denatura-
tion, the biotinylated strand was electronically spotted to 
discrete sites on streptavidin-coated gel pad surfaces, and 
allele-specific dye-labeled oligonucleotide probes were used 
to detect wild-type and nine different mutants. For this array-
based genotyping platform, sensitivity and specificity of 
90 – 100% have been reported, which together with the low-
cost reagents and short processing times strongly indicate a 
potential use for this technology in screening programs for 
large populations with a high incidence of different types of 
 β -thalassemia. However, this technology has not yet been 
implemented for routine globin gene mutation detection.   
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 Chapter 3 

    3.1       INTRODUCTION 

 Although   there are several methods for the high sensitivity 
detection of known mutations, unknown mutations are more 
difficult to uncover. Recently, the latter methods have been 
improved significantly and utilized in practical applications. 
These include the establishment of a single nucleotide poly-
morphism (SNP) map for a specific part of the genome for 
a specific animal population or the screening for unknown 
mutations in important genes, such as cancer susceptibility 
genes ( Neuhausen and Ostrander, 1997 ;  Warner et al., 1999 ; 
 Oleykowski et al., 1998 ;  Hartge et al., 1999 ). These genes 
are large, with many exons, and thus hundreds of possible 
mutations that affect the functions of those proteins can be 
found. Also, these methods can serve as tools for reverse 
genetics to screen for chemically induced point mutations 
in specific regions of specific genes ( Colbert et al., 2001 ) 
and for screening for specific mutations in the genome of 
emerging pathogenic microorganisms ( Sokurenko et al., 
2001 ). In this chapter, two of these mutation detection 
methods will be discussed in detail. 

 A   mutation is by definition a change in the DNA 
sequence as compared to the population at large. 
Historically, mutations are detected by phenotypic changes. 
At the DNA level, it is often, but not always, revealed by 
direct DNA sequencing. Indeed, most researchers involved 
in mutation screening have encountered mutations that 
are not detectable by Sanger dideoxy-DNA sequenc-
ing, but obvious to complementary approaches that detect 
changes in the physical properties of the DNA helix when 
a mismatch is present. In mutation screening methods not 
based on enzymatic DNA polymerization, the mutated 
DNA helix often is first converted to mismatch heterodu-
plexes when the polymerase chain reaction (PCR;  Mullis 

and Faloona, 1987 ) products of two alleles of the gene of 
interest are amplified by PCR, mixed, denatured, and rehy-
bridized. Next, the chemical or enzymatic properties of 
a mismatched base are exploited to lead to a break in the 
DNA strand near the mismatch. Finally, a suitable fragment 
analysis method is used to visualize the shortened DNA 
fragments, in either single-stranded form or the double-
stranded form, that are produced by the DNA break near 
the mismatch residue. The suitability of a method for each 
laboratory depends on the existing skills in that laboratory 
and the available analysis platform. 

 The   mixing of two alleles of a gene of interest in PCR 
results in heteroduplexes at the end of a denaturation and 
renaturation step. However, homozygous mutations and 
hemizygous mutations will not lead to the formation of 
mismatch heteroduplexes. Thus, it is important that a muta-
tion detection method be sufficiently sensitive to detect a 
mutation in a pool of multiple normal alleles so that statis-
tically a mutation will not be missed.  

    3.2       CHEMICAL PROPERTIES OF 
MISMATCHES 

 Mismatches   can be either insertions/deletions or base sub-
stitutions. The latter include A/A, G/G, C/C, T/T, A/G, A/C, 
G/T, C/A, and C/T. It is important to realize that no two 
mismatches have the same chemistry and structure, there-
fore most mutation detection methods may recognize either 
one or more of the lesions with high specificity but not all 
of them, or conversely, recognize all the lesions at only 
moderate specificity. 

 A   mismatched base pair presents minimal informa-
tion to the mutation detection system as compared to the 



Molecular Diagnostics30

recognition of multiple base pair palindrome sequences 
by restriction enzymes. In a mismatch, often only two 
opposing bases in the two DNA strands are involved with 
modification in the hydrogen bonding, leading to enhanced 
chemical reactivity. Alternatively, a mismatched base may 
flip out of the helix at some frequency for enzyme recog-
nition. The mismatched base may also destabilize local 
regions of the DNA helix to create single-strandedness. 
The single-strandedness of insertion/deletions can also be 
exploited ( Burdon and Lees, 1985 ). However, the natural 
tendency of DNA helix to undergo breathing at AT-rich 
sequences and to exhibit secondary structures like hair-
pins and cloverleaf structures at some sequences can cre-
ate false positive signals for mismatch detection systems. 
Other sequences have structures that can hide a mismatch 
and cause some mismatch detection methods to give false 
negative results.  

    3.3       CHEMICAL CLEAVAGE OF MISMATCH 
METHOD FOR MUTATION DETECTION 

 Detection   of unknown mutations is a complex and expen-
sive task, particularly for screening kilobase lengths of 
DNA sequence for a single base change and/or small 

insertions and deletions. Chemical Cleavage of Mismatch 
(CCM) technology, developed by  Cotton and coworkers 
(1988) , theoretically establishes simple and cost-effective 
chemical means to detect all types of mismatches, 
and thus mutations at this point in time ( Cotton et al., 
1988 ). The protocol employs two commercially avail-
able chemicals, hydroxylamine (NH 2 OH) and potassium 
permanganate (KMnO 4 ) (or osmium tetroxide (OsO 4 ) in 
an earlier version) to react with mismatched cytosine and 
thymine residues, respectively ( Ramus and Cotton, 1996 ; 
 Cotton, 1999 ). The modified mismatched DNA becomes 
highly susceptible to cleavage by piperidine. The resulting 
DNA fragments are simply analyzed by denaturing poly-
acrylamide gel or capillary electrophoresis ( Ren, 2001 ) to 
identify the mutation sites. Due to its simplicity in manipu-
lation and high sensitivity, the method has been continu-
ously improved and documented in very simple protocols 
by many users (see  Table 3.1   ). For example, KMnO 4  was 
first introduced in 1990 to replace the hazardous chemical 
OsO 4 . Radioactive-labeled ( 32 P and  35 S) DNA probes were 
replaced with fluorescence-labeled primers. DNA was also 
incorporated onto streptavidin-coated magnetic beads to 
bypass multiple washing steps. Both chemical reactions 
(with KMnO 4  and NH 2 OH) were simplified by being car-
ried out in a single tube. Recently, the DNA samples were 

 TABLE 3.1          Protocols used in chemical cleavage of mismatches.  

   Milestones  Protocols  References 

   1988  The first described CCM technique (hydroxylamine and 
osmium tetroxide) 

  Cotton et al. (1988)  

   1990  KMnO 4 /TMAC (tetramethyl ammonium chloride) was 
introduced to replace the hazardous chemical OsO 4  

  Gogos et al. (1990)  

   1991   32 P- and  35 S-labeled probes for PCR products   Saleeba and Cotton (1991) ,  Cotton et al. (1988)  

   1995  Use of fluorescent primers   Verpy  et al.  (1994) ,  Haris  et al.  (1994)  

   1996  Single tube CCM method   Ramus and Cotton (1996)  

   1998  Development of solid phase CCM   Rowley et al. (1995) ,  Roberts et al. (1997)  

   1999  KMnO 4 /TEAC (tetraethyl ammonium chloride) condition 
was applied 

  Roberts et al. (1997) ,  Lambrinakos et al. (1999)  

   1999  Cleavage reactions with amine-bases   Block (1999)  

   2001  Solid phase CCM method (silica bead)   Bui et al. (2003a)  

   2001  Piperidine in cleavage loading dye solution   Cotton and Bray (2001)  

   2001  Capillary electrophoresis with laser-induced fluorescence 
detection 

  Ren (2001)  

   2003  Spectroscopic method (oxidized thymine and cytosine 
were followed by measuring absorbance at 420       nm) 

  Bui et al. (2003b)  

   2006  Spectroscopic method (using plate reader)   Tabone et al. (2006)  
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adsorbed onto silica beads under high salt concentrations 
(3       M TEAC solution) before undergoing the chemical mod-
ification steps ( Bui et al., 2003a ). The post-cleavage wash-
ing steps also were eliminated by incubation of piperidine 
together with the loading dye buffer. In addition, various 
types of amine-bases were also reported to improve cleav-
age reactions used in CCM methods ( Block, 1999 ). All 
relevant protocols are suitable for analyzing mismatches 
located on long stretches of DNA (up to 2.0       kb). Recently, 
the cleavage step with piperidine was omitted in CCM as 
the permanganate oxidation of mismatched thymine and 
cytosine could be followed up via UV-visible spectroscopy 
( Bui et al., 2003b ). This technique was very simple and 
suitable for short DNA heteroduplexes (up to 300       bp). For 
the purpose of practical guidance, this chapter describes 
the solid phase, liquid phase, and spectroscopic protocols 
which are most commonly used in our laboratories and oth-
ers ( Gogos et al., 1990 ;  Rowley et al., 1995 ;  Roberts et al., 
1997 ;  Lambrinakos et al., 1999 ;  Tabone et al., 2006 ). 

 The   formation of heteroduplexes can be performed by 
mixing and reannealing equimolar amounts of wild-type and 
mutant DNA, thereby resulting in mismatched base pairs. 
In principle, the imperfect duplexes are different from their 
corresponding perfect duplexes in terms of their local con-
formational changes, physical and chemical properties ( Bui 
et al., 2002 ). These changes are reflected at lower melting 
temperatures in the imperfect duplexes ( Patel et al., 1982 ), 
less stability as indicated by thermodynamic constants ( Patel 
et al., 1982 ) and extra-helical or  ‘  ‘ flip-out ’  ’  phenomena of mis-
matched bases ( Kao et al., 1993 ;  Roberts and Cheng, 1998 ). 
However, such discrepancies induced by mismatches are so 
small that the mismatched sites can be recognized and cleaved 
only by enzymatic means and not by chemical reagents 
( Kennard, 1988 ). For this reason, the mismatched sites require 
further modification by chemicals before the chemical 

cleavage reaction (piperidine) can take place. Two common 
chemicals, KMnO 4  and NH 2 OH, are the most effective for 
modifying thymine and cytosine mismatches, respectively, in 
this regard. The former reaction leads to the formation of a 
mixture of a thymine glycol and a ketone analog (some evi-
dence indicates that KMnO 4  also reacts with cytosine but to 
a lesser extent;  Bui and Cotton, 2002 ) and the latter gives rise 
to a modified cytosine containing a hydroxylamine moiety 
(see  Fig. 3.1   ). Physical data established on the model for short 
mismatched oligonucleotides (38       bp) indicate that the differ-
ences in melting temperatures and gel mobility of the chemi-
cally modified heteroduplex samples are significant compared 
to the unmodified one ( Bui et al., 2003b ). The results suggest 
that the destabilized mismatched site favors the site-selective 
cleavage reaction of piperidine and the mismatch can be pin-
pointed on a denaturing gel as cleaved bands. Mechanism of 
the modification reaction by KMnO 4  is fully elucidated at 
molecular levels. KMnO 4  reacts with thymine and cytosine to 
form the complexes, which gave strong absorption at 420       nm. 
The formation of color intermediate was confirmed on solid 
support and formed a basis for a simple spectroscopic tech-
nique to follow up the oxidation of mismatched DNA ( Bui 
et al., 2004 ). Proof of concept was carried out on synthetic 
39       bp DNA fragments containing single base mismatches and 
the oxidation results with KMnO 4  clearly showed the color 
change, which could be detected by measuring the absorb-
ance at 420       nm after 30       min reaction (end-point analysis) or 
by continuously scanning the reaction mixture over a period 
of time (scanning analysis). The mutation detection via spec-
troscopy has been successfully applied in longer mismatched 
DNA (up to 300       bp) using UV/Vis microplate reader ( Tabone 
et al., 2006 ). The assay was validated as 100% effective in 
detection of single point mutation using a blind manner for all 
mismatched DNA samples, derived from the mouse  β -globin 
gene promoter region, containing single point mutations as 
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 FIGURE 3.1          Chemical reactions involved in the CCM method. KMnO 4  selectively reacts with mismatched thymine to afford a mixture of thymine gly-
col and a ketone analog, and hydroxylamine reacts with mismatched cytosine to afford a single monosubstituted product under the described conditions.    
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well as patients who were previously screened for mutations 
by other methods (sequencing, SSCP or DHPLC analysis). 

 In   general, CCM and new versions (solid phase or spectro-
scopic technique) are considered as the method of choice as 
it can detect all key types of mismatch (T/G, T/C, C/C, A/C, 
and T/T), which represent all eight possible mispairs that can 
be generated from the heteroduplex formation (see  Fig. 3.2   ). 
The other mismatches (A/G, G/G, and A/A) can be detected 
via the complementary heteroduplexes (i.e. A/A will be 
detected by T/T). It is also emphasized that some neighboring 
matched bases also respond to the reactions due to instability 
of the whole region near the mismatched site. In addition, 

when both mutant and wild-type DNA are labeled, the chance 
of detecting mutations will be doubled (see  Fig. 3.2 ). 

    3.3.1       Liquid Phase Protocol 

 The   standard liquid phase CCM protocol consists of six 
steps: chemical modification with KMnO 4  and hydroxy-
lamine, termination, separation, washing, cleavage, and gel-
electrophoresis (see  Table 3.2   ). The wild-type and mutant 
DNA samples are amplified (by PCR) using the fluorescence-
labeled primers (6-FAM and HEX at 5 � A and 3 � A ends, 

T T C TWT

G C C TM

C G G AM

A A G AWT

Heteroduplex 1

Heteroduplex 2

T T C T C G G A
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 FIGURE 3.2          Formation of heteroduplexes from the wild-type (WT) and mutant (M) homoduplexes. * indicates 5 � A-FAM and # indicates 3 � A-HEX 
fluorescence-labeled DNA strands.    

 TABLE 3.2          The liquid phase protocol.  

   Steps  Procedure  a   

   KMnO 4  reaction  0.2       mL of 100       mM KMnO 4       �      19.8       ml of 3       M TEAC. Incubate at 25 ° C for 10       min. 

   Hydroxylamine reaction  20       mL of 4.2       M hydroxylamine solution (pH      �      6.0 with triethylamine). Incubate at 37 ° C for 40       min. 

   Termination  Add 200       ml of STOP buffer (25       mg/ml tRNA, 0.1       mM EDTA, 0.3       M sodium acetate, pH 5.2). 

   Separation  Add 750       ml of ice-cold 100% ethanol (at  � 20 ° C for at least 30       min). Centrifuge for 20       min at 14,000       rpm 
to collect the precipitates. 

   Washing  Rewash the pellet with 200       ml of 70% ethanol. Centrifuge it again for 10       min (14,000       rpm). Air-dry the 
pellet for 10       min. 

   Cleavage  Add 10       ml of cleavage loading dye solution (20       ml piperidine, 64       ml formamide and 16       ml dye (50       mg 
blue dextran in 1       ml distilled water)) to the DNA pellets and incubate at 90 ° C for 30       min. 

   Gel separation  b    Load samples onto a denaturing gel and analyze on an ABI 377 DNA sequencer (2       ml of sample is 
needed for each well). 

   a   6       ml of homoduplex and heteroduplex DNA (0.6       mg DNA) in TE buffer (10       mM Tris-HCl, 1       mM EDTA, ethylene-diamine-tetra-acetic acid, pH 8.0) is used 
for each of the reactions.  
   b   The denaturing polyacrylamide gel 4.25% (acrylamide:  bis- acrylamide, 19:1), 6       M urea gel in the TBE buffer (16.2       g Tris-base, 8.1       g boric acid and 1.12       g 
EDTA in 1,500       ml distilled water, pH      �      8.0).  
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 TABLE 3.3          The solid phase protocol.  

   Steps  Procedure 

   Loading DNA onto solid 
supports 

 Mix 3       ml of Ultra-bind bead suspension with 1       ml of DNA samples (0.1 to 0.2       mg of homoduplex or 
heteroduplex DNA) on shaker for 1 hour at 25 ° C. Centrifuge at 14,000       rpm, the pellets are collected. Wash 
the beads by resuspending in the Ultra-wash solutions (2  �    500       mL). Centrifuge the mixture, discard the 
supernatant, and air-dry the beads at 25 ° C for 15       min. 

   KMnO 4  reaction  Mix the beads with 0.3       ml of 100       mM KMnO 4  in 29.7       ml of 3       M TEAC solution. Allow to stand at 25 ° C for 
5       min. 

   Hydroxylamine reaction  Mix the beads with 15       ml of 4.2       M hydroxylamine solution in 15       ml of 3       M TEAC solution. Allow to stand at 
37 ° C for 40       min. 

   Washing  The beads are separated by centrifugation and washed twice with the Ultra-wash solution (200       mL per wash) 
and the pellets are air-dried at 25 ° C for 15       min. 

   Cleavage  Add 10       mL of the cleavage dye solution to each reaction tube and vortex well. Incubate the tubes at 90 ° C 
for 30       min. Mix tubes by flicking occasionally. Cool the tubes on ice and the supernatant is separated by 
centrifugation. 

   Gel separation  Load samples onto a denaturing gel and analyze on an ABI 377 DNA sequencer (2       ml of sample is needed 
for each well). 

respectively). Subsequently, the amplified DNA samples are 
purified, using either a commercially available purification 
kit (Stratagene ™  PCR Purification Kit, CA, USA) or agarose 
gel electrophoresis. The resulting wild-type and mutant DNA 
samples are mixed in equal amounts to form the heterodu-
plexes prior to the assay. In the first step of the described pro-
tocol, the reactions of heteroduplex DNA with KMnO 4  and 
hydroxylamine are usually carried out in separate tubes. It is 
also noted that both reactions can be optimized and carried 
out in a single tube protocol (but this will not be discussed 
in this chapter). When the reactions are completed, the DNA 
samples are separated by ethanol precipitation and washed 
carefully before the next cleavage step. To simplify the 
protocol, the gel loading dye (blue dextran) is added to the 
cleavage solution and the reaction mixtures can be directly 
loaded onto a denaturing gel immediately after the cleavage 
step. The DNA fragments are analyzed by an ABI 377-DNA 
sequencer without further purification (only 2       ml of sample is 
needed for loading). Two types of size standards (Tamra 500 
and Tamra 2500) are added to the gel. Therefore, analysis 
with the ABI sequencer allows identification of the positions 
of the mismatches without the use of sequencing.  

    3.3.2       Solid Phase Protocol 

 In   order to bypass the separation and washing steps, the 
solid phase protocols have been developed by immobilizing 
DNA on silica solid supports (see  Table 3.3   ). Attachment of 
DNA on silica in a high salt solution has been established 
and well practiced as an effective purification technique 

( Bui et al., 2003a ). In the described protocol, the commer-
cially available silica beads are used (MO BIO Laboratories 
Inc. CA, USA) to bind to the DNA, and the DNA-attached 
beads are then sequentially treated with chemicals, wash-
ing solutions, and piperidine for cleavage. In the last cleav-
age step, the DNA fragments are cleaved by piperidine 
and released simultaneously from the solid supports. The 
resulting supernatant is isolated and loaded directly onto a 
denaturing polyacrylamide gel. 

 Mismatch   detection is based on the comparison of the 
homoduplex and heteroduplex traces. A mutation is identi-
fied by cleavage peaks present in the trace of heteroduplex 
sample but not in the control homoduplex sample. 

 In   the authors ’  laboratories, both liquid phase and solid 
phase protocols are routinely used for mismatch detection, 
and some typical examples are described next. 

 The   liquid and solid phase protocols were successfully 
carried out on 547       bp DNA fragments derived from the 
cloned mouse  β -globin gene promoter DNA to detect T/C 
and T/G mismatches, respectively (see        Figs 3.3 and 3.4     ). 

 Detection   of single base insertion and deletion (C base) 
was carried out with DNA fragments (893       bp in  Fig. 3.5    and 
660       bp in  Fig. 3.6   ) derived from human mitochondrial DNA by 
using the liquid phase protocol with hydroxylamine reaction.  

    3.3.3       Spectroscopic Protocol 

 Spectroscopic   analysis is based on the increased oxida-
tion level of the reaction of mismatched thymine and cyto-
sine with potassium permanganate. In a typical protocol, 
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 FIGURE 3.3          Detection of T/C mismatch by the liquid phase protocol. The heteroduplex DNA trace (bottom) displays a strong cleavage peak at the 
mismatched C base of the 3 � A-HEX sequence, induced by hydroxylamine/piperidine. The control trace (top) shows no cleavage peak.    

 FIGURE 3.4          Detection of T/G mismatch by the solid phase protocol. The heteroduplex DNA trace (bottom) displays a strong cleavage peak at the 
mismatched T base of the 5 � A-FAM sequence, induced by KMnO 4 /piperidine. The control trace (top) shows no cleavage peak.    

 FIGURE 3.5          Detection of a single base insertion (C-base) by the liquid phase protocol. The DNA trace (top) displays a strong cleavage peak at the 
insertion position (C base) of the 5 � A-FAM sequence, induced by hydroxylamine/piperidine. The control trace (bottom) shows no cleavage peak.    
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synthetic DNA heteroduplexes (mismatched) and homodu-
plexes (control) (20       nmol each, in two separate reaction 
vessels) are mixed with 10        μ l of KMnO 4  (100       nmol in dis-
tilled H 2 O) in 0.97       ml of 3       M TEAC solution at 25 ° C. The 
reaction mixture is carried out in a quartz cuvette and the 
absorbance is measured at 420       nm after 30       min reaction 
time. The absorbance value of the mismatched DNA sam-
ple is higher than the one obtained from mismatched DNA 
(control). A typical example is outlined in  Table 3.4   . 

 The   spectroscopic protocol can be applied for PCR-
amplified DNA samples (100 – 300       bp) to detect mismatches 
( Tabone et al., 2006 ). The differences in absorbances are 
measured after 30       min by spectrophotometer or microtiter 
plate reader. DNA sample concentrations as low as 0.5 
to 1.5        μ g were found to be suitable for the spectroscopic 
assays with 0.1       mM KMnO 4  (final concentration) in the 
above TEAC solution.   

    3.4       ADVANTAGES AND LIMITATIONS 

 The   major advantage of the solid phase protocol is that it 
is fast and simple in manipulation compared to the liquid 
phase protocol. The protocol bypasses the washing steps 
and DNA does not require separation by ethanol precipita-
tion techniques. However, the solid phase protocol is most 
suitable for short DNA sequences (up to around 500       bp). 

Adsorption of long DNA on beads is not sufficient due 
to limit of surface area of the beads. Expensive cost of 
the silica beads and the washing liquid are also taken into 
account. 

 In   addition, no false positive and negative results have 
been reported in the CCM method so far. Usage of 5 � -FAM 
and 3 � -HEX fluorescence-labeled primers will offer two 
chances of a mutation being detected. A typical example 
is the detection of a C/C mismatch of 547       bp DNA frag-
ment by using hydroxylamine. The mismatched DNA trace 
(heteroduplex) displays two strong cleavage peaks of the 
5 � -FAM sequence and 3 � -HEX sequence at the mismatched 
C base (see  Fig. 3.7   ). 

 Optimization   is recommended when starting to use the 
method. Prolonged incubation leads to multiple cleavage 
peaks on the background due to overreactions. No cleav-
age peaks may be the result of short incubations. Controls 
are needed to assure that the chemicals are active. Adjacent 
matched bases appear to react with KMnO 4 /piperidine and 
the trace may display multiple peaks. These unusual cases 
have been observed in a recent study, suggesting the strong 
destacking phenomenon (bubble formation) within the mis-
matched site enhanced the reactivity ( Lambrinakos et al., 
1999 ). 

 AT  -rich sequences are also susceptible to multiple mod-
ification/cleavage reactions and a peak with a plateau shape 
may be observed. This was observed on the homoduplex 

 FIGURE 3.6          Detection of a single base deletion (C-base) by the liquid phase protocol. The DNA trace (bottom) displays a strong cleavage peak at the 
deletion position (C base) of the 3 � A-HEX sequence, induced by hydroxylamine/piperidine. The control trace (top) shows no cleavage peak.    
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500       bp DNA sample containing 18 consecutive A/T 
matched pairs (see  Fig. 3.8   ). KMnO 4  susceptibility to AT-
rich sequences was also suggested due to the local destack-
ing nature (curvature) of the repeated A-track region ( De 
Santis et al., 1990 ). 

 Finally  , to improve the quality of the result, PCR products 
of mutant and wild-type DNA usually are purified prior 
to any subsequent treatment, and the KMnO 4  solution 
should be freshly made before use because an aging solu-
tion turns brown – yellow with the precipitation of MnO2 
after a few days. The new CCM version (spectroscopic 
technique) now becomes an even simpler and inexpensive 
assay for detection of mutations and polymorphisms as it 
does not require expensive and toxic chemicals as well as 
separation steps.  

    3.5       ENZYMATIC CLEAVAGE OF MISMATCH 
METHODS 

    3.5.1       The mutHLS System of Mismatch 
Detection 

 The   post-replicative mismatch repair enzyme systems 
were explored as potential tools for mismatch detection 
( Lu and Hsu, 1992 ;  Lishanski et al., 1994 ;  Wagner et al., 
1995 ). Because the MutHLS system is tightly coupled to the 
DNA replication machinery  in vivo , it is not meant to screen 
the genome as a whole for the presence of mismatches. The 
crystal structure further illuminated that MutS bends the 
DNA only slightly, allowing it to recognize almost all of 
the mismatches, but not with very high specificity or affinity 

 TABLE 3.4          The spectroscopic protocol.  

    DNA heteroduplexes                    A420         nm 
(mismatched)        

  A420         nm  
  (control)a  

  % Increase in 
oxidation level    

    Mismatch T-C at the 19th 
base from 5 �  end  

  0.358    0.300    16%  

    Mismatch T-T at the 19th 
base from 5 �  end  

  0.530    0.230    57%  

    Mismatch T-G at the 19th 
base from 5 �  end  

  0.326    0.230    30%  

   a   Homoduplex (control)  5 � -GGAAGAAGGCATACGGGTGAACTAGGGCAGCGGACAAT-3 �  3 � -
CCTTCTTCCGTATGCCCACTTGATCCCGTCGCCTGTTA-5 �    .

 FIGURE 3.7          Detection of C/C mismatch by the solid phase protocol. The heteroduplex DNA trace displays two strong cleavage peaks of the 3-HEX 
and 5 � A-FAM sequences induced by hydroxylamine/piperidine reactions. The control trace is not shown.    

 FIGURE 3.8          Multiple cleavage reactions at the AT-rich sequence by KMnO 4 /piperidine. The homoduplex DNA trace displays a plateau peak due to 
cleavage reactions at the AT-rich sequence.    
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( Natrajan et al., 2003 ). As a result, mutation screening 
based on MutS protein has thus far been unsatisfactory.  

    3.5.2       DNA N-glycosylase Approaches of 
Mismatch Detection 

 The   DNA N-glycosylases have evolved nucleotide-binding 
pockets with very tight fit and nucleotide specificity, 
including the ability to insert a peptide loop into the base 
that has been displaced. Unfortunately, nature needs only 
two mismatches to be recognized by DNA glycosylases. 
The thymine DNA N-glycosylase recognizes the T/G 
mismatch that results from the deamination of 5-methyl-
cytosine ( Hardeland et al., 2001 ), and the MutY and its 
homologs recognize the A/G mismatch that occurs from 
the misincorporation of 8-oxo guanine across from the A 
residue ( Sanchez et al., 2003 ). Thus, methods of mutation 
detection that use DNA glycosylases do not utilize all the 
mismatch heteroduplexes that are present during the PCR 
amplification of two alleles. Moreover, the DNA N-glyco-
sylases do not detect insertion/deletion mutations, or muta-
tions that do not form T/G and A/G mismatches. Because 
a DNA N-glycosylase only creates an apurinic site but 
will not break the DNA chain, the detection of DNA trun-
cation at the mismatch site requires either the addition of 
an apurinic endonuclease or a base treatment step such 
as piperidine at elevated temperatures, and DNA cleanup 
steps. Double-stranded DNA breaks are not produced, thus 
requiring the use of denaturing conditions for the shortened 
single-stranded products to be analyzed. Successful appli-
cation of the DNA glycosylase methods have been docu-
mented in numerous publications ( Zhang et al., 2002 ).  

    3.5.3       The Resolvase Approach of Mismatch 
Detection 

 Another   enzymatic approach involves the use of DNA 
resolvases that recognize the DNA distortion created by 
mismatches mimicking the DNA recombination intermedi-
ate structures. Successful applications of this approach use 
the T4 endonuclease VII system ( Mashal et al., 1995 ;        Youil 
et al., 1995, 1996 ) and the related T7 endonuclease I sys-
tem ( Babon et al., 2003 ). These enzymes cut the mismatch 
duplexes within a few nucleotides of the mismatch sites, 
and usually lead to double-stranded breaks in the heterodu-
plex. The resolvases also lead to non-specific DNA cutting 
at some unknown DNA sequences and imperfect products 
of PCR reactions ( Norberg et al., 2001 ).  

    3.5.4       The Endonuclease V Plus Ligation 
Method 

 Although   endonuclease V itself is not very mismatch 
 specific, its incision within one or two nucleotides of a 

mismatch base allows a DNA ligase to distinguish between 
the mismatch product nicks that cannot be ligated and the 
nicks made at non-mismatch sites that can be repaired by 
ligation ( Huang et al., 2002 ). Some sequences may con-
tain mismatches that are not detectable by endo V or liga-
table due to mismatch slippage. In common with other 
approaches, there is non-specific nicking at AT-rich regions, 
and the ligation repair reaction is lengthy.  

    3.5.5       The Plant Mismatch Endonuclease 
Method 

 The   enzymatic mutation detection approach that currently 
shows much potential for exploitation in a number of appli-
cations is the plant mismatch endonucleases exemplified by 
the CEL I endonuclease of celery (       Oleykowski et al., 1998, 
1999 ;  Yang et al., 2000 ;  Kulinski et al., 2000 ). Recently, 
the CEL I method of mutation detection was successfully 
applied to the whole mitochondria genome (       Bannwarth 
et al., 2006, 2008 ), to the screening of epidermal growth 
factor receptor mutations ( Janne et al., 2006 ), to 25 human 
mutations (Tsuji and Niida, 2007), for variants in  ATM , 
 TGFB1 ,  XRCC1 ,  XRCC3 ,  SOD2 , and  hHR21  ( Ho et al., 
2006 ), for  ATRX  gene mutation ( Wada et al., 2006 ), for 
 TP53  ( Poeta et al., 2007 ), for  Sult1a1  ( Greber et al., 2005 ), 
and for TILLING in rice ( Till et al., 2007 ) and Drosophila 
( Winkler et al., 2005 ). These plant nucleases apparently 
belong to a subgroup in the S1 nuclease family and are 
induced during plant senescence and remodeling. Mutation 
detection is extremely simple, applicable on various frag-
ment analysis platforms, whereas the detection of the prod-
ucts of DNA truncation at the mismatch site in either the 
single-stranded form or the double-stranded forms gives the 
potential of multiple detection formats. Moreover, the high 
precision of the CEL I nuclease to cut at the 3 �  phosphodi-
ester bond immediately next to the mismatched base allows 
DNA ligation repair to be used more effectively if desired. 
The latter was used in the early experiments during the devel-
opment of the CEL I platform, but is not necessary for most 
CEL I applications. The high mismatch specificity of CEL 
I nuclease is believed to come from the enzyme binding to 
both bases of a base substitution mismatch at the same time. 

 Current   CEL I mutation detection assay is exemplified 
in  Fig. 3.9   , in which a DNA heteroduplex contains a mis-
match. The ability of CEL I to form a single-stranded DNA 
nick in short incubations but convert to double-strand DNA 
truncation mode under conditions of longer incubations or 
enzyme excess has allowed two powerful assay approaches 
to be developed. 

    3.5.5.1       Single-Stranded DNA Truncation Assay 

 This   assay mode is widely used in fragment analysis plat-
forms like the ABI-377 slab gel system, the LiCor infrared 
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slab gel system, the ABI-3100/3730 capillary DNA 
sequencers, and the Beckman CEQ8000 infrared DNA 
sequencer. In this assay, the PCR primers for a given target 
region, often under 600       bp long, are labeled with one color 
for the forward primer and a second color for the reverse 
primer. The color combination used for the 377 system is 
6-FAM/TET, for the ABI 3100/3730 is 6-FAM/HEX, and 
for the Beckman CEQ 8000 is Cy5/Cy 5.5 or D3/D4. For 
the latter, the Cy5/Cy5.5 combination is easier in DNA 
synthesis and purification. Purification of the infrared dye 
primers is not necessary because the presence of reporterless 
primers enhance the PCR efficiency without diminishing 
the mutation detection sensitivity. As illustrated in  Fig. 3.9 , 
the two strands will be differentially labeled after PCR 
and heteroduplexes will be formed, either during PCR or 
thereafter by denaturation and renaturation. The heterodu-
plex is treated with CEL I, without further purification, for 
about 5 – 30       min. The cut DNA can be loaded onto a DNA 
sequencer/fragment analyzing system without further puri-
fication. A purification step enhances the performance of 
some fragment analysis platforms like the CEQ 8000 and 
the LiCor sequencer. The CEL I truncation bands of two 
colors are measured on the fragment analysis system. The 
sum of the lengths of the bands of the two colors correlated 
to the same SNP is equal to the full-length PCR primer 
plus one nucleotide, or more if the insertion involves more 
than one base. CEL I cuts an insertion at the phosphodi-
ester bond at the 3 �  end of the loop, and then shortens the 
single-stranded region slowly thereafter. This assay is sim-
ple, sensitive, and easily automated for high throughput. 
The two color cuts each originate from a different DNA 
molecule in the case of the single-strand cut assay, and thus 
their presence represents independent confirmation of the 
presence of the mismatch. This assay is used routinely in 
 BRCA1  and  BRCA2  genetic screening at the Fox Chase 
Cancer Center, and in the TILLING reverse genetics proce-
dure ( Colbert et al., 2001 ) which offers another method of 
targeted gene knockout in plants, zebra fish, mice, ES cells, 
and other organisms. 

 An   important point in the single-strand mismatch nick-
ing assay is that the nicked DNA may be a minor population 

in the case of a weak mismatch substrate like the base sub-
stitutions T/T and G/T mismatches. Although the insertion/
deletions produce restriction-enzyme-like strong signals 
with CEL I single-strand nicking assay, many base sub-
stitutions require rescaling of the fluorescence intensity 
axis (see        Figs 3.10 and 3.11     ). Experiments in          Figs 3.11 
and 3.12  use a 500       bp PCR product from the exon 11.4 of 
the BRCA1 gene ( Oleykowski et al., 1998 ). This human 
genomic fragment, containing two TZC base substitutions 
and one GZA base substitution, is a very demanding stand-
ard routinely used in the authors ’  laboratory for comparison 
of the mutation detection performance of different assay 
systems and conditions. The CEL I mismatch-specific sig-
nals may be small when the PCR product and the primer 
peaks are expressed in full scale (see  Fig. 3.11 , insert), but 
they are still many times higher in signal than the back-
ground peaks.  Figure 3.11  illustrates that even in the case 
of three mismatches being present in the same PCR frag-
ment, they are decisively identified in the CEL I mismatch 
detection assay on the CEQ 8000. The same performance 
was previously reported for the ABI 377 platform ( Kulinski 
et al., 2000 ), and also routinely obtained for the ABI 3100 
capillary sequencing system (see  Fig. 3.12 ). 

 A   PCR product from two alleles form heteroduplexes 
of two combinations for any given base substitution (e.g. a 
CZT transition produces both C/A and T/G mismatches and 
four recognition sites for CEL I). Because CEL I mismatch 
nuclease can recognize all mismatches and can cut at either 
strand or both strands of a mismatch, all mismatches have 
multiple chances to be detected with this system. When 
used carefully, this system does not produce false positives 
and false negatives. 

    Table 3.5    shows the assay conditions used for the CEQ 
8000 system (Yeung laboratory) and the conditions rou-
tinely used for BRCA1/BRCA2 mutation detection on the 
ABI 3100 system (Godwin laboratory), respectively. The 
CEQ 8000 system apparently produces slightly sharper 
peaks than the ABI 3100, but is less tolerant to salt and 
primer contaminations. Therefore, an ethanol precipitation 
step is needed prior to loading of the CEL I reaction prod-
ucts onto the CEQ 8000. On the contrary, the ABI 3100 
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 FIGURE 3.9          Schematic of the CEL I mismatch nuclease mutation detection procedure. The top panel illustrates that in a DNA heteroduplex containing 
a mismatch Y/Z, CEL I makes either one or two incisions in the same DNA molecule denoted by the two arrows. The bottom panel illustrates the sim-
plicity of the CEL I mutation detection method. Adenaturing fragment analysis method may use 5 �  termini radioactive labeling or fluorescence two-color 
labeling followed by resolution of an automated DNA sequencer. The non-denaturing fragment analysis methods may use SYBR-green fluorescence 
staining and resolution on an agarose gel or PAGE or an Agilent BioAnalyzer lab-on-a-chip.    
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 FIGURE 3.10          CEL I mutation detection of a CZT base substitution mutation in a 500       bp PCR product of human BRCA1 gene. A screen shot of the 
unprocessed data of the CEL I mutation detection product resolved in the infrared capillary sequencer Beckman CEQ 8000 is shown.    

 FIGURE 3.11          CEL I mutation detection of three SNPs in the same fragment of BRCA1 exon 11.4. CEQ 8000 analysis close-up of CEL I cut at 
three SNPs, two T to C, and one G to A base substitutions in the same fragment. The sizes of the standard ladder are shown by numbers in the figure. 
Incubation was 0.025 units of CEL I for 30       min at 45 ° C. The insert represents the unprocessed chromatogram in full scale display, illustrating that the 
CEL I cuts at multiple SNPs are small signals between tall peaks of full length PCR product and the PCR primer peaks.    
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apparently can load the CEL I reaction product with no 
sample purification. Gel filtration desalting is not suitable 
for the CEQ 8000 system in which the primers and PCR 
products contain very hydrophobic infrared cyanine dyes 
that lead to binding to the Sephadex used in the gel filtra-
tion columns. Addition of acetonitrile to the buffers dimin-
ishes the sample loss, but also decreases the gel filtration 
performance.  

    3.5.5.2       Double-Stranded DNA Truncation Assay 

 The   above single-stranded end-labeled primer CEL I assay 
uses partial mismatch digestion to minimize the fluores-
cence label loss to the 5 �  exonuclease activity of CEL I. 
This activity appears to cut within a few nucleotides of 
the 5 �  termini slowly, and limits the accumulation of the 
mismatch incision products with the fluorescent reporter 
still attached. This 5 �  endonuclease activity is minimized 
in the presence of 0.5 units of Taq DNA polymerase 

in the CEL I incubation, or the presence of a cyanine dye 
reporter at the 5 �  end of the PCR product. This partial 
digestion, on the positive side, allows multiple mutations 
to be detected in the same PCR fragment, even when they 
are three nucleotides apart. The use of initial kinetics in 
the mismatch digestion also leads to high signal-to-noise 
ratio, and a broad window of enzyme quantity or digestion 
time of at least 20-fold and still producing useful mutation 
detection data. This 5 �  exonuclease effect can be avoided 
when a DNA staining procedure is used instead of the 5 �  
termini label. For example, using SYBR-green staining of 
the double-stranded DNA fragments, the 5 �  exonuclease-
processed mismatch incision fragments can still be visu-
alized to produce much stronger signal-to-noise ratio in 
the mutation detection assay than the single-strand assay 
method (see  Fig. 3.13   ). This is one of the principles devel-
oped in the Giraff method of CEL I genomic scanning for 
bacterial mutations ( Sokurenko et al., 2001 ). In  Fig. 3.13 , 
the CEL I-incised double-stranded DNA is analyzed in a 

 FIGURE 3.12          CEL I mismatch nuclease mutation detection using the Genescan ®  procedure in the ABI 3100 automated capillary DNA sequencer. The 
same PCR product fragment containing three SNPs used in the Fig. 3.10 experiment is shown. The forward and reverse primers are labeled at the 5 �  
termini with 6-FAM and HEX, respectively. The assay conditions are specified in  Table 3.2  (under Godwin laboratory procedures).  A.  The two SNPs 
detected by the forward primer.  B.  The size marker and the low background noise.  C.  The third SNP detected by the reverse primer.  D.  Size marker and 
background noise corresponding to panel C.    



 TABLE 3.5          CEL I mismatch nuclease single-strand mismatch nicking protocols for capillary DNA sequencers.  

   Capillary sequencer CEL protocols  Yeung laboratory, Beckman CEQ 8000  Godwin laboratory, ABI 3100 

    PCR reaction   20        μ L  20        μ L 

   Human genomic DNA  60 – 75       ng  75 – 150       ng 

   Reaction buffer, 10 �   MgCl 2 , 2       mM final  MgCl 2  

   DMSO  5% final  6.7% final 

   dNTP  200        μ M  80        μ M 

   Primers, each  1.5       pmol  4       pmol 

   DNA polymerase  1U AmpliTaq Gold  1U AmpliTaq 

    PCR cycles   94 ° C for 4       min  94 ° C for 4       min 

     97 ° C for 1       min  20 cycles of: 

   Exons that are prone to deletion are 
checked with agarose gels 

   94 ° C for 5       sec 

    
    
    
    
    
    
    

   65 ° C for 1       min, touchdown at  � 0.5 ° C/cycle 

   72 ° C for 1       min 

 30 cycles of:  32 cycles of: 

 94 ° C for 10       sec  94 ° C for 5       sec 

 55 ° C for 20       sec  55 ° C for 1       min 

 72 ° C for 45       sec  72 ° C for 1       min 

 72 ° C for 4       min, then 4 ° C  72 ° C for 5       min, then 4 ° C 

   Denaturation/renaturation step  94 ° C 1       min then cooled to 4 ° C over 30       min  None 

    CEL I reaction   20        μ L rxn  10        μ L rxn 

   PCR reaction product  5        μ L  5        μ L 

   Water  12        μ L  3.1        μ L 

   10 �  CEL I buffer  2        μ L  0.9        μ L 

   CEL I enzyme  0.1 units  0.025 units 

   Incubation  45 ° C for 7       min  45 ° C for 1       hr 

    Stopping CEL I reaction   5        μ L of (0.1       mM EDTA, 1.2       M Na-acetate, 15 
v/v glycogen, 1.7% v/v of NF co-precipitant) 
to the 20        μ L CEL I rxn 

 Add 3        μ L 5 mM o-phenantholine or just add 
formamide tracking dye. No ethanol ppt or 
centrifugation 

     60        μ L of 95% ethanol, to a final volume 
of 85        μ L. Centrifuge for 15       min 4 ° C at 
21,000      �      g 

  

     Wash pellet 2x with 70% ethanol, dry in 
speedvac 

  

    Preparation for capillary   Resuspend pellet in 40        μ L of sample loading 
solution (SLS) 

 5        μ L of stopped enzyme rxn is added to 15        μ L 
of marker mix 

    Sequencer loading   Add 1.5        μ L of suspension to 28.5       mL of SLS. 
Add 10        μ L marker mix 

  

     Load all 40        μ L to the CEQ8000  Load all 20        μ L to the ABI 3100 

     Sample well  � 0.25        μ L of the original PCR 
reaction 

 Sample well approximately 1.92        μ L of the 
reaction original PCR 
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native PAGE visualized with SYBR-green fluorescence 
staining. A second benefit of this native gel approach is 
that any single-stranded non-specific nicking by CEL I 
in the double-stranded DNA does not contribute to back-
ground unless it leads to double-stranded truncation. 
Double-stranded truncation at a mismatch by CEL I can 
be obtained by using the same amount of CEL I as in the 
single-strand nicking assay but extending the incubation 
for 16 hours. The use of a higher concentration of CEL I 
for a shorter incubation produces much higher signal-to-
noise ratio. The new CEL nuclease SURVEYOR ™  agar-
ose gel kit supplied by Transgenomic Inc. has been further 
optimized for this assay and can detect base substitutions 
in long PCR products (i.e. 4       kb in length). For shorter frag-
ments, a pool depth of one mutant in 40 normal alleles can 
be obtained. For biological DNA, the Giraff approach has 
demonstrated mismatch detection in heteroduplexes longer 
than 10       kb ( Sokurenko et al., 2001 ). 

 The   full exploitation of the agarose/acrylamide gel 
assay format is still in progress. For example, the use of the 
Agilent BioAnalyzer lab-on-a-chip system for this assay 
would produce automation and very sensitive detection 
of PCR products up to 12       kb, provides options for back-
ground subtraction, and takes less than an hour. Because 
the proofreading DNA polymerase Optimase is used in 
the SURVEYOR ™  kit, the PCR products can be longer, 
while it allows trans-intronic PCR reactions to be performed 

for inbred strains. Besides leading to higher screening 
efficiency, longer PCR products also allow the position-
ing of the query region near the center of the PCR product, 
thereby making this assay easy and efficient even when an 
ordinary inexpensive agarose gel apparatus is used. This 
mutation detection format is truly fast, convenient, and 
amenable to automation because no harsh chemicals are 
used, all enzyme steps can be done in the same tube, it 
takes little over an hour, and processing of the CEL nucle-
ase incised DNA is unnecessary prior to loading onto the 
native condition fragment analysis systems.  

    3.5.5.3       Endonucleolytic Mutation Analysis by 
Internal Labeling (EMAIL) 

 The   5 �  exo/endonuclease activity of the CEL family of 
nucleases is a major limitation on the ease of use of the 
CEL nuclease mutation detection method when 5 �  reporter 
labeling approaches are used. Recently, internally labeling 
by polymerase to incorporate a small amount of fluores-
cently labeled dNTP during the PCR reaction was shown to 
lead to a DNA heteroduplex product in which the fluores-
cence reporter is protected by the CEL nuclease and thus 
lead to higher assay sensitivity ( Cross et al., 2008 ). The 
mutation detection assay was conveniently performed on a 
3730 DNA Analyzer (Applied Biosystems).  

    3.5.5.4       The s-RT-MELT Method Combining CEL 
Nuclease Enzymatic Selection with Real-Time 
DNA-Melting Curve Detection 

 Most   CEL nuclease mutation methods are gel-based. 
Recently, a method that does not involve the use of gel 
electrophoresis has been developed ( Li et al., 2007 ). This 
method, s-RT-MELT, scores for the appearance of CEL 
nuclease incision in heteroduplex DNA by the effect of 
the incision on the melting curve of the DNA duplex by 
using a real-time PCR instrument to perform a melting 
curve analysis. Besides the possibility of high throughput 
by using the microtiter plate formats, the assay employs 
ligation-mediated PCR reaction to amplify the CEL nucle-
ase cut fragment, with PCR primer designs that enrich for 
the CEL nuclease-incised fragments. This cleaver assay for-
mat is compatible with robotics and thus has the potential 
to greatly enhance the throughput of enzymatic mutation 
detection.    

    3.6       CONCLUSIONS 

 There   has been dramatic improvement in the methods 
for screening for unknown mutations. These improve-
ments have already translated into exciting applications in 
numerous research centers. For both the chemical and the 
enzymatic methods of mutation detection, PCR artefacts 

 FIGURE 3.13          CEL I mutation detection double-strand DNA truncation 
assay of SNPs in the BRCA1 gene. Each PCR product was incubated 
with 0.025 units of CEL I for 17 hours at 37 ° C and resolved on 8% native 
PAGE in 1X TBE buffer. DNA bands were visualized with SYBR-green 
fluorescence staining. Lanes 1, 100 base marker; 2, 1       kb marker; 3, Exon 
2 control; 4, Exon 2 AG deletion; 5, Exon 20 control; 6, Exon 20 C inser-
tion; 7, Exon 11.9 control; 8, Exon 11.9 4       bp deletion; 9, Exon 11.4 con-
trol; 10, Exon 1 1.4 G A base substitution.    
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and DNA polymerization errors often limit the sensitivity 
these assays can deliver. One approach that potentially can 
remove these errors is the use of hairpin primers in PCR 
that effectively link each pair of semiconservative DNA 
replication strands as one duplex ( Kaur and Makrigiorgos, 
2003 ). Any duplex that contains a PCR error can be 
removed with some mismatch-specific method to be deter-
mined so that error-free PCR products can be collected and 
used in high-sensitivity mutation detection. It is expected 
that more improvements will be forthcoming so that effec-
tive mutational screening will become a routine research 
and diagnostic tool for modern genetics.   
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 Chapter 4 

    4.1       INTRODUCTION 

 Single   strand conformation polymorphism (SSCP) and 
heteroduplex analysis (HDA) are two of the most popular 
electrophoresis-based mutation detection methods. Coupled 
to DNA amplification of the sequence to be analyzed, these 
techniques have become the methods of choice for a number 
of molecular diagnostic laboratories. This can be explained 
mainly by the numerous advantages, namely their technical 
simplicity and relatively high specificity for the detection of 
sequence variations, the low operation costs, and the poten-
tial for automation for high-throughput mutation analysis. 
If fluorescently labeled primers are employed during DNA 
amplification, SSCP analysis can be also performed in gel- 
or capillary electrophoresis-based automated sequencers 
(F-SSCP, CE-SSCP), hence allowing for precise, reproduc-
ible and high-throughput analysis of the genomic varia-
tion. There are several factors that influence sensitivity, and 
therefore need to be taken into account in order to obtain 
reproducible results as well as to maximize the sensitivity of 
mutation detection. In the following pages, the theory and 
practice of both SSCP and HDA will be discussed. In par-
ticular, emphasis will be given to the principle, the param-
eters influencing the sensitivity and reproducibility of the 
results, the available detection schemes, and the limitations 
of both techniques. Finally, a number of applications for 
screening genomic loci in order to investigate the underly-
ing molecular heterogeneity are also discussed.  

    4.2       PRINCIPLES OF SINGLE STRAND 
CONFORMATION POLYMORPHISM 
ANALYSIS 

 The   analysis of single strand conformation polymorphism 
(SSCP) has been established by  Orita and colleagues (1989)  
as a simple, efficient, and reliable method for the detection of 
sequence alterations in genomic loci. Based on polymerase 
chain reaction (PCR), SSCP was developed soon after the 
introduction of PCR technology, and relied on the fact that 
relatively short single-stranded DNA fragments can migrate 
in a non-denaturing gel as a function not only of their size 
but also of their sequence. In other words, following ampli-
fication of any given DNA sequence, the amplified DNA 
fragments are subjected to denaturation with either heat or 
chemical agents, such as formamide. Subsequently, the dena-
tured DNA fragments are electrophoresed through a native 
(non-denaturing) polyacrylamide gel. During electrophore-
sis, single-stranded DNA fragments adopt a specific three-
dimensional shape according to their nucleotide sequence, 
and hence exhibit a unique conformation. Therefore, their 
electrophoretic mobility is dependent upon the previously 
mentioned three-dimensional shape (see  Fig. 4.1   ). Based on 
these principles, it is well understood that even a single base 
difference between a DNA fragment being tested and its 
wild-type counterpart is sufficient to adopt a different con-
formation and thus to migrate at a different position during 
electrophoresis (see  Fig. 4.2   ). 
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 SSCP   analysis is extremely advantageous for fast muta-
tion screening of known loci because it is easy to use and 
can preclude the use of radioactive substances for detection 
(see also sections 4.3 and 4.4). On the other hand, SSCP 
is not considered the method of choice for the analysis of 
unknown sequences, as there is no theoretical background 
established so far that could enable one to predict the exact 
electrophoretic mobility of a given DNA fragment accord-
ing to its sequence (as is the case with denaturing gradi-
ent gel electrophoresis (DGGE; see also Chapter 6)  ). It is 
noteworthy that SSCP has already enjoyed an enormous 
success in mutation screening and it is still the method of 
choice in many molecular genetic laboratories.  

    4.3       FLUORESCENT SINGLE STRAND 
CONFORMATION POLYMORPHISM 
ANALYSIS 

 Fluorescent   SSCP (F-SSCP) is a non-radioactive high-
resolution PCR-SSCP method, in which fluorescently 
labeled PCR products are electrophoresed and detected by 
an automated DNA sequencer ( Makino  et al. , 1992 ). A pro-
cedure for fluorescence labeling of the PCR product and 
detection of bands of double-stranded DNA in polyacry-
lamide gel illuminated with UV-light has been described 
previously ( Chehab and Kan, 1989 ). However, the sensitiv-
ity of this method was not high enough for SSCP analysis. 
Therefore, coupling SSCP analysis with an automated DNA 
sequencer enables highly sensitive fragment detection. Use 
of an automated DNA sequencer also permits strict con-
trol of any desired temperature, a fundamental requirement 
of SSCP analysis to obtain reproducible results. This way, 
fragment separation patterns can be highly reproducible at 
any ambient condition. In certain cases, variations in the 
mobility patterns have been reported ( Makino  et al. , 1992 ). 
A solution to this problem is normalization between lanes 
by including an internal standard fragment labeled with a 
different fluorescent dye in each lane ( Ellison  et al. , 1993 ; 
 Iwahana  et al. , 1994 ). Co-electrophoresis of an internal size 
standard DNA labeled with a dye different from that of the 
sample DNA allows the relative fragment mobility of sam-
ple DNAs to be reproducibly determined using mobility of 
the internal standard DNA as a reference. 

 F  -SSCP results can be also quantitatively interpreted. 
This is feasible since the bands are detected as peaks in the 
fluorogram and their heights are proportional to the inten-
sity of the fluorescence in a wide dynamic range ( Fig. 4.3   ). 
The direct entry of data into a computer allows objective 
interpretation of the results, while data from multiple sam-
ples can be processed for further analysis, using specialized 
analysis software with a reduced possibility of error. These 
features can be particularly important for pedigree analysis 
and linkage studies of polymorphic DNA markers detected 
by SSCP analysis. 

 FIGURE 4.1          Schematic representation of the SSCP principle. Amplified 
DNA for both the wild-type and mutant alleles is subjected to denatura-
tion and then to immediate cooling, where the denatured single-stranded 
alleles adopt a specific conformation. As the single-stranded wild-type 
and mutant alleles have different conformations, they can be distinguished 
when electrophoresed through a native polyacrylamide gel.    

 FIGURE 4.2          Schematic drawing of a typical result from an SSCP 
analysis. After staining, the gel can be divided into two parts: the part 
with the bands corresponding to the single-stranded alleles (SS) and the 
other part with the double-stranded bands (DS), as complete denatura-
tion is sometimes not feasible. In this example, lane 1 corresponds to the 
wild-type pattern for any given locus analyzed. If lane 2 corresponds to 
a homozygous case for mutation A, then lane 3 corresponds to a hetero-
zygous case for the same mutation, and lanes 4 and 5 correspond to a 
homozygous case for mutation B and a compound heterozygous case for 
mutations A and B, respectively. Lanes 6 to 8 are characteristic examples 
of the electrophoretic pattern of small deletions or insertions, which can 
also be distinguished at the DS part of the gel (see also Fig. 4.5b). Lanes 
6 and 7, heterozygous and homozygous cases for a small deletion, respec-
tively. Lane 8, heterozygous case for a small insertion.    
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 The   first generation F-SSCP was employing gel-based 
DNA sequencers. The Pharmacia ALF DNA sequencer 
was the instrument of choice as, at that time, it was the 
only commercially available fluorescence-based DNA 
sequencer equipped with an electrophoresis apparatus that 
allowed accurately controlled electrophoresis temperature. 
With the advent of capillary electrophoresis (see also next 
chapter), multicolor fluorescently labeled DNA fragments 
were PCR amplified in a single tube reaction and directly 
subjected to SSCP analysis using an automatically oper-
ated capillary electrophoretic system (CE-SSCP;  Inazuka 
 et al. , 1997 ). In principle, any automated capillary or gel 
electrophoresis system can be used for F-SSCP, although 
the Applied Biosystems (Foster City, CA, USA) and 
Pharmacia (Uppsala, Sweden) ALF automated sequencers 
are more frequently employed. 

 F  -SSCP advantages include: 

    1.     Non-radioactive labeling of the PCR products using 
different fluorescent dyes, allowing for highly sensitive 
and reproducible electrophoretic pattern detection and 
direct data storage and processing using specialized 
software;  

    2.     Automated reloading of samples, allowing their 
electrophoresis in multiple temperatures which results 
in higher sensitivity;  

    3.     Precise temperature control, resulting in higher sensi-
tivity and greater reproducibility;  

    4.     Fragment mobility normalization with the use of inter-
nal lane control, allowing more accurate detection of 
mutations resulting in minor mobility alterations;  

    5.     Lower running costs than conventional SSCP analy-
sis, particularly if a large number of samples are to be 

analyzed in the long term with a throughput of several 
hundred samples per day, depending on the number of 
capillaries of the automated DNA sequencer;  

    6.     Multiplexing, resulting in an increase in the analysis 
throughput. Multiplexing should include PCR products 
differing by at least 15       bp in size ( Ellison, 1996 ), and 
provided that the latter fragments are previously ana-
lyzed individually in separate lanes to ensure that their 
electrophoretic patterns do not overlap.    

 Minor   disadvantages include the requirement of an expen-
sive infrastructure, namely the automated DNA sequencer, 
while the size range for sensitive mutation detection has not 
been significantly extended. Therefore, similar to conven-
tional SSCP analysis, PCR products only up to 500       bp can be 
efficiently analyzed using F-SSCP with a recommended size 
of 100 – 350       bp.  

    4.4       PARAMETERS INFLUENCING 
SINGLE STRAND CONFORMATION 
POLYMORPHISM ANALYSIS 

 There   are several parameters of SSCP analysis influencing 
the pattern of single strand conformation that will even-
tually affect electrophoretic migration. These are DNA 
amplification (such as the size of PCR products), dena-
turation, and the electrophoretic conditions (the length and 
duration of gel run, the ionic strength in the buffer being 
used, the temperature as well as the gel matrix composi-
tion). Another important aspect of SSCP analysis is the 
visualization of the single-stranded DNA fragments, using 
a number of detection methods. All these aspects will be 
discussed in detail in the following paragraphs. 

    4.4.1       DNA Amplification 

 Certain   key aspects during amplification of the DNA frag-
ment in question are of great importance in the performance 
of the SSCP analysis. Preferably, the size of the DNA frag-
ment to be amplified should be between 150 and 350       bp. 
With certain exceptions, where mutation detection results 
have been reported for fragments of approximately 550       bp, 
this range is relatively safe and has reached a consensus 
between different laboratories ( Hayashi, 1991 ;  Hayashi and 
Yandell, 1993 ). Typically, one should start to screen DNA 
fragments that will lie within the range of 100 to 350       bp, 
although this is often dependent on the sequence of the 
DNA fragment, the GC content, as well as the various elec-
trophoretic conditions being used. However, if longer PCR 
fragments are to be screened, it is advisable to digest the 
fragment with restriction enzymes. The choice of restric-
tion enzymes may affect considerably the resulted confor-
mation and hence the performance of the SSCP assay. In 
general, the longer the fragments, the harder it is for any 

 FIGURE 4.3          Principle of F-SSCP analysis. Wild-type DNA is repre-
sented with the thick line and run in each lane as a control, along with the 
normal (Nl), heterozygous (Het) and homozygous (Hom) samples (thin 
line). Primers tagged with different fluorescent dyes were employed.    
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given single nucleotide change to have an effect in the 
conformation of the fragment, although under certain cir-
cumstances detection efficiency is not uniformly decreased 
with increasing DNA fragment length. It is noteworthy that 
sensitivity of SSCP can be greatly improved even for frag-
ments as big as 800       bp, by running the electrophoresis in 
low pH buffer systems and at a fixed temperature ( Kukita 
 et al. , 1997 ). 

 After   amplification, all PCR products should be screened 
on an agarose gel for the desired product length. If, despite 
considerable efforts, undesired side products are difficult 
to eliminate, a PCR product purification protocol should 
be applied. In addition, a negative and, where possible, a 
positive control of each PCR product should be included 
during each amplification step, since this will be the only 
indirect evidence that the screening assay is performed on 
the desired PCR products. PCR products can be stored on 
DNase-free tubes at 4 ° C. However, prolonged storage should 
be avoided and the subsequent steps of SSCP protocol 
should be performed as soon as possible.  

    4.4.2       Denaturation 

 In   SSCP analysis, it is important to achieve complete and 
as much irreversible denaturation of the DNA strands as 
possible. Incomplete denaturation, partial folding, and 
reannealing to double-stranded DNA will greatly reduce 
the amount of single-stranded DNA in the assay and will 
subsequently affect detection of the single-stranded mol-
ecules. Usually, denaturation of the PCR products is car-
ried out by incubation to high temperature, that is, 95 ° C 
for 5 to 7       min, and immediately after are chilled on ice for 
approximately 10       min. Alternatively, there are numerous 
denaturing agents, such as formamide, methyl-mercuric 
hydroxide, sodium hydroxide, and urea, which seem to per-
form well ( Humphries  et al. , 1997 ). Formamide is the most 
commonly used denaturing agent. In certain conditions, 
it is advisable to use 5 – 10% glycerol prior to loading the 
samples on the gel. This strategy was previously shown to 
produce sharper DNA bands, which greatly facilitate sub-
sequent interpretation of results. Notably, an alternative 
method to increase the concentration of the single-stranded 
DNA molecules is asymmetric PCR. Following the first 
amplification step, an aliquot of the PCR product is used 
as template for nested PCR using only one of the primers 
employed in the previous amplification round ( L á zaro and 
Estivill, 1992 ). This approach overcomes the incomplete 
DNA denaturation and reannealing.  

    4.4.3       Electrophoretic Parameters 

 Prior   to reviewing the various electrophoretic parameters 
that may influence the SSCP analysis, it is worthwhile 
mentioning that currently there is neither adequate theory 

nor any physicochemical model available that could allow 
one to predict the three-dimensional structure of any given 
single-stranded DNA fragment, and as a result, its electro-
phoretic mobility. Apart from the size of the DNA frag-
ment and its GC content, the following parameters have 
been empirically found to affect the sensitivity of SSCP 
analysis: the gel matrix composition, the buffer composi-
tion (ionic strength, the pH and buffer supplements, such as 
glycerol), the duration of gel run, the gel length, the DNA 
concentration, and the electrophoresis temperature. The 
effect of these factors on SSCP resolution and sensitivity is 
outlined next. 

    1.      Gel matrix composition . For conventional SSCP analy-
sis, the most common and widely accepted matrix is a 
cross-linked acrylamide polymer (8 – 12%). The small 
pore size of acrylamide-derived matrices makes it ideal 
for enhanced resolution and discrimination even at the 
nucleotide level. Higher resolution can be achieved 
upon addition of 10 – 15% of sucrose or glycerol. It 
has been previously shown that the mutation detection 
enhancement (MDE) gel (FMC Bioproducts) had a 
mutation detection rate of approximately 95% ( Ravnik-
Glavac  et al. , 1994 ). Although there is a considerable 
variability in the percentage of mutations detected with 
this commercially available gel matrix, it should be 
noted that in a considerable and rather growing number 
of studies for which SSCP has been implemented, 
MDE gels were used instead of the standard acryla-
mide. For CE-SSCP analysis, data suggest that a sen-
sitivity of 98 – 99% can be obtained using a 10% long 
chain poly- N , N -dimethylacrylamide polymer (LPDMA; 
 Jespersgaard  et al. , 2006 ).  

    2.      Buffer composition . So far, the Tris-borate buffer is 
the buffer of choice for most investigators in SSCP 
analysis. However, in certain instances HEPES buffer 
has been demonstrated to offer an alternative solu-
tion that may increase the sensitivity of the SSCP. The 
addition of 5% glycerol has been shown to lower the 
pH and to decrease the electrostatic repulsion between 
the negatively charged phosphates in the nucleic acid 
backbone, resulting in a higher resolution between the 
mutant and wild-type DNA fragments. Conformational 
structures can also be more compacted by increasing the 
salt concentration. Finally, buffer systems with low pH 
have been shown to increase the sensitivity for mutation 
detection in larger DNA fragments ( Kukita  et al. , 1997 ).  

    3.      Gel length and duration of gel run . There is a consid-
erable variation in the duration of the gel run that has 
been adopted by the various diagnostic laboratories. It 
is inevitable that the time of electrophoresis is depend-
ent on both the length of the gel as well as the applied 
voltage. It is preferable to start the electrophoresis with 
a relatively moderate voltage and increase it as soon 
as the PCR fragments have been migrated into the gel. 
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The length could vary between 10 and 40       cm. In gen-
eral the bigger the gel length, the better the resolution, 
since at several occasions the conformational changes 
of the wild-type and mutant single-stranded alleles are 
so minor that they may migrate at very close proximity 
to each other.  

    4.      Temperature . Several laboratories have demonstrated 
in the past the importance of temperature on the 
conformational changes of the DNA fragments. It 
is conceivable that the known temperature effect on 
the stabilization of the secondary structure of single-
stranded DNA fragments may affect to a varying degree 
(depending on the primary sequence) the SSCP results. 
In addition to a lower pH, decreasing the temperature 
to 4 ° C has been shown to enhance the stability of the 
conformation for any given single-stranded DNA frag-
ment. It is advisable that one should try a gradual tem-
perature decrease, starting from 15 ° C and descending 
with an increment of 2 – 4 ° C at a time. For CE-SSCP, 
 Jespersgaard and coworkers (2006)  concluded that a 
sensitivity of 98 – 99% could be obtained when using 
the LPDMA polymers and a single electrophoresis 
temperature of 27 ° C, by analyzing a temperature range 
between 18 and 35 ° C.  

    5.      DNA concentration . In the past, several investiga-
tors have used high DNA concentrations in order to 
enhance detection. Unfortunately, this has often led to 
a decrease in the specific concentration of the single-
stranded DNA. Even after the addition of formamide, 
it has been empirically shown that at high concentra-
tions, the two single-stranded molecules tend to rean-
neal and form a double-stranded DNA. It is preferable, 
therefore, to keep the DNA concentration relatively 
low in the loading buffer. Also, gel overloading can 
sometimes result in abnormal migration of the bands, 
leading to decreased resolution. Similarly, in F-SSCP 
a critical step includes dilution of the PCR products. If 
the sample is too concentrated, then peaks will not be 
sharp enough (also known as peak broadening) to allow 
unambiguous detection, leading to false positive results. 
On the other hand, if the sample is overdiluted, the poor 
signal-to-noise ratio will also result in false negative 
results. Therefore, the appropriate dilution factor should 
be estimated for each PCR, ranging from 1/10 to 1/80.     

    4.4.4       Detection 

 Most   molecular diagnostic laboratories are well adapted in 
the use of radioactivity and have the equipment and exper-
tise required for this type of protocol. Typically, autoradi-
ography requires immobilization of the gel, a drying step, 
and finally film exposure. However, this approach is more 
time consuming than some of the more recently described 
protocols that utilize silver staining or detection with flu-
orescent dyes. Alternatively, in F-SSCP, analysis can be 

done on automated sequencers with fluorescent dye-labeled 
DNA fragments. In relative terms, and although ethidium 
bromide staining can be considered an attractive alterna-
tive to the use of fluorescent substances ( Yap and McGee, 
1992a ;  L á zaro and Estivill, 1992 ), the silver staining 
approach comprises one of the most straightforward, fast, 
as well as sensitive methods for the visualization of bands 
on conventional SSCP gels. In brief, after electrophoresis, 
the polyacrylamide gels are first fixed with 10% acetic acid 
for approximately 30       min at room temperature and sub-
sequently washed with water. Depending on the concen-
tration of silver nitrate, incubation with the silver nitrate 
solution can last for approximately 60       min (in a 0.001% 
AgNO 3 , 0.036% formaldehyde solution). This incubation 
step is performed in the dark, while avoiding any con-
tamination with protein-containing solution (proteins are 
stained extensively with silver nitrate leading to immense 
background). Subsequently, the polyacrylamide gels are 
washed with water and color development is performed by 
incubating the gel for 5 to 10       min with a color development 
solution (containing 2.5% Na 2 CO 3 , 0.036% formaldehyde, 
and 0.002% sodium thiosulfate). Color development can be 
stopped with a solution containing a chelating agent (such 
as 1.5% EDTA). Gels can be subsequently fixed with 30% 
ethanol and 4% glycerol. The stained gels are transferred 
to a vacuum dryer and are immobilized to a porous paper. 
Results are interpreted visually or can be analyzed by 
means of an image analysis system.   

    4.5       HETERODUPLEX ANALYSIS FOR 
MUTATION DETECTION 

 The   principle of heteroduplex analysis (HDA) is sim-
ple and closely related to that of SSCP. In brief, hetero-
duplexes are formed between different DNA alleles; for 
example, by mixing wild-type and mutant amplified DNA 
fragments, followed by denaturation at 95 ° C and slow 
reannealing to room temperature ( White  et al. , 1992 ). If 
the target DNA consists of different alleles already  –  for 
example, a heterozygous case  –  then heteroduplexes are 
formed automatically during the amplification step. The 
result is the formation of two homoduplexes and two het-
eroduplexes, which are retarded during electrophoresis in 
native polyacrylamide gels (see  Fig. 4.4   ). There are two 
types of heteroduplex molecules, depending on the type of 
the mutation, which, in turn, reflects on their stability. In 
other words, small deletions or insertions create stable het-
eroduplexes, termed  bulge-type  heteroduplexes, which have 
been verified by electron microscopy ( Wang  et al. , 1992 ). 
On the other hand, single base substitutions form the so-
called  bubble-type  heteroduplexes, which are much more 
difficult to visualize, and optimization of the experimental 
conditions is required to achieve optimal resolution of this 
type of heteroduplex. A number of molecular diagnostic 
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techniques, based on heteroduplex formation, are reported 
in the literature, such as enzymatic or chemical cleavage 
(see Chapter 3)   and denaturing gradient gel electrophoresis 
(DGGE; see Chapter 6)  , but HDA appears to be the most 
attractive one, as it can be performed rapidly on short gels 
without the need of specialized equipment and the use of 
radioactivity. The most typical example of the use of HDA 
for mutation screening is the rapid detection of the 3       bp 
p.F508del deletion in the  CFTR  gene, leading to cystic 
fibrosis ( Wang  et al. , 1992 ). 

 HDA   can be also adapted to a fluorescent capillary 
system, such as the currently available automated DNA 
sequencers. This is possible by labeling the primers with 
fluorescent dyes, such as 6-carboxyfluorescein (FAM), 
hexachloro-6-carboxyfluorescein (HEX), etc. Like F-SSCP 
and CE-SSCP, capillary-based HDA (CE-HDA) also has 
the advantage of multiplexing, which together with the use 
of different fluorescent dyes can significantly increase the 
analysis throughput ( Kozlowski and Krzyzosiak, 2001 ). 
Use of multi-capillary systems, e.g. 96-capillary platforms, 
can also reduce the time needed for processing each sam-
ple. For example, up to 10 PCR products can be analyzed 
in one capillary per run, indicating that the entire analysis 
of a patient’s  BRCA1  and  BRCA2  coding regions can be 
completed in a single run within 1.5       h ( Esteban-Carde ñ osa 

 et al. , 2004 ). In brief, CE-HDA is a high-throughput, suf-
ficiently sensitive and cost-effective methodology and 
can be easily implemented to offer reliable genetic analy-
sis in molecular diagnostic laboratories with large sample 
volumes.  

    4.6       SENSITIVITY AND LIMITATIONS 

 Several   factors can affect the sensitivity of both SSCP and 
HDA analysis and their optimization is highly empirical, 
as there is no adequate theoretical basis or type of algo-
rithm (as in DGGE;  Myers  et al. , 1987 ) that would enable 
researchers to predict the three-dimensional conforma-
tion of the single-stranded DNA fragments under specific 
experimental procedures. Those elements that frequently 
affect the sensitivity of both methods will be discussed in 
this section. 

    4.6.1       Optimizing SSCP Sensitivity 

 In   general, most of the single-stranded DNA fragments will 
have a more compacted conformation at lower temperatures 
or in the presence of higher salt concentrations. It follows, 
however, that by increasing the salt concentration, the con-
ductivity is also increased, thus having a rather significant 
effect on temperature. Depending on these parameters, 
which largely have been determined empirically, it is sug-
gested that electrophoresis be performed at room tempera-
ture with 5 – 10% glycerol or at 4 ° C without addition of 
glycerol or salt; this is considered a good starting point. In 
addition, it is highly suggestive that an empirical estimate of 
SSCP sensitivity will be based on the likelihood of detect-
ing known sequence variations under controlled conditions. 
This is expected to provide a valuable means by which the 
effect on electrophoretic mobility of known sequence varia-
tions will be determined. Under no circumstances should a 
perfect overall detection efficiency be anticipated.  Hayashi 
and Yandell (1993)  have conducted a valuable study to 
determine which are the most effective sets of parameters 
influencing the detection of a single mutation. Given that 
the latter is largely dependent on DNA fragment’s size, it 
is expected that for most fragments shorter than 200 nucle-
otides, more than 90% of the sequence variations will 
be detected. Gradually, as the size of the PCR fragment 
increases to 300 – 350 nucleotides, a safe prediction is that 
more than 80% of mutations will be detected. It should be 
noted, however, that within this range,  Sheffield and col-
leagues (1993)  have shown that the overall sensitivity of the 
SSCP is not affected by the position of a given mutation. 
On the contrary, Ellis and coworkers (2000)   have shown 
that the increase in fragment size did not have a substantial 
effect on F-SSCP sensitivity, by analyzing  ABCC7  exon 11 
amplicons of 190       bp and 490       bp, respectively. Alternatively, 
a more quantitative method for estimating the sensitivity of 

 FIGURE 4.4          The HDA principle. Unlike SSCP analysis, amplified DNA 
is now subjected to denaturation followed by slow reannealing of the 
denatured alleles, leading to both homoduplexes (HmD) and heterodu-
plexes (HtD). The latter migrate more slowly during gel electrophoresis, 
due to their sequence mismatch(es) and therefore heterozygous (Het) and 
homozygous (Hom) cases can be easily distinguished from the wild type 
(Wt) based on their electrophoretic pattern. M: size marker.    
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the SSCP detection method based on statistical arguments 
has been developed. This method is based on the fact that 
the chance of any given strand to exhibit a mobility shift is 
independent from the other strand. On this assumption, the 
probability of observing shifts in both strands (P2), in one 
strand (P1), or in none of the strands (P0), is equal to  x  2 , 
2 x (1  �   x ) and (1  �   x ) 2 , respectively, where  x  is the sensitiv-
ity of the technique when only one of the strands is labeled. 
The ratio of P2 to P1 is equal to the observed number of the 
mutations on both strands over the number of the observed 
mutations on the single strand [ r   �  ( x /2(1  �   x )]. The useful 
sensitivity of the technique can be calculated as being equal 
to 1  �  P0. Based on this probabilistic theory, the estimates 
from previous studies are that the sensitivity for 100 – 200       bp 
fragments is approximately 96%, regardless of the pres-
ence or absence of glycerol ( Hayashi and Yandell, 1993 ). 
However, by adding glycerol, the sensitivity is still high 
for fragments ranging from 200 to 300       bp, but is decreas-
ing when glycerol is not used. The latter may indicate the 
inability of the former calculation to depict the actual elec-
trophoretic mobility, which to some extent is expected. 
In addition, it may also explain the fact that substitutions, 
which induce significant conformational changes, are most 
likely to have an effect, to a variable extent, on the other 
strand. Despite this discrepancy, it can be safely concluded 
that decreasing the fragment size will greatly enhance the 
sensitivity. It seems rational that the overall effect of a 
given mutation is displayed more efficiently when the total 
number of nucleotides surrounding that particular mutation 
is less. It is also profound that glycerol greatly increases 
the overall sensitivity when electrophoresis is performed at 
room temperature. 

 Practical   observations suggest that any fragment that 
exhibits a differential mobility will often migrate very 
close to the reference fragment. However, the overall frag-
ment number is not always predictable in advance. Any 
given number of conformations may be supported to a 
variable extent by the applied electrophoretic parameters. 
Furthermore, the band intensity is irrelevant to allelic dif-
ferences, as it is strictly dependent on the different confor-
mations. Therefore, SSCP is not a safe method to predict 
gene-dosage effects. In addition, the simultaneous detec-
tion of more than one mutation in a single DNA sample is 
not easily predictable, as previous data have shown that the 
electrophoretic pattern may vary considerably within differ-
ent experiments. In general, although highly reproducible, 
the mobility of single-stranded DNA conformers cannot 
be predicted in advance from sequence information. Such 
attempts to predict SSCP mobility changes by modeling 
single-stranded DNA conformations using the structure 
prediction program Mfold ( http://frontend.bioinfo.rpi.edu/
applications/mfold/ ) have not provided consistent results. 
Improvements in modeling the structures of single-stranded 
DNA would make it possible to more accurately predicting 
SSCP mobility ( Nakabayashi and Nishigaki, 1996 ), the 

idiosyncratic nature of SSCP remains its main weakness as 
a diagnostic tool ( Liu  et al. , 1999 ). 

 Attempts   to further improve the sensitivity of the SSCP 
have led to the development of the RNA-SSCP approach 
( Sarkar  et al. , 1992 ). Here, although the method is essen-
tially the same, the double-stranded DNA is converted to 
the corresponding single-stranded RNA by means of one of 
the two primers that has phage promoter sequences on its 
5 �  end. This method has shown a higher sensitivity com-
pared to the previously described SSCP methodology. Its 
sensitivity may rely on the fact that the  in vitro  transcribed 
strand has no complementary strand to reanneal with. 
Therefore, sufficient amounts of the  in vitro  transcribed 
product can be electrophoresed and easily analyzed even 
by ethidium bromide staining ( Sarkar  et al. , 1992 ). 

 So   far, there has been much discussion concerning the 
false negative results of this assay and possible ways to 
minimize them. However, false positive results also affect 
the net outcome of the SSCP analysis. In order to mini-
mize the frequency of reporting false positive results, it is 
advisable to perform repeated SSCP electrophoretic runs 
(particularly when SSCP data are of clinical interest). An 
additional way is to determine the minimum mobility vari-
ation, which is detectable within the context of laboratory 
SSCP conditions. In practical terms, mobility differences 
of 3       mm are generally clear, but a detection difference of 
only 2       mm requires excellent gel running conditions and is 
often subjective. Therefore, any difference smaller than or 
equal to 2       mm can be considered only with reservation. 

 Reproducibility   is the last and perhaps most essential 
parameter applicable to most techniques in molecular diag-
nostics. In general, if conditions are kept constant then 
the resulting reproducibility is usually high. Nevertheless, 
 Hayashi (1991)  has previously suggested that DNA sequences 
may have different stable conformations. The latter is thus 
interpreted as a variable that may compromise SSCP repro-
ducibility. It relies on the possibility that when the free energy 
difference between different conformations is small, an oscil-
lation between different structures of comparable energies 
may be observed.  

    4.6.2       Sensitivity of HDA 

 So   far, the sensitivity of the HDA methodology has not been 
determined to the extent of the SSCP analysis.  Rossetti and 
colleagues (1995)  compared directly both SSCP and HDA 
assays for the detection of known mutations in a panel of 
four genes. Despite the fact that none of the assays was per-
formed with 100% efficiency, HDA detected slightly more 
mutations than SSCP in the same samples. Interestingly, 
these authors suggested that both techniques could be used 
in concert to detect all mutations. 

 Another   aspect to improve the performance of HDA is 
the gel matrix. As in SSCP, the use of MDE (derived from 
HydroLink D5000  ™  ;  Keen  et al. , 1991 ) has basically made 
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HDA a valuable mutation detection technique. Today, the 
majority of the diagnostic laboratories, in which HDA 
is the method of choice to detect genomic variation, are 
employing MDE gels. 

 Finally  , as already mentioned in section 4.5, the  bubble-
type  heteroduplexes, which are formed due to the presence 
of single base substitutions, are much more difficult to visu-
alize compared to the  bulge-type  heteroduplexes. In order 
to overcome this bottleneck, and based on the observa-
tion that heteroduplexes are much easier to visualize when 
a deletion or insertion mutation is involved, the Universal 
Heteroduplex Generator (UHG) was conceived (       Wood 
 et al. , 1993a, b ). In brief, the UHG consists of a synthetic 
DNA fragment, which bears a small (that is, 2 to 5       bp) dele-
tion. This synthetic fragment is amplified by the use of the 
same oligonucleotide primers as the DNA under study. After 
amplification, the test amplicon is mixed with the amplified 
UHG, denatured, and then slowly reannealed, followed by 
electrophoresis. If no mutation is present in the test DNA, 
then only a bulge-type heteroduplex will be present, slightly 
retarded compared to the homoduplex. If, however, a single 
base substitution is also present, then the resulting heterodu-
plex will have two mismatches: a bulge and a bubble type, 
which will result in the heteroduplex migrating significantly 
lower, compared to the simple bulge-type heteroduplex. The 
use of UHG has been reported for the detection of known 
mutations within a number of loci, such as von Willebrand 
disease ( Wood  et al. , 1995 ), phenylketonurea ( Wood  et al. , 
1993a ), and for prenatal determination of blood group alle-
les ( Stoerker  et al. , 1996 ).   

    4.7       DETECTION OF THE UNDERLYING 
GENOMIC VARIATION USING SSCP 
AND HDA 

 Due   to their numerous advantages, SSCP and HDA anal-
yses are nowadays the methods of choice in a growing 
number of private or public molecular diagnostic labo-
ratories to either interrogate known mutations or scan for 
known or unknown mutations in short stretches of DNA 
and in relatively short time. Similarly, SSCP and HDA 
have also been proven to be invaluable tools for basic sci-
ence, enabling both the identification of causative genes for 
human hereditary diseases and mapping of genomic loci. 

 A   short summary of the existing applications of SSCP 
and HDA follows in the next paragraphs, which is only 
indicative for the applicability of these techniques in almost 
every genomic locus. 

    4.7.1       Applications in Basic Science 

 The   utilization of SSCP in basic science as a tool for 
genomic DNA analysis is well established. Mutations in sev-
eral key candidate genes implicated in various cell processes 

have now been identified, and the extent of those mutations 
as well as their frequency has given an insight into the role 
of these molecules in the relevant processes. 

 Damage   to DNA is considered to be the main initiating 
event by which genotoxins cause hereditary effects and can-
cer. An accumulation of mutations throughout the genome 
will eventually result in cell death or in a cascade of events, 
which in turn may initiate malignant transformation. 
Therefore, it is not surprising that SSCP analysis was first 
used in screening candidate genes in tumorigenesis ( Suzuki 
 et al. , 1990 ;  Yap and McGee, 1992b ). Since then, several 
tissue specimens have been examined and nearly all possi-
ble tumor types, isolated from a variety of tissue resources, 
have been considered for mutations in several key suspect 
genes. A difficulty often was the fact that many genes such 
as the  RB  or  BRCA1  and  BRCA2  genes have an enormous 
size, comprising several exons, and their analysis was often 
cumbersome if not impossible. Nevertheless, a number of 
research groups, including ours, have identified a multitude 
of p53 and nm-23 genomic alterations in almost every tumor 
type, such as in breast, colorectal (see  Fig. 4.5   ), prostate, 
ovarian, and so on. In effect, this methodology proved to be 

 FIGURE 4.5          Typical examples of silver stained SSCP gels, in which 
different genomic loci, responsible for tumorigenesis, are analyzed. 
 A.  Analysis of the nm-23 gene. Lanes A, D, and G correspond to three 
different heterozygous cases; lanes B, C, E, and F are normal individuals 
(Garinis, G. and Menounos, P.G., unpublished).  B.  Analysis of the human 
p53 locus. Different electrophoretic mobility of both the single-stranded 
(SS) and double-stranded (DS) alleles, due to a small deletion (depicted 
by an asterisk) in a heterozygous breast cancer affected individual (mt), 
compared to the wild-type (wt) electrophoretic pattern (adapted from 
 Patrinos  et al. , 1999 , with permission).  C.  Analysis of the human  HBE  
( � -globin) gene. Lanes A and B: Heterozygote and homozygous cases 
for the presence of the  � /HincII polymorphism respectively. Lanes C, 
D: Homozygous cases for the absence of the  � /HincII polymorphism. 
(Adapted from  Papachatzopoulou  et al. , 2006 .)    
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particularly useful in revealing, in a stepwise approach, that 
the altered expression of several cell cycle regulatory mol-
ecules either at the genomic or transcriptional and protein 
levels may exert a synergetic effect on tumor growth and 
chromosomal instability on breast cancer and non-small cell 
lung and colorectal carcinomas. 

 In   addition to the utilization of SSCP methodology 
as a screening tool, several investigators have previously 
employed this technique for gene mapping in mouse genes 
( Beier, 1993  and references therein). The methodology is 
based on the fact that a given polymorphism readily can be 
found in non-coding regions of genes such as the 3 �  untrans-
lated regions or introns, between alleles of mouse species, 
and in several occasions between inbred strains as well. The 
segregations of these polymorphisms can be analyzed with 
recombinant inbred or interspecific crosses and the strain 
distribution pattern obtained can be compared with that 
for other markers and analyzed by standard linkage analy-
sis algorithms. For instance, SSCP has previously been 
employed to localize 39 mouse-specific sequence-tagged 

sites (STSs), generated from mouse – hamster somatic cell 
hybrids. These were subsequently integrated with other 
markers to generate a high-density map of mouse chro-
mosome 1 containing over 100 markers typed on a single 
interspecific backcross ( Watson  et al. , 1992 ). SSCP analy-
sis also has been applied in relatively fewer cases for the 
linkage analysis of human genes ( Nishimura  et al. , 1993 ; 
 Avramopoulos  et al. , 1993 ).  

    4.7.2       Molecular Diagnostic Applications 

 Both   conventional and fluorescent or capillary-based SSCP 
and HDA can be successfully used for the detection of 
known mutations in any genomic locus. A brief summary 
of the numerous applications of SSCP analysis for various 
human genes is given in  Table 4.1   . When SSCP analysis is 
coupled to non-radioactive detection schemes, then it most 
certainly becomes the method of choice for routine molec-
ular diagnostic analysis (see  Fig. 4.6    for representative 
examples from  G6PD  mutation screening ( Menounos  et al. , 

 TABLE 4.1          Summary of the majority of genomic loci, for which an SSCP mutation analysis 
strategy is designed and implemented.  

   Genes  Disease/syndrome  References 

    Ras  
    TP53  

 Various types of cancer     Suzuki  et al . 1990  
  Sheffield  et al . (1993) ,  Kutach  et al.  (1999) , 
 Makino  et al.  (2000)   *   

    BRCA1  
    BRCA2  

 Susceptibility to breast cancer     Castilla  et al.  (1994)  
  Phelan  et al.  (1996)  

    RB1   Retinoblastoma   Hogg  et al.  (1992) ,  Shimizu  et al.  (1994)  

    APC   Adenomatous polyposis coli   Groden  et al.  (1993) ,  Varesco  et al.  (1993)  

    CYP21   Congenital adrenal hyperplasia   Bobba  et al . (1997)  

    PAH   Phenylketonurea   Dockhorn-Dworniczak  et al.  (1991) , 
 Labrune  et al.  (1991)  

    G6PD   Glycose-6-dehydrogenase deficiency   Calabr ò   et al.  (1993)  

    HFE   Hereditary hemochromatosis   Hertzberg  et al.  (1998)  

    F7   Hemophilia A   Economou  et al.  (1992)  

    F9   Hemophilia B   David  et al.  (1993)  

    SPTA1  
    SPTB  

 Hereditary elliptocytosis and 
spherocytosis     Maillet  et al.  (1996)    

    ANK1  
    SLC4A1  (Band-3) 

 Hereditary spherocytosis     Eber  et al.  (1996)  
  Jarolim  et al.  (1996)  

    HBA2, HBA1    α -thalassemia   Harteveld  et al.  (1996)  

(Continued)
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 TABLE 4.1         (Continued) 

   Genes  Disease/syndrome  References 

    HBB    β -thalassemia   Takahashi-Fujii  et al.  (1994)  

    FAA   Fanconi anemia   Levran  et al.  (1997)  

    CFTR   Cystic fibrosis   Claustres  et al.  (1993)  

    PKD1   Polycystic kidney disease 1   Afzal  et al.  (1999)  

    PKD2   Polycystic kidney disease 2   Veldhuisen  et al.  (1997)  

    LDLR   Familial hypercholesterolemia   Day  et al.  (1995) ,  S ö zen  et al.  
(2005)   *   

    NF1   Neurofibromatosis type 1   Upadhyaya  et al.  (1995)  

    NF2   Neurofibromatosis type 2   MacCollin  et al.  (1994)  

    MECP2   Rett syndrome   Zappella  et al.  (2003)  

    GBA   Gaucher disease   Kawame  et al.  (1992)  

    DMD   Duchenne/Becker muscular 
dystrophy 

  Tuffery  et al.  (1993)  

    WFS1   Wolfram syndrome   Strom  et al.  (1998)  

    GJB2  
    GJA1  

 Autosomal recessive non-syndromic 
hearing loss   

  Scott  et al.  (1998)  
  Liu  et al.  (2001)  

    RHO   Retinitis pigmentosa   Dryja  et al.  (1991)  

    FBN1   Marfan syndrome   Hayward  et al.  (1994)  

    TTR   Familial amyloid polyneuropathy   Saeki  et al.  (1992)  

    WIT1   Wilms tumor   Clarkson  et al.  (1993)  

    EXT1, EXT2   Hereditary multiple exostoses   Dobson-Stone  et al.  (2000)   *   

    GCK   Maturity-onset diabetes of the young 
(MODY) 

 Thomson  et al.  (2003)    *   

   *   F-SSCP analysis.  

2000 ) and  HBE  genetic analysis ( Papachatzopoulou  et al. , 
2006 )). Additionally, HDA strategies have been designed 
for the detection of genetic defects in a number of human 
genes, such as  CFTR  ( Fig. 4.7   ;  Rommens  et al. , 1990 ),  NF1  
( Shen  et al. , 1993 ) and  NF2  ( Sainz  et al. , 1994 ),  APC  ( Paul 
 et al. , 1993 ),  PKU  ( Wood  et al. , 1993a ),  BRCA1  and  BRCA2  
(using the CE-HDA approach;  Kozlowski and Krzyzosiak, 
2001 ;  Esteban-Carde ñ osa  et al. , 2004 ), and so on. 

 Furthermore  , SSCP and HDA can be used equally well 
for molecular typing in clinical microbiology (see also 
Chapter 30)  . Recently,  Nair and coworkers (2002)  have 
investigated the possibility of using SSCP analysis for the 
detection of nucleotide variation at the groEL gene, in order 
to differentiate Salmonella strains both at the interserovar 

and the intraserovar levels. In this study, SSCP analysis has 
exhibited the potential to complement classic typing methods 
such as serotyping and phage typing for the identification of 
salmonella serovars, due to its rapidity and simplicity. SSCP 
analysis of the groEL genes of carious Salmonella serovars 
produced various SSCP profiles, which indicates the poten-
tial of this technique to differentiate various Salmonella sero-
vars. Also,  Peters and coworkers (1997)  reported successful 
differentiation between hepatitis C virus (HVC) quasispe-
cies, using F-SSCP analysis of RT-PCR-generated fragments 
from HCV RNA, containing hypervariable region I (HVRI) 
of the HCV genome. Provided that the virus titer is suffi-
cient, these authors showed that F-SSCP is a quick and reli-
able method for HCV quasispecies analysis. Finally, F-SSCP 
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has been proven a particularly useful method in human plate-
let antigen genotyping ( Quintanar  et al. , 1998 ).   

    4.8       CONCLUSIONS AND FUTURE ASPECTS 

 As   previously mentioned, SSCP and HDA are simple, reli-
able, and sensitive methods for the detection of nucleotide 
sequence changes in genomic loci. The methods can detect 
single nucleotide substitutions, insertions, or deletions of 
a short nucleotide sequence accurately and in a relatively 
short time, and therefore they can be used for DNA analysis 
of human cancers and other genetic disorders. Almost all 
the polymorphic base substitutions, thought to be present 

every few hundred base pairs in genomic DNA, also can 
be detected and used as genetic markers. In addition, the 
identification of known mutations and polymorphisms can 
readily be standardized, and a role of SSCP and/or HDA 
analysis in routine laboratory screening procedures has 
been already demonstrated. 

 Finally  , the generation of the draft human genome 
sequence has imposed an increasing need for methods and 
technology that can be used for high-throughput mutation 
screening in a large number of DNA samples. Initially, 
improvements in SSCP included sample handling, allowing 
mutation analysis in an extremely rapid manner ( Whittall 
 et al ., 1995 ). In particular, a 96-well format was employed 
for storing DNA and subsequently for amplification and 
mutation screening, requiring no tube labeling and reducing 
the probability of contamination by using a multipipette. In 
addition, higher throughput was also achieved by modifi-
cation of the gel system. With the advent of F-SSCP and 
CE-SSCP analyses, unprecedented opportunities emerged 
for significantly increasing the throughput and sensitivity 
of the analysis and, at the same time, reducing the analysis 
time and costs. In certain cases, F-SSCP was implemented 
for the development of single-cell CFTR genetic tests in 
preimplantation genetic diagnosis (PGD, see also Chapter 
33  ;  Blake  et al. , 2001 ). Moreover, performance of capillary 
electrophoresis/SSCP in a microarray format also has been 
shown to decrease the overall analysis time, without any 
significant loss in resolution (       Medintz  et al. , 2000, 2001 ). 
These advances will be discussed extensively in the fol-
lowing chapter. One way or another, one can safely predict 
that SSCP and HDA will continue to be extremely popular 
mutation detection methodologies and they will substan-
tially contribute to our growing knowledge of the human 
genetic variation as well as of other organisms.   
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 Chapter 5 

    5.1       INTRODUCTION 

 Diagnosis   of inherited diseases or cancer predisposition 
frequently involves analysis of specific mutations or poly-
morphisms. The number of characterized monogenetic 
and polygenetic diseases is rising significantly every year. 
In consequence, molecular diagnostics is faced with an 
increasing number of patient samples and with a rising 
complexity of genetic diagnostics. In order to apply genetic 
analyses for large groups of patients or population screening, 
automation of a sensitive and precise method is highly desir-
able. With capillary electrophoresis (CE), analytical tech-
niques were developed, which can rapidly process large 
numbers of patient samples in an automated fashion. 
Further, in the area of proteomics separation, analysis and 
characterization of proteins by CE is a challenging task to 
understand the molecular basis of biological processes and 
to discover new biomarkers and drug targets.  

    5.2       HISTORY, PRINCIPLE, AND 
POTENTIAL APPLICATIONS OF CAPILLARY 
ELECTROPHORESIS 

    5.2.1       History 

 Electrophoretic   separation of molecules in a glass tube and 
subsequent detection of the separated compounds by ultra-
violet absorption was first described by  Hjerten (1967) . 
In his communication, separation of serum proteins, inor-
ganic and organic ions, peptides, nucleic acids, viruses, and 
bacteria are described. However, electrophoresis in a tube 
did not become popular until 1981, when  Jorgenson and 
Lucaks (1981)  demonstrated the high-resolution power of 
capillary zone electrophoresis (CZE). In the late 1980s, the 
first commercial CE instrument was offered on the market. 
Since then, many advances and applications have taken 
place with tremendous impact on the progress of science. 

Thus, the acceleration and rapid success of the Human 
Genome Project (HGP), leading to the generation of the 
draft human genomic sequence in an astonishing short 
period of time ( Lander  et al. , 2001 ;  Venter  et al. , 2001 ) was 
only possible due to the introduction of CE-based sequenc-
ers allowing the production of 14.9 billion base pairs of 
sequence in just nine months. These analyses built the basis 
for genomics, e.g. systematic analysis of gene interactions. 
In addition, systemic analysis of proteins and metabolic 
pathways received increasing attention, and understanding 
the complex direct and indirect interaction of biological 
components as genes proteins and metabolites is the goal 
of system biology. Also here, high-throughput and dynamic 
analysis of biological data by CE-based techniques play a 
central role enabling such system biology approaches.  

    5.2.2       Principle 

 In   principle, all CE techniques are carried out using the same 
equipment: (1) a high-voltage power supply, (2) the anode 
and cathode buffer reservoirs with corresponding electrodes, 
(3) the separation chamber, i.e. the capillary tube, (4) the 
injection system, and (5) the detector ( Fig. 5.1   ). 

 A   capillary tube is filled with buffer, placed between 
the two buffer reservoirs, and an electric field is applied 
by means of a high power supply. Then, defined volume is 
introduced into the capillary by replacing one buffer reser-
voir with the sample vial. A detector is located at the oppo-
site side of the capillary at the injection site. The sample 
data are collected and stored by computer, and analyzed 
using dedicated software. 

 CE   is based on the movement of molecules in an elec-
tric field. Initially, simple buffer solutions were employed to 
separate ionic water-soluble solutes. However, in contrast to 
classical electrophoresis, CE is not restricted to the separation 
of large molecules based on size and charge. Several modi-
fications of CE have been developed to separate molecules 
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with low molecular weight or neutral charge (some of them 
summarized in  Table 5.1   ). 

  Capillary   zone electrophoresis  (CZE) is the simplest 
form of CE. A capillary is filled with a relatively low vis-
cosity buffer and the analysates migrate from one end of 
the capillary to the other with velocities determined by 
the charge-to-mass ratio to form discrete peaks (zones). 
In contrast,  capillary gel electrophoresis  (CGE) separates 
analytes, such as DNA or proteins, based on molecular 
weight. A variety of compounds, such as bis-polyacryla-
mide, agarose, or methylcellulose, have been used to act as 
a molecular sieve to cause separation.  Terabe (2004)  intro-
duced  micellar electrokinetic chromatography  (MEKC) for 
the separation of neutral compounds by the addition of a 
micelle sodium dodecyl sulfate (SDS) to the buffer solu-
tion. Similar to classical isoelectric focusing, in  capillary 
isoelectric focusing  (CIEF) a pH gradient is created inside 

a capillary to separate peptides and proteins on the basis of 
their isoelectric point. In  capillary isotachophoresis  (CITP) 
a combination of two buffers with different mobilities is 
used causing the analytes of interest to be concentrated in 
zones between the leading and terminating constituents. 

 Constant   denaturant capillary electrophoresis (CDCE) 
permits high-resolution separation of single-base variations 
occurring in an approximately 100       bp isomelting DNA 
sequence based on their differential melting temperatures 
( Li-Sucholeiki  et al. , 1999 ). It requires different degrees of 
partial denaturation at a given temperature in the presence 
of denaturing agents ( Khrapko  et al. , 1994 ).  

    5.2.3       Applications 

 CE   has been successfully used in a wide range of application 
areas. Routine methods have been established in a number 
of application areas including the analysis of pharmaceuti-
cals, DNA, chiral compounds, proteins, peptides, clinical 
and forensic samples, metal ions, and inorganic anions. 

 For   clinical diagnostics, CE is widely used for analyz-
ing proteins in physiological matrices, such as serum, urine, 
and cerebrospinal fluid. Furthermore, CE is used in clinical 
and molecular biology settings for DNA analysis and also 
for forensic and therapeutic drug screening. In addition to 
clinical applications, CE finds wide use in the analysis of 
pesticides, food content and composition, and pollutants in 
water and soil samples. 

 More   and more, CE is challenging the use of traditional 
gel electrophoresis methods. CE especially benefits from 
high resolution, simplicity, versatility, low operating costs 
and the possibility of direct sample injection without com-
plex sample pretreatment. 

 CE   is characterized by high sensitivity, allowing analysis 
of small amounts of samples with a minimal amount of rea-
gents. The rugged nature of the CE capillary allows it to be 
rinsed and cleaned between injections with relatively harsh 
solutions, such as NaOH. This can allow direct injection of 
biofluids with possible reductions in sample pretreatment 
requirements, which are attractive in clinical chemistry 
where sample throughput is high. High-throughput screen-
ing involves testing of a large number of samples in a rapid 
and often automated fashion. Due to the possibility for auto-
mation and parallelization, CE allows fast, large-scale and 
high-throughput analysis. Sophisticated CE autosamplers 
are available that allow quantitative injection and analysis 
of a large number of samples in an unattended sequence. 

 Furthermore  , in molecular diagnostics, CE has sev-
eral advantages over classical techniques like slab poly-
acrylamide gel electrophoresis (PAGE), Southern blotting, 
sequencing or conventional gel electrophoresis. CE has the 
ability to analyze not only non-ideal tissue samples such as 
archival paraffin embedded formalin fixed tissue, but also 
automated digital imaging capabilities that can use either 
peak height or peak area in a semi-quantitative or quantita-
tive manner.   

 FIGURE 5.1          Principle of capillary electrophoresis. A capillary tube is 
placed between the two buffer reservoirs, and an electric field is applied 
by means of a high power supply (a). Then, a defined volume of the ana-
lysate is introduced into the capillary by replacing one buffer reservoir 
with the sample vial (b). The result of the electrophoretic separation is 
measured by a detector, and the sample data are collected and stored on a 
computer.    

 TABLE 5.1          Subtypes of the CE methodology.  

   Subtype  Abbreviation 

   Capillary zone electrophoresis  CZE 

   Capillary gel electrophoresis  CGE 

   Micellar electrokinetic chromatography  MEKC 

   Capillary isoelectric focusing  CIEF 

   Capillary isotachophoresis  CITP 

   Constant denaturant capillary electrophoresis  CDCE 
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    5.3       CAPILLARY ELECTROPHORESIS IN 
MOLECULAR DIAGNOSTICS 

 Nucleotides   have been quantified in different matrices, 
including tissue and cell extracts and several DNA and RNA 
sources. Therapeutic antisense oligonucleotides are of inter-
est for many applications and CE can be used to character-
ize and quantify these materials ( Righetti and Gelfi, 1998 ). 

 DNA   separations are generally conducted by CGE, 
in which gel- or polymer-filled capillaries act as sieving 
media to resolve the different lengths of DNA. DNA of dif-
ferent lengths has similar electrophoretic mobility as each 
increase in size is accompanied by a corresponding increase 
in the number of negative charges. Therefore, the separa-
tion by mobility differences is not the preferred approach 
and the majority of separations are achieved using a sieve 
mechanism. The capillary is filled with a matrix of synthetic 
or natural polymer. The various DNA fragments migrate 
through this matrix and become entangled with or trapped 
in the matrix. The migration of the larger DNA fragment 
is retarded to a greater extent, which results in a size-based 
separation mechanism. 

 A   variety of compounds, such as bis-polyacrylamide, 
agarose, or methylcellulose, have been used to act as a 
molecular sieve to cause separation ( Ren, 2000 ). One of 
the most active research areas for compound separation 
has been the investigation of alternative sieving matrices to 
replace gels ( Cottet  et al. , 1998 ;  Magnusdottir  et al. , 1998 ). 
Recently, a nanostructured copolymer matrix has been suc-
cessfully used to separate oligonucleotides with high reso-
lution by CE using a very short separation channel which 
simulates real microchip conditions ( Zhang  et al. , 2006 ). 

 Generally  , it is difficult to prepare gel-filled capillaries 
manually due to bubble formation. Further, gels have a lim-
ited lifetime, since they are easily destroyed by high current 
and joule heating. CE requires a liquid medium, and the best 
choice appears to be a semi-dilute solution of polymers, which 
is very much similar to gel, since the molecules are entan-
gled with one another in a way that they create a fine mesh 
( Sunada and Blanch, 1997 ). Entangled polymer solutions 
(ESCE, entangled polymer solutions CE) can be replaced after 
each run and are therefore much easier to operate. Further, 
 capillary non-gel sieving electrophoresis  (CNGSE) has been 
employed in the biological sciences for the size-based separa-
tion of macromolecules such as nucleic acids and facilitates 
the application of CE for detection of mutations and polymor-
phisms in human molecular diagnostics.  

    5.4       MODES OF APPLICATION 

 Besides   gene sequencing most protocols adapted to automated 
CE represent analyses of DNA fragment length or DNA 
restriction patterns (RFLP), analyses of single-strand con-
formation polymorphism (SSCP, see also previous chapter), 
and microsatellite analyses. 

    5.4.1       Sequencing 

 Sequence   analysis is the gold standard for molecular genetic 
testing. It yields the greatest amount of information since it 
identifies the order of each deoxynucleotide base of a par-
ticular target, usually amplified DNA or cDNA. Although 
PCR techniques made sequencing routine, detection and 
analysis of the resulting DNA fragments became the major 
bottleneck for large-scale DNA sequencing ( Dovichi, 1997 ; 
 Schmalzing  et al. , 1999 ). Although the identification of 
the human genome sequence is completed, the importance 
of DNA sequencing has not been diminished. Sequencing 
of other organisms ’  genomes, comparative genomics or 
screening for human genetic defects are still challenging 
fields of application for the future. 

 DNA   sequencing using dye-labeled didesoxynucleotides 
and the method developed by  Sanger and coworkers (1992)  
were adapted to CE. The single-base resolving capability 
of CE permits all four fluorochrome products to be sepa-
rated simultaneously compared to classical sequencing with 
PAGE, where each chain terminator has to be loaded in sepa-
rate lanes. The result is a multicolored ladder where each 
color represents a different base. The order of the bases is 
then analyzed using secondary software that characterizes the 
sequence in terms of identity, and relatedness to prototypical 
sequences in a database. Today CE serves as the routine high-
throughput technique for sequencing. CE systems with multi-
array capillaries ( Tan and Yeung, 1998 ;  Wu  et al. , 2008 ; 
 Zhang  et al. , 1999 ) will further enhance high throughput.  

    5.4.2       Analyses of DNA Fragment Length or 
Restriction Patterns and Microsatellites 

 Cleavage   of DNA products and analysis of the DNA cleav-
age pattern by CE is currently widely used to detect gene 
mutations ( Andersen  et al. , 1998 ;  Sell and Lugemwa, 1999 ). 
The method is applicable in cases where, due to mutations 
or polymorphisms, restriction sites are lost or gained. 

 In   contrast to sequencing, fragment analysis incorpo-
rates one fluorochrome-labeled PCR primer in a stand-
ard PCR reaction after which the product(s) are separated 
and visualized. Fragment analysis is more rapid and less 
expensive because the fluorochrome is incorporated in the 
initial PCR reaction thus eliminating the need for sequenc-
ing reactions that incorporate the dye terminating bases. 
Interpretation of the fragment analysis data is also easier 
than sequence analysis because the fragments are readily 
identified by the imaging software and the need for second-
ary sequence software analysis is not required. 

 Using   this technique, some research groups established 
protocols for high-speed separation that allow distinguish-
ing between wild-type and mutant PCR products extremely 
rapidly ( Chan  et al. , 1996 ) with a short effective length 
capillary and high field strength. 

 While   less expensive and more rapid, fragment analysis 
does not provide exact, detailed sequence data. In addition, 
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PCR fragments can result from erroneous amplification and 
thus verification using sequencing techniques or independ-
ent probes is sometimes recommended for quality assur-
ance purposes. In these cases, sequencing is often used 
to confirm the identity of the PCR product. Because of 
problems due to incomplete cleavage the method is being 
replaced by SSCP where possible. 

 Furthermore  , microsatellite analysis was originally per-
formed using gel electrophoresis and radioactively labeled 
PCR products of defined areas of the genome. Application 
on CE made this method faster and more reliable (see para-
graph below).  

    5.4.3       Analyses of Single-Strand 
Conformation Polymorphism 

 Genetic   diagnosis of an inherited disease or cancer predis-
position often involves search for unknown point mutations 
in several genes. SSCP, a method exploiting visualization 
of different secondary structures under native conditions 
combined with CE, was shown by many groups to be a 
rapid and automated technique for processing large num-
bers of samples (see also previous chapter).  Larsen and 
coworkers (1999)  used the method to detect point muta-
tions associated with the inherited cardiac disorders long 
QT syndrome (LQTS) and hypertrophic cardiomyopathy 
(HCM). Sensitivity has been reported to be almost 100%, 
when 34 different point mutations were analyzed, while 
10 previously unknown variants were found. These results 
clearly demonstrate that the method has high resolution, 
good reproducibility, and is very robust. Based on the pos-
sibility of automation and short time of analysis, the method 
should be suitable for high-throughput applications such as 
genetic screening of large populations. Several other groups 
have already established this method for specific screening 
of mutations in other diseases (see below).  

    5.4.4       Other Applications 

 CDCE   has been combined with high-fidelity DNA ampli-
fication and automated multicapillary instrument with 
fraction collection allowing sensitive, automated, and cost-
effective analysis of healthy human tissues and population 
screening for disease-associated single nucleotide polymor-
phisms (SNPs) in large pooled samples ( Muniappan and 
Thilly, 1999 ;  Li  et al. , 2005 ). Further applications of CDCE 
include studies of somatic mitochondrial mutations with 
respect to aging and measurement of mutational spectra of 
nuclear genes. The technique of CDCE was also shown to 
be applicable for detection of mutations in the K-ras and 
N-ras genes ( Kumar  et al. , 1995 ;  Bjorheim  et al. , 1998 ). 

    Kuypers and coworkers (1996)  developed a method 
for online melting of double-stranded DNA for SSCP-CE, 
while they further improved the integration of PCR and CE 

by composing a contamination-free, automated PCR in the 
CE apparatus ( Kuypers  et al. , 1998 ). 

 Further  , RT-PCR followed by CE had been used to 
quantify the expression levels of specific gene products 
( Borson  et al. , 1998 ;  Butler, 1998 ;  Odin  et al. , 1999 ).  Bor 
and coworkers (2000)  described a protocol for simultane-
ous quantification of several mRNA species, after cali-
brating RT-PCR with CE. In a study of  Schummer and 
coworkers (1999) , the clinical relevance of multidrug 
resistance-associated protein (MRP) gene expression was 
correlated with chemoresistance in prostate carcinoma.  De 
Cremoux and coworkers (1999)  compared the  c-erbB-2  
gene amplification in breast cancer with the expression of 
c-erbB-2 protein evaluated by immunohistochemistry and 
found a concordance of 91% between the two techniques. 
They concluded that  c-erbB-2  gene amplification can be 
accurately quantitated by competitive PCR followed by CE 
and that this method is also suitable for small, fixed tissue 
specimens.  Stanta and Bonin (1998)  also used CE to quan-
tify specific RT-PCR products and were able to show that 
the quantitation by CE is more reliable than by dot-blot. 

 Finally  ,  Kuypers and coworkers (1994)  compared the 
use of CE with that of slab gel electrophoresis for quantifi-
cation of chromosomal translocations in lymphoma, show-
ing that the results of both methods are comparable.   

    5.5       SPECIFIC DIAGNOSTIC APPLICATIONS 

    5.5.1       Diagnosis of Neoplastic Disorders 

 In   the diagnosis of neoplastic disorders, CE has been used 
for the detection of chromosomal aberrations, microsatel-
lite instability, clonality assays, and the detection of several 
other cancer relevant genetic mutations, like SNPs. 

 Colorectal   cancer is the leading cause of death related to 
cancer in western countries ( Weir  et al. , 2003 ). Molecular 
biology studies have led to the identification of two broad 
categories of molecular alterations in colorectal cancer. Loss 
of heterozygosity (LOH) represents 80% of colorectal can-
cers and is characterized by aneuploidy or allelic losses. The 
second group displays phenotypic microsatellite instability 
(MSI-positive tumors), has a near-diploid karyotype and a 
relatively low frequency of allelic losses. It accounts for 15% 
of all colorectal cancers. As a consequence of these two phe-
nomena, other specific genetic events occur at high frequency. 
These include inactivation of tumor suppressor genes by 
genetic (deletion or mutation) or epigenetic events ( Garinis 
 et al. , 2002 ), activation of proto-oncogenes by mutation, and 
dysregulated expression of several other molecules known to 
be involved in the development of colorectal cancer. 

    5.5.1.1       Loss of Heterozygosity 

 Aneuploidy   indicates gross losses or gains in chromosomal 
DNA and is often seen in many human primary tumors and 
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premalignant conditions. Loss of one allele at a chromo-
somal locus may imply the presence of a tumor suppres-
sor gene at that site. Loss of both alleles at a given locus 
(homozygous deletion) is an even stronger indicator of the 
existence of a tumor suppressor gene. Many of these loci 
are already associated with one or more known candidate 
tumor suppressor genes, including 17p ( p53  gene), 5q21 
( APC  gene), 3p21 ( β -catenin ( CTNNB1 ) gene), 9p ( p16  and 
 p15  genes), and 13q ( RB  gene). 

 LOH   analysis was originally performed using gel 
electrophoresis and radioactively labeled PCR products 
of defined areas to the genome. The use of CE made this 
analysis more reliable and faster ( Canzian  et al. , 1996 ). CE 
was used for the detection of the loss of several tumor sup-
pressor genes in micro-dissected cancerous tissue ( Marsh 
 et al. , 2003 ). Gene fragments were amplified using PCR 
with flanking oligonucleotides bearing fluorescent labels 
and subsequently separated and analyzed by CE. 

 The    p53  gene locus is the commonest site demonstrat-
ing loss of heterozygosity. TP53 is a DNA binding protein, 
which is a transcriptional activator and can cause cell cycle 
arrest in response to DNA damage. 

 A   second tumor suppressor gene adenomatous polyposis 
coli ( APC ) is inactivated in more than 80% of early colorec-
tal cancers. An important function of the  APC  gene is to pre-
vent the accumulation of molecules associated with cancer, 
such as catenins. Familial adenomatous polyposis (FAP) is an 
autosomal dominant disease caused by germline mutations in 
the  APC  gene. FAP is a rare condition in which hundreds or 
thousands of polyps develop along the length of the colon, 
and, if left untreated, lead to colon cancer.  Figure 5.2    depicts 
LOH of the  APC  locus in tumor compared to normal tissue. 

 An   additional application of LOH assays is the identi-
fication of chromosomal differences between normal and 
tumor tissue. This is useful in distinguishing between tumor 
recurrence vs.  de novo  cancer formation ( Rolston  et al. , 
2001 ;  Sasatomi  et al. , 2002 ).  

    5.5.1.2       Microsatellite Instability 

 Microsatellite   instability (MSI), or replication error, com-
prises length alterations of oligonucleotide repeat sequences 
that occur somatically in human tumors. They are the man-
ifestation of genomic instability where tumor cells have a 
decreased overall ability to faithfully replicate DNA. 

 MSI   is a frequent, if not obligatory, surrogate marker 
of underlying functional inactivation of one of the human 
DNA mismatch repair genes ( MLH1 ,  MSH2 ,  MSH6 , 
 PMS1 ,  PMS2  (reviewed in  Jacob and Praz, 2002 )). DNA 
mismatch repair enzymes normally remove misincor-
porated single or multiple nucleotide bases as a result 
of random errors during recombination or replications. 
Functional loss of mismatch repair occurs due to biallelic 
inactivation via combination of gene mutation, LOH and/or 
promoter methylation ( Herman  et al. , 1998 ;  Jacob and 
Praz, 2002 ). 

 Germline   mutation of a mismatch repair gene has been 
shown to be the autosomal dominant genetic defect in 
most hereditary non-polyposis colorectal cancer (HNPCC) 
patients ( Marra and Boland, 1995 ;  Saletti  et al. , 2001 ). 
A second hit incurred in tumor cells in HNPCC individ-
uals results in biallelic inactivation of the specific  MMR  
gene. This results in loss of faithful replication of mic-
rosatellite DNA in tumor ( Saletti  et al. , 2001 ). Bethesda 
criteria ( Henson  et al. , 1995 ) have been outlined to guide 
the identification of this syndrome. However, finding MSI 
positive tumors was shown to be the best predictor of 
germline mutation ( Liu  et al. , 1999 ). Although implicating 
a germline defect in HNPCC patients, MSI is also found 
in 15 – 20% of sporadic colon cancer ( Goel  et al. , 2003 ), 
where the finding reflects an overall increase in genomic 
instability. 

 CE   has been used for microsatellite analysis as well as 
for sequencing of DNA mismatch repair genes.  Figure 5.3    
illustrates mutation detection in the human  MSH-2  gene, 
using CE-based DNA sequencing, while  Fig. 5.4    depicts 
the result of the analysis of two marker regions of MSI, 
comparing normal and tumor tissue. 

 Many   different microsatellite markers and loci have 
been used to identify MSI in tumors. In 1997, the US 
National Cancer Institute (NCI) recommended a panel of 
microsatellite markers for use in colorectal cancer MSI 
testing, and the continued use of the MSI marker panel 
is still recommended ( Boland  et al. , 1998 ;  Muller  et al. , 
2004 ).  Berg and coworkers (2000)  described a fluorescent 
multiplex PCR-capillary electrophoresis (FM-CE) assay 
that permits the simultaneous detection of all five loci pro-
posed by the NCI. Further, a protocol for SSCP-CE screen-
ing for alterations in the exon of the MSH2 gene leading 
to the possibility of high-throughput screening has been 
published ( Merkelbach-Bruse et al., 2000 ). This protocol 
significantly reduces time and expenses, compared to con-
ventional sequence determination.  

 FIGURE 5.2          Analysis for LOH by CE. Genomic DNA is isolated from 
normal or tumor tissue, amplified with specific primers for defined chro-
mosomal loci and the PCR products are subsequently separated by CE. 
The two alleles are represented by two peaks in DNA isolated from nor-
mal tissue, automatically marked with gray color by the analysis software. 
In contrast, in DNA from the tumor tissue, one peak is missing (arrow).    
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    5.5.1.3       Monoclonality Assays 

 Rearrangements   of antigen receptor genes in B- and T-cells 
generate products of unique length and sequence. To identify 
clonal lymphocyte populations in the majority of clonal B- and 

T-cell malignancies, B- and T-cell clonality assays have been 
developed. Monoclonal populations of B-cells are detected 
through analysis of changes in the Ig heavy chain or kappa 
chain. T-cell monoclonality can be detected by amplifying 
T-cell gamma or beta receptors. 

 Multiple   primer sets are needed to detect clonal rear-
rangements or chromosomal translocations within these 
antigen receptor loci. Using standard methods, products of 
the individual reactions must be analyzed separately, and 
small clonal populations remain difficult to identify.  Miller 
and coworkers (1999)  developed an integrated fluorescence-
based approach using CE to increase amplicon resolution, 
analytical sensitivity, and overall assay throughout. The 
newly developed method showed 94% agreement with indi-
vidual B- and T-cell PCR assays, and had an overall mono-
clonal detection rate of almost 100%.  Munro and coworkers 
(1999)  also reported a microarray-based CE assay for 
T- and B-cell proliferative disorders, which again dram-
atically reduced time without loss of diagnostic accuracy.  

    5.5.1.4       Analysis of Tumor-Related Mutations 

 In   addition to chromosomal and allelic alteration, CE can 
be used also to detect other genetic alterations with impli-
cations on cancer development and prognosis.  Wenz and 
coworkers (1998)  have proposed to use CE for detection 
of p53 mutations and have shown in a small study that all 
10 samples could be correctly identified as mutated or not. 
Furthermore, different kinds of mutations could be sepa-
rated. Also,  Atha and coworkers (1998)  and  Kuypers and 
coworkers (1993)  identified known mutations in the  p53  
gene by SSCP-CE, while  Ekstrom and coworkers (1999)  
used the system of CDCE to identify mutations in exon 8 of 
 p53  by heteroduplex analysis (see also previous chapter).  

    5.5.1.5       Single Nucleotide Polymorphisms 

 Detection   of SNPs in cancer relevant genes can have 
important clinical implications. For example, TP53, which 
is associated with a  “ normal ”  genotype, has been shown to 
predict prolonged survival of patients with certain tumors 
( Bandoh  et al. , 2002 ;  Kandioler  et al. , 2002 ). 

 Furthermore  , determination of SNPs can help to iden-
tify the most appropriate treatment of certain types of can-
cers  , as shown for the treatment with a specific tyrosine 
kinase inhibitor in gastrointestinal stromal tumors express-
ing mutant c-kit ( Miettinen  et al. , 2002 ). In addition, anal-
ysis of SNPs is used for assessing the risk of developing 
cancer.  BRCA1  and  BRCA2  variants can be used to help 
identify women with enhanced risk for developing breast 
or ovarian cancer ( Nicoletto  et al. , 2001 ). 

 Matrix   metalloproteinases (MMPs) are a family of 
closely related enzymes that degrade the extracellular matrix. 
MMPs are implicated in connective tissue destruction during 
cancer invasion and metastasis of tumor cells. A guanosine 

 FIGURE 5.3          Mutation analysis by sequencing using CE. Genomic DNA is 
amplified, followed by a second round of amplification performed with 
deoxynucleotides along with limiting amounts of chain terminating dideoxynu-
cleotides, labeled with different fluorophores on each base. This second PCR 
reaction results in a series of differently colored, truncated DNA products due 
to a random incorporation of the dideoxynucleotides in competition with the 
normal deoxynucleotides. Subsequently, these products are separated by CE. 
 The result of the sequence analysis of 19       bp of the coding region of the  MSH2  
gene is shown. Clearly, at one position (arrow) two peaks appear, indicat-
ing the presence of a mutation (G to A in one allele) in heterozygous state. 
(Courtesy of W. Dietmaier, University of Regensburg, Germany.)    

 FIGURE 5.4          Analysis of microsatellite instability by CE. Detection of mic-
rosatellite instability is performed using genomic DNA isolated from normal 
or tumor tissue. Defined chromosomal loci are amplified by PCR and the 
PCR products are separated by CE. Panels A and B depict the results of the 
analysis of two different genetic loci. In both cases, abnormalities in the dis-
played CE pattern of the tumor are detectable, in comparison to the normal 
tissue. (Courtesy of W. Dietmaier, University of Regensburg, Germany.)    
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insertion/deletion polymorphism within the promoter region 
of  MMP-1  influences the transcription of the gene (the 
insertion-type (2G) promoter possesses higher transcriptional 
activity than the deletion-type (G) promoter). The 2G-genotype 
has been found to be a genetic risk factor for the develop-
ment of several cancers, including colon cancer ( Ghilardi 
 et al. , 2001 ), ovarian carcinoma ( Kanamori  et al. , 1999 ), and 
lung cancer ( Zhu  et al. , 2001 ), and was found to be associated 
with a bad prognosis in several tumors. Different  MMP-1  
genotypes can be identified by CE-based DNA sequencing, 
as shown in  Fig. 5.5   .   

    5.5.2       Diagnosis of Hereditary Diseases and 
Prenatal Testing 

 Mutation   detection using CE-based approaches is nowa-
days widespread in diagnostic laboratories. For obvious 
reasons, only a fraction of the available mutation detection 
approaches will be briefly outlined below and in  Table 5.2   . 

 Fragile   X syndrome is a common form of inher-
ited mental retardation with an incidence of 1 in 4,000 to 

 FIGURE 5.5          Analysis of polymorphisms using CE. The results of 
three different CE analyses for a known SNP (insertion of a guanine (G) 
nucleotide at  � 1607       bp in the  MMP-1  promoter sequence) is shown. In 
panel A. Homozygosity for the insertion of a G is shown. In panel B. The 
wild-type sequence with only one G is depicted. Finally, in panel C. The 
analysis reveals a heterozygous genotype. Note the frameshift in the het-
erozygous sample, as depicted by the appearance of double peaks imme-
diately adjacent to the insertion site (indicated by the arrows).    

 TABLE 5.2          Indicative list of a number of molecular 
diagnostic applications of CE.  

   Diagnostic applications  References 

    1. Neoplastic disorders  

   LOH detection   Canzian  et al.  (1996) , 
 Miller  et al.  (1999)  

   Microsatellite instability   Berg  et al.  (2000) ,  Merkelbach-
Bruse  et al.  (2000)  

   Analysis of monoclonality   Miller  et al.  (1999) ,  Munro 
 et al.  (1999)  

   Detection of tumor-related 
mutations (SNPs) 

  Nicoletto  et al.  (2001) , 
 Bandoh  et al.  (2002) , 
 Kandioler  et al.  (2002)  

    2. Diagnosis of hereditary diseases and prenatal testing  

   Hereditary hemochromatosis   Lupski  et al.  (1991) , 
 Bosserhoff  et al.  (1999)  

   Fragile X syndrome   Barta  et al.  (2001)  

   Thalassemia   Geisel  et al.  (1999)  

   Congenital adrenal hyperplasia   Trent  et al.  (1998)  

   Charcot-Marie-Tooth 1       A   Tsui  et al.  (1992a) , Thormann 
 et al.  (1999) 

   Cystic fibrosis   Tsui  et al.  (1992b)  

   Huntington disease   Williams  et al.  (1999)  

   Risk for coronary heart diseases or 
thrombosis 

  Baba  et al.  (1995) ,  Benson 
 et al.  (1999) ,  Sell and 
Lugemwa (1999)  

    3. Diagnosis of infectious diseases  

    Bacterial infections  

   Mycobacterial species   Hernandez  et al.  (1999)  

   Pseudomonas sp./gram-negative 
non-fermenting bacteria 

  Ghozzi  et al.  (1999)  

   Listeria sp.   Sciacchitano  et al.  (1998)  

    Viral diseases    

   Herpes simplex   Pancholi  et al.  (1997)  

   Hepatitis C virus   Pancholi  et al.  (1997) , 
 Doglio  et al.  (1998)  

   HIV-1   Kolesar  et al.  (1997)  

    4. Identity testing  

   Forensic applications   La Fountain  et al.  (1998) , 
 Pouchkarev  et al.  (1998)  

   Paternity testing   

   Identifying of suitable recipients 
of organ transplantation 

  

   Bone marrow engraft analysis   
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5,000 males. Almost all cases are caused by expansion of 
a (CGG) n  trinucleotide repeat within the 5 �  untranslated 
region of the  FMR1  (fragile X mental retardation) gene 
transcript. Until today the disease was reliably diagnosed by 
Southern blotting, requiring large samples and high input of 
time.  Larsen and coworkers (1997)  employed automated CE 
for accurate and high-throughput analysis of the FRAXA 
(CGG) n  region in the normal and permutation range. Their 
method is based on PCR amplification of extracted genomic 
DNA followed by automated CE and detection of mul-
ticolor fluorescence. The method proved to be useful in 
both research and clinical mutation screening when a large 
number of samples, predominantly in the normal range of 
amplification, are to be analyzed. Most recently,  Strom and 
coworkers (2007)  developed a new method called capillary 
Southern analysis that allows automated high-throughput 
screening for  FMR1  alleles. Initially, samples are analyzed 
by a multiplex PCR that contains an internal control to 
establish gender. Only females homozygous at the  FMR1  
locus are further analyzed by capillary Southern analysis. 
Theoretically, this method can detect expansion as high as 
2,000 CGG repeats, although  Strom and coworkers (2007)  
found the largest non-mosaic  FMR1  present in their series 
was 950 CGG repeats. 

 Also  , Huntington disease (HD) belongs to the group 
of neurodegenerative disorders characterized by unstable 
expanded trinucleotide repeats. In the case of HD the expan-
sion of a CAG repeat occurs in the IT15 gene. Williams and 
colleagues have established CE analysis for sizing CAG 
repeats and showed that it enables confident use in sizing 
HD alleles ( Williams  et al. , 1999 ). 

 Further   applications of CE involve multi-allelic-specific 
amplification in the analysis of the 21-hydroxylase gene for 
patients with  congenital adrenal hyperplasia  ( Barta  et al. , 
2001 ), and prenatal diagnosis of  β -thalassemia, one of the 
most common recessive inherited disorders where many 
different mutations need to be detected ( Trent  et al. , 1998 ). 
Recently, a chip-based capillary electrophoresis detecting 
system was described that facilitates the rapid and sensitive 
prenatal diagnosis of  β -thalassemia ( Hu  et al. , 2008 ). 

    Geisel and coworkers (1999)  described an SSCP-CE 
method to screen for unknown mutations in the low-density 
lipoprotein ( LDL ) receptor gene. They PCR-amplified the 
promoter region as well as all 18 exons and tested the accu-
racy of the developed technique by reproducing 61 known 
genetic variations by a distinct abnormal SSCP pattern. 

 The   c.C677T mutation of the methylentetrahydrofolate 
reductase ( MTHFR ) gene is a nutrient-oriented mutation 
that is associated with elevated levels of homocysteine 
and an increased risk of  coronary heart disease . An opti-
mized assay for automated PCR-RFLP genotyping of 
the MTHFR gene was established by  Sell and Lugemwa 
(1999) . Following amplification, the resulting PCR prod-
uct was digested by the  HinfI  restriction enzonuclease, and 
the resulting fragments were analyzed by CE. The method 

was shown to be suitable for high-throughput screening and 
will support the screening of large sample sizes.  Saffroy 
and coworkers (2002)  introduced a multiplex analysis of 
mutations in factor V Leiden (c.G1691A), prothrombin 
(c.G20210A), and 5,10-methylenetetrahydrofolate reductase 
(c.C677T), which have been associated with an enhanced 
risk of thrombosis, using a CE setting. This technique can 
be applied to specimens from large clinical trials and epide-
miological surveys. 

 Hereditary   hemochromatosis (HH) represents an auto-
somal recessive disease in which increased iron absorption 
causes iron overload and irreversible tissue damage. Two 
point mutations in the  HFE  gene on chromosome 6p have 
been found to be associated with HH and led to the possibil-
ity of patient screening before the onset of irreversible tissue 
damage.  Jackson and coworkers (1997)  have developed a 
heteroduplex analysis using capillary electrophoresis for the 
detection of the p.C282Y mutation. An SSCP-CE approach 
has been recently adapted for the detection of point muta-
tions in codon 63 or 282 of HH patients ( Bosserhoff  et al. , 
1999 ), indicating that SSCP-CE is a reliable, cost-effective, 
sensitive, and rapid method for genotyping  HFE  mutations 
( Fig. 5.6   ). Nevertheless, CE can be performed equally well 
for RFLP analysis in order to provide diagnosis of  HFE  
gene mutations ( Fig. 5.7   ). 

 The   hereditary Charcot Marie Tooth 1       A neuropathy 
(CMT1A) and hereditary neuropathy with liability to pres-
sure palsies (HNPP) are caused by a duplication and a 
deletion, respectively, at chromosome 17p11.2 – p12 encom-
passing the peripheral myelin protein 22 ( PMP22 ) gene. 
Multiplex PCR followed by capillary electrophoresis pro-
vides a rapid and reliable detection system for duplications/
deletions of the  PMP22  gene ( Lin  et al. , 2006 ). 

 Finally  , several commercially available kits have been 
developed for the diagnosis of mutations in the cystic fibrosis 
gene applying CE base techniques ( Tomaiuolo  et al. , 2003 ). 
One is based on multiplex oligonucleotide ligation assay   and 
allows the screening of 31 different mutations in the  CFTR  
gene, corresponding to approximately 95% of the mutated 
 CFTR  alleles ( Zielenski  et al. , 2002 ).  

    5.5.3       Diagnosis of Infectious Diseases 

 Diagnosis   of infectious diseases is a fast growing field for CE 
applications. In general, molecular methods do not require 
the presence of viable organisms permitting the identification 
of bacteria, viruses, and fungi that are difficult if not impos-
sible in culture. Molecular identification of infectious agents 
can be used for both diagnostic and therapeutic purposes and 
CE has the main advantages of including higher throughput 
and sensitivity than conventional methods. 

 Chronic   hepatitis C virus (HCV) infection is a world-
wide public health problem with a global prevalence of 2%. 
 Attallah and coworkers (2004)  proved that CZE provides 
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a rapid and inexpensive method for diagnosis and mass 
screening of a large number of HCV-infected individuals. 
Further, since it has been shown that different HCV geno-
types are associated with distinct profiles of pathogenicity 
and responses to antiviral treatment, demand for HCV geno-
typing has increased.  Doglio and coworkers (1998)  devel-
oped a CE-based detection mode, which in combination with 

direct cycle sequencing provides a simple and rapid method 
for routine HCV genotyping. More recently, temperature 
gradient capillary electrophoresis (TGCE) was introduced as 
a rapid and inexpensive method for genotyping of HCV that 
does not require sequencing ( Margraf  et al. , 2004 ). 

    Kolesar and coworkers (1997)  used CE coupled to a laser-
induced fluorescence technique (CE-LIF) to directly quantify 
HIV-1 RNA. They developed a fluorescent-labeled DNA 
probe with optimal stability and sensitivity for RNA hybridi-
zation of HIV-1 RNA isolated from plasma and showed that 
as little as 19fg of HIV RNA could be reliably and quantita-
tively detected. 

 The   technique of enterobacterial repetitive intergenic con-
sensus (ERIC)-PCR produces genomic DNA fingerprints that 
allow discrimination between bacterial species and strains. 
 Sciacchitano (1998)  applied this technique coupled to CE 
to differentiate  Listeria monocytogenes , an important food-
borne pathogen implicated in numerous cases of listeriosis. 

    Hernandez and coworkers (1999)  developed a scheme 
for rapid identification of  Mycobacterium  sp. based on a 
combined restriction enzyme-CE analysis of PCR-amplified 
DNA and showed this detection method to be com-
parable to conventional methods for identification of 
mycobacteria. 

 SSCP  -CE was used by  Ghozzi and coworkers (1999)  to 
rapidly identify  Pseudomonas aeruginosa  and other gram-
negative non-fermenting bacilli from patients with cystic 
fibrosis. These authors have shown that this approach is 
suited for rapid identification of the main gram-negative 
non-fermenting bacteria. 

 In   addition to diagnosis of infectious diseases, CE-based 
techniques such as micellar electrokinetic chromatography 
are used for the analysis of antibiotics and antiviral drugs.  

    5.5.4       Identity Testing and Forensic 
Applications 

 In   1985, multi- and single-locus DNA probes for the 
detection of RFLPs were first applied to identify specific 
individuals. Later, the introduction of PCR for specific 
amplification of short tandem repeat (STR) polymorphisms 
(microsatellites) represented a major breakthrough, and 
STR typing methods are widely used today for human 
identity testing including forensic DNA analysis. Following 
multiplex PCR amplification, DNA samples containing the 
length-variant STR alleles are typically separated by cap-
illary electrophoresis and genotyped by comparison to an 
allelic ladder ( Butler, 2007 ). 

 Currently  , 6 – 16 fluorescently labeled STR loci are ana-
lyzed simultaneously with a single PCR amplification. As 
part of multiplex PCR kits, sex determination of forensic 
samples can be obtained using CE-based analysis of the 
X – Y homologous gene amelogenin ( La Fountain  et al. , 
1998 ;  Pouchkarev  et al. , 1998 ). The analysis of 6 – 10 STRs 

 FIGURE 5.6          Analysis of codon 282 of the  HFE  gene in HH patients with 
a combined SSCP-CE analysis. Three typical SSCP profiles of codon 
282 PCR fragments are shown. Panel A. Shows the analysis of a normal 
individual. Panel B. Displays the result of a patient with the mutation at 
codon 282 of the  HFE  gene in the homogyzous state (one peak at a differ-
ent position than in the wild-type sequence). In panel C. A heterozygous 
genotype is seen (two peaks). Together with the PCR products analyzed, 
the HD-400-ROX standard was applied, clearly allowing the identification 
of the characteristic peaks of the individual genotypes.    
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 FIGURE 5.7          RFLP analysis using CE. RFLP analysis of genomic DNA by classical gel electrophoresis can be replaced by CE as mentioned in the text. 
PCR reaction and digestion of the PCR product is performed following the standard protocol but using one fluorescent-labeled primer. Subsequent anal-
ysis by CE reveals characteristic patterns for the individual genotypes. As an example, analysis of the  HFE  gene is shown. The  HFE  mutation at codon 
282 generates a new restriction site. Digestion with the according restriction enzyme results in two shorter DNA fragments (only the one with the align-
ing fluorescent-labeled primer at one end can be detected by CE). In panels A. and B. Only one peak at different positions is seen, corresponding to the 
wild-type (digested) and mutated sequence of the  HFE  gene (undigested), respectively. In panel C. The heterozygous genotype is displayed (two peaks). 
(Courtesy of A. Hartmann, University of Regensburg, Germany.)    
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provides a random match probability of approximately one 
in five billion. Applications range from identifying suit-
able recipients for organ transplantation and bone marrow 
engraft analysis to paternity testing and forensic testing. 

 Also  , in the past years, sequencing of mitochondrial DNA 
(mtDNA) has also become a routine forensic casework appli-
cation  . This method is used when only limited quantities or 
poor quality of DNA are available for testing. It can be applied 
to hair shafts, bones, teeth, and other samples that are not 
suitable for routine STR analysis ( Carey and Mitnik, 2002 ; 
 Pouchkarev  et al. , 1998 ). The two hypervariable regions HV1 
and HV2 of the polymorphic control region of mitochondrial 
DNA are often used in forensic applications to differentiate 
among individuals within a population. The analysis of mito-
chondrial DNA sequences currently provides a power of dis-
crimination of approximately 1 in 3,000 due to the limited size 
of mitochondrial sequence databases. Butler and colleagues 
( Butler  et al. , 1998 ) successfully attempted to replace expen-
sive sequencing of the amplified PCR products by the use of 
restriction endonuclease digestion followed by CE to separate 
and size the PCR-RFLP fragments. This approach offers a 
rapid alternative method for screening of polymorphisms. 

 DNA   analysis has become a key element in forensic 
applications and the use of CE-based DNA typing as sci-
entific evidence has been accepted in US courts of law 
( Marchi and Pasacreta, 1997 ) as well as in many other 
countries. CE as a rapid, cheap, and high-throughput high-
resolution method for the analysis of amplified DNA frag-
ments is currently being used in many forensic laboratories 
for casework applications and paternity testing.   

    5.6       FUTURE IMPROVEMENTS 

 Undoubtedly  , the future direction of CE will lie in 
improved instrumentation and enhanced method develop-
ment possibilities, leading to faster but smaller devices for 
high-throughput screening. 

 One   of the most promising processes has been made in 
the area of micro-fabricated capillary array electrophoresis 
(CAE). CAE represents a new means to perform CE even 
faster ( 	 160       s) and to analyze more different samples in par-
allel ( Behr  et al. , 1999 ;  Gao  et al. , 1999 ;  Woolley  et al. , 1997 ). 
Genetic mapping and DNA sequencing can be completed 
more rapidly by using this means with up to 48 – 96 capillar-
ies running simultaneously. As described by  Mansfield and 
coworkers (1997)  the CAE system has the capacity to 
generate up to 5.5 million genotypes per year. For detect-
ing HH mutations, CAE was already shown to be feasible 
( Simpson  et al. , 1998 ). 

 To   provide even smaller micro-machined analytic sys-
tems, non-electronic chips will be developed in future. 
Generally, entire CE systems are constructed on glass or 
plastic chips. Gel-filled plastic channels in the microchips 

can be used for DNA analysis. These devices contain buffer 
and sample channels and have a connection to a detection 
system. The first systems established are microchip-based, 
which analyze blood parameters in clinical diagnostics. 
Integration of enzymatic DNA digestion and CE on-chip was 
first performed by  Jacobson and Ramsey (1996) . The DNA 
sample and the restriction enzyme reacted on the device in 
a 0.7       nl reaction chamber for 10       s followed by resolution on 
a 1% cellulose gel within 3 minutes. The fragments were 
detected by laser-induced fluoresence. Also, outstanding 
progress towards the  ‘  ‘ lab-on-chip ’  ’  concept was made by 
the functional integration of a PCR heating chamber coupled 
to a CE separation channel on a chip ( Woolley  et al. , 1996 ). 
Recently, an on-chip electric field driven electrochemical 
detection system was introduced using a microchannel with 
gold microband electrodes ( Ordeig  et al. , 2008 ). Ultimately, 
this approach creates new opportunities for application in 
inexpensive portable chip-based CE devices. 

 In   essence, CE and its variations offer great possibili-
ties in the area of molecular diagnostics, and their further 
improvement will lead to faster and inexpensive test equip-
ment for clinical analysis. Further, in the area of  “ omics ”  
CE appears one of the analytical backbones enabling system 
biology approaches.   
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 Chapter 6 

    6.1       INTRODUCTION 

 Temperature   gradient gel electrophoresis (TGGE) and the 
related method denaturing-gradient gel electrophoresis 
(DGGE) are both based on the principle that the electro-
phoretic mobility of double-stranded DNA fragments is sig-
nificantly reduced by their partial denaturation. Owing to 
the sequence dependence of the melting properties of DNA 
fragments, sequence variations can be detected. Although 
the sensitivity of TGGE and DGGE in detecting point 
mutations in genetic disorders and other settings has been 
reported to be close to 100%, these methods have never 
become as popular as other mutation detection methods 
such as SSCP (see Chapter 4)  , which may be related to the 
perception that it is difficult to design adequate PCR prim-
ers and set up the assays. In this chapter, the basic princi-
ples of TGGE/DGGE will be discussed and procedures for 
setting up assays will be described, including how to design 
and test PCR primers suitable for TGGE/DGGE analysis. 
Furthermore, studies on the sensitivity of TGGE/DGGE 
for mutation analysis of genetic disorders will be reviewed 
and an overview of variations on the basic TGGE/DGGE 
method will be provided. TGGE and DGGE are robust and 
highly sensitive methods for mutation screening of genetic 
disorders that have many advantages, which counterbalance 
the extra effort required in establishing the method.  

    6.2       THE THEORY OF TEMPERATURE-
GRADIENT GEL ELECTROPHORESIS 

    6.2.1       Melting Behavior of Short Double-
Stranded DNA Fragments 

    Myers and coworkers (1985b)  originally developed a 
method of separating DNA fragments differing by  single 
nucleotide substitutions in denaturing gradient gels. The 

method was based on the notion that the denaturation 
(melting) of DNA fragments can be regarded as an equi-
librium for each base pair (bp) between two distinct states: 
(1) double helical, and (2) a more random state in which 
bases are neither paired nor stacked on adjacent bases in 
any orderly way ( Myers  et al. , 1987 ). The change from the 
first to the second state is caused by increasing temperature 
or increasing concentration of denaturing agents. 

 In   the case of single-nucleotide substitutions, the 
replacement of an A:T bp (two hydrogen bonds) by a G:C 
pair (three hydrogen bonds) will generally be expected to 
increase the temperature at which the corresponding DNA 
sequence melts. The context of the nucleotide substitution 
also plays a role, and substitutions of A:T by T:A pairs, or 
G:C by C:G pairs, can also affect the temperature at which 
a DNA sequence dissociates. 

 Furthermore  , a DNA fragment dissociates in a stepwise 
fashion as the temperature is gradually increased. Dissociation 
occurs nearly simultaneously in distinct, approximately 50 
to 300 nucleotide long regions, termed  “ melting domains ” . 
All nucleotides in a given melting domain dissociate in an 
all-or-nothing manner within a narrow temperature interval. 

 The   melting temperature ( T  m ) indicates the temperature 
at which 50% of the individual molecules are dissociated 
in the given melting domain, and 50% are double helical. 
As indicated above, the  T  m  is strongly dependent on the 
individual DNA sequence and can be significantly altered 
by small changes in the DNA sequence including single- 
nucleotide substitutions.  

    6.2.2       Electrophoretic Mobility and the 
Melting State of DNA Fragments 

 TGGE   is based on detecting differences in the electro-
phoretic mobility between molecules that may differ 
only at a single position. DNA fragments produced by 
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the polymerase chain reaction (PCR) are subjected to 
 electrophoresis through a linearly increasing gradient of 
temperature (or concentration gradient of denaturing agents 
such as urea and formamide for DGGE). Nucleotide substi-
tutions and other small changes in the DNA sequence are 
associated with additional bands following TGGE. 

 The   electrophoretic mobility of DNA fragments differs 
according to whether the fragment is completely double 
helical, if one or more melting domains has dissociated, or 
if complete dissociation to two single-stranded molecules 
has occurred. Each of these states can be visualized using a 
perpendicular TGGE experiment, as will be discussed fur-
ther below (see section 6.3.2). 

 The   electrophoretic mobility of a double helical (non-
denatured) DNA fragment is not significantly altered by 
single-nucleotide substitutions within it, but is primarily 
dependent on the length and perhaps the curvature of the 
fragment ( Haran  et al. , 1994 ). Therefore, assuming that 
PCR products contain a mixture of two DNA fragments 
that differ at a single position, as would be the case for a 
heterozygous point mutation, both fragments will initially 
progress through the gel at the same speed. 

 When   the molecules reach that point in the gel where 
the temperature equals their  T  m , the molecules will expe-
rience a decrease in mobility owing to a transition from a 
completely duplex (double helical) conformation to a par-
tially denatured one. Dissociation of the first or first few 
melting domains generally results in a dramatic reduction 
in the mobility of the DNA fragment, because the fragment 
takes on a complex, branched conformation. 

 Due   to the strong sequence dependence of the melt-
ing temperature, branching (dissociation) and consequent 
retardation of electrophoretic mobility occurs at different 
levels of the temperature gradient associated with bands at 
different positions in the gel ( Myers  et al. , 1987 ). In addi-
tion to the two homoduplex molecules (wt/wt and mt/mt), 
two different heteroduplex molecules (wt/mt and mt/wt) 
can be formed by dissociating and reannealing DNA frag-
ments containing a heterozygous mutation prior to per-
forming TGGE ( Fig. 6.1   ). In practice, it is also possible to 
perform 40 cycles of PCR; the activity of the  Taq  polymer-
ase is exhausted in the final cycles of PCR, such that het-
eroduplices are formed as efficiently as if one performed 
denaturation and reannealing following PCR  . Heteroduplex 
fragments then contain unpaired bases or  “ bulges ”  in the 
otherwise double helical DNA, resulting in a significant 
reduction in the  T  m  of the affected melting domain ( Ke 
and Wartell, 1995 ). The melting temperatures of the two 
heteroduplex molecules are generally different from one 
another, so that each heteroduplex is separately visible in 
the gel. A heterozygous point mutation will thus be visu-
alized by the appearance of four bands: a band represent-
ing the normal allele (homoduplex), a band representing 
the mutant homoduplex that will lie above or underneath 
the wild-type homoduplex band, depending on the effect of 

the mutation on the  T  m , and two heteroduplex bands that 
are always above the homoduplex bands ( Fig. 6.2   ;  Myers 
 et al. , 1987 ). Mutant and wild-type homoduplex bands are 
separated by 2 – 10       mm in a typical polyacrylamide gel, and 
the heteroduplex bands are often three or more cm above 
the homoduplex bands.  

    6.2.3       Mutations are only Detectable in the 
Lowest Melting Domain(s) 

 In   the discussion above, a significant issue is that mutations 
are detectable only in the melting domain(s) with the lowest 
melting temperature. If, however, a DNA molecule contains 
several melting domains with different melting temperatures, 
it is generally not possible to visualize mutations located else-
where than in the melting domain with the lowest  T  m . Once 
the DNA fragments reach the temperature at which the first 
melting domain dissociates, the mobility of the fragment is 
greatly reduced so that it may not reach temperatures relevant 
for the higher  T  m  domains under the conditions of the experi-
ment. Also, dissociation of the highest  T  m  domain results in 
complete dissociation of the DNA fragment into two sin-
gle-stranded DNA molecules. Single-stranded DNA, like 
completely double helical DNA, does not demonstrate dif-
ferences in electrophoretic mobility, owing to small sequence 
changes, and hence there is no possibility of distinguishing 
two sequences once complete dissociation has occurred. 

 The   consequence of these observations is that only 
mutations in the lowest  T  m  domain can be reliably detected 
by TGGE or DGGE ( Myers  et al. , 1987 ).  

    6.2.4       GC- and Psoralen Clamps Extend the 
Usefulness of TGGE 

    Myers and coworkers (1985a)  presented an extension of the 
original DGGE protocol that allowed mutations in every 
region of the DNA fragment under analysis to be detected. 

 FIGURE 6.1          Mechanism of heteroduplex formation. In the case of het-
erozygous point mutations in genetic disorders, PCR produces two alleles 
differing only at the position of the point mutation. A wild-type (AA) 
and a mutant (aa) molecule are present at an approximately 1:1 ratio. 
Denaturation followed by reannealing of these molecules produces both 
wild-type (AA) and mutant (aa) homoduplex molecules, as well as two 
heteroduplex molecules, consisting of a wild-type and a mutant strand 
(Aa and aAa).    
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These researchers attached a 135       bp, GC-rich sequence, 
known as  “ GC-clamp ” , to the  β -globin promoter region in 
which mutations were being sought. The  β -globin promoter 
region was found to contain two melting domains; with-
out the GC-clamp, only mutations in the domain with the 
lower  T  m  could be visualized in the gel. Owing to its high 
GC content, the GC-clamp has a significantly higher melt-
ing temperature than most naturally occurring sequences. 
The attachment of the GC-clamp was found to significantly 
alter the melting properties of the  β -globin sequence and 
mutations in the entire  β -globin sequence could be experi-
mentally detected ( Myers  et al. , 1985a ). By adding a 40       nt 
G  �  C-rich sequence to one of the two PCR primers, a 
GC-clamp can be conveniently added to any DNA frag-
ment produced by PCR ( Sheffield  et al. , 1989 ). It is also 
possible to use a universal GC-clamp that is incorporated 
into amplified DNA fragments during PCR, thereby avoid-
ing the expense of synthesizing long primers ( Top, 1992 ). 

 Psoralen  -modified PCR primers are an alternative to 
GC-clamps. One of the two PCR primers is 5 �  modified 

by 5-( ω -hexyloxy)-psoralen. The 5 �  terminus of the primer 
should have two adenosine residues; if the natural sequence 
does not have AA, this sequence should be appended to the 
specific DNA sequence of the primer. Psoralens are bifunc-
tional photoreagents that can form covalent bonds with 
pyrimidine bases (especially thymidine). If intercalated at 
5 � -TpT in double helical DNA (this will be the complemen-
tary sequence of the 3 �  terminus of the other strand follow-
ing PCR), psoralen forms a covalent bond with thymidine 
after photoinduction ( Costes  et al. , 1993b ). Photoinduction 
can be performed by exposing the PCR products to a source 
of UV light (365) for 5 to 15 minutes, which can be con-
veniently done in the original PCR tubes or 96-well plate. 

 In   general, psoralen clamping provides comparable 
results to GC clamping, except that cross-linking of the PCR 
fragments is only approximately 85% efficient, so that one 
observes single-stranded, denatured DNA fragments run-
ning below the main bands in the TGGE. Psoralen clamping 
is sometimes preferred over GC-clamping because the PCR 
is often easier to optimize, and bipolar clamping is possible 
if necessary (see below). Psoralen modification of primers 
is available from many commercial oligonucleotide sources.   

    6.3       THE PRACTICE OF TEMPERATURE 
GRADIENT GEL ELECTROPHORESIS 

 Detailed   protocols for TGGE and DGGE are available else-
where ( Kang  et al. , 1995 ;  Murdaugh and Lerman, 1996 ). 
In the following paragraphs, the most important issues con-
cerning how to set up TGGE or DGGE assays successfully 
are discussed, including especially the issues related to 
primer design and optimization procedures. Several points 
that apply only to DGGE are discussed in section 6.4. 

    6.3.1       Primer Design for TGGE/DGGE 

 One   of the first and most widely used computer programs 
to design primers for TGGE was the Melt87 package by 
 Lerman and Silverstein (1987) . An updated version of this 
program (Melt94) is available at  http://web.mit.edu/osp/
www/melt.html . The Melt87 program calculates the  T  m  
for each bp in the DNA fragment, i.e. the temperature at 
which 50% of the individual molecules are double helical 
and 50% of the molecules are in a fully disordered, melted 
state. The results of such a calculation are termed  “ melting 
map ”  ( Fig. 6.3   ). One notices that DNA fragments are typi-
cally divided into distinct melting domains of about 50 to 
300       bp in length, in which all base pairs have nearly identi-
cal  T  m . The melting map demonstrates the lowest melting 
domain in the DNA fragment; as mentioned above, only 
mutations in this region will be visible by TGGE analysis. 

 A   further useful program in the Melt87 package is 
SQHTX. This program calculates the expected displacement 
in the gradient for a single-nucleotide mismatch (as would be 
the case for a heteroduplex molecule with a single-nucleotide 

 FIGURE 6.2          Parallel TGGE/DGGE. Mutation screening is generally 
performed with the temperature or denaturing gradient parallel to the 
direction of electrophoresis. In this example, results of electrophoresis 
from top to bottom for a hypothetical family segregating an autosomal 
recessive disorder are shown. Cases 3 and 4 are normal, carrying only 
the wild-type allele ( “ d ” ). Cases 2, 5, and 6 are heterozygous for a point 
mutation resulting in the appearance of an additional homoduplex band 
( “ c ” ), as well as two additional heteroduplex bands ( “ a ”  and  “ b ” ). Case 1, 
which is homozygous for the mutation, shows just the mutant homodu-
plex band ( “ c ” ).    
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substitution) at every position in the fragment. This analysis 
provides the clearest indication of the position in the frag-
ment, where mutations will be detectable by TGGE analy-
sis ( Lerman and Silverstein, 1987 ).  Figure 6.4    provides an 
example of a displacement map calculated with SQHTX. 

 The   Melt87 programs are DOS-based and difficult to 
use for those with little experience with DOS and menu-
based programs. Melt87 has no graphic capabilities of its 
own, and users need to process its output with a graphics 
program of their choice. For this reason, several freely 

available and proprietary programs have become available, 
which are significantly easier to use ( Table 6.1   ). 

 Users   should load a DNA sequence encompassing the 
DNA fragment to be analyzed (e.g. an exon with flanking 
intron sequences) together with about 100 nucleotides  “ extra ”  
sequence to either side of the fragment of interest. The above-
mentioned programs can be used to find primers that result in 
a DNA fragment with melting properties adequate for TGGE 
or DGGE. In general, some amount of trial and error is 
needed to find optimal primers for any given sequence. Users 
need to decide both the position of the forward and reverse 
primers as well as whether the GC-clamp is to be placed on 

 FIGURE 6.3          Melting map. This graphic represents a fragment from exon 
14 of the  NF1  gene and was produced using TGGE-Star. Each tick on the 
x-axis represents a base pair. The base pairs are numbered from 1 to 195. 
The y-axis shows the temperature where the probability for a bp to be 
melted has the value 0.95, 0.75, 0.5, 0.25, and 0.05, respectively. The 
5 � -terminus of the fragment corresponds to a GC-clamp. Additionally, one 
can distinguish two further melting domains: from the 5 � -terminus to the 
50th bp and from the 50th bp to the 3 � -terminus. The difference between 
these two melting domains is small and the sensitivity of TGGE is not 
disturbed. If the difference between these two plateaus in the curve were 
higher, both regions would need to be tested in two different PCR-TGGE 
steps. Mutations were detected in both regions of this fragment: three aster-
isks above the x-axis mark positions of mutations detected with this assay.    

 FIGURE 6.4          Displacement maps calculating using the program SQHTX, 
and graphic created with TGGE-Star. In the case of a heterozygous muta-
tion, two heteroduplex bands occur. Heteroduplices do not migrate as far 
as the wild-type fragments because they  “ melt ”  at lower temperatures. 
The distance of heteroduplex bands and wild-type bands depends on the 
electrophoretic duration (x-axis) and the base position (y-axis). A muta-
tion can only be detected, when the displacement is higher than the reso-
lution of the gel. The color codes indicate different electrophoretic times, 
and the width of each band of color indicates the expected displacement 
(in arbitrary units) in the gel for a point mutation at the corresponding 
position in the sequence.  Note : The e-book for this title, including full-
color images, is available for purchase at www.elsevierdirect.com.    

 TABLE 6.1          Programs for the design of PCR primers for use in TGGE/DGGE.  

   Name  Comment  URL 

   Melt94  DOS-based   http://web.mit.edu/osp/www/melt.html  

   TGGE-Star  DOS-based, freely available user-friendly 
wrapper for Melt87 ( Gille and Gille, 2002 ) 

  http://www.charite.de/bioinf/tgge  

   Poland  Server-based implementation of Poland’s 
algorithm ( Steger, 1994 ) 

  http://www.biophys.uni-duesseldorf.
de/local/POLAND/poland.html  

   MELTingeny  A commercial, Java-based GUI program 
with flexible routines for designing 
DGGE/TGGE primers 

  http://www.ingeny.com  

   WinMelt, MacMelt  Commercial GUI programs for melting 
profile analysis 

  http://www.medprobe.com  



Chapter | 6 Temperature and Denaturing Gradient Gel Electrophoresis 79

the 5 �  or 3 �  PCR primer or both (see below for  discussion 
of bipolar clamping). Programs such as TGGE-Star and 
MELTingeny facilitate this process by allowing users to eas-
ily shift primer positions and recalculate the melting maps. It 
should be mentioned that a 40-nucleotide GC clamp can be 
 “ substituted ”  for a psoralen clamp in the computer analysis.  

    6.3.2       Perpendicular TGGE for the 
Determination of the  T  m  

 In   most cases in which TGGE is used for mutation analy-
sis, parallel electrophoresis with simultaneous analysis of 
multiple samples will be performed. For each such assay, 
the optimal temperature gradient and run time must be 
determined experimentally. The procedures used for this 
purpose are described in this and the following paragraph. 

 The   optimization process begins with a perpendicular 
TGGE experiment, in which electrophoresis is performed 
perpendicularly to the temperature gradient ( Fig. 6.5   ). 
Perpendicular TGGE is used to verify the reversible melting 
behavior of the DNA fragment and to determine its  T  m  under 
the experimental conditions. Perpendicular TGGE is run 
with a gradient of 20 ° C – 60 ° C, which will be adequate for 
the vast majority of PCR fragments. Electrophoresis is ini-
tially performed at room temperature for 10 – 15 minutes to 
run the sample into the gel. Then, electrophoresis is stopped 
while a temperature gradient of 20 ° C – 60 ° C is established, 
after which electrophoresis should be continued for 90 – 120 
minutes.  Figure 6.5  demonstrates the use of this analysis to 
determine the  T  m  of the DNA fragment being analyzed.  

    6.3.3       Travel Schedule Experiments 

 Up   to three novel bands are observed upon TGGE/DGGE 
analysis of a heterozygous mutation or polymorphism. The 
separation will begin to become apparent when the heter-
oduplex molecules have reached their  T  m , as their  mobility 
will be retarded by partial denaturation. Separation of the 
homoduplex molecules will occur in a region of the gradi-
ent surrounding the  T  m  of the lowest melting domain of the 
DNA fragment. Therefore, TGGE assays are set up to avoid 
a long running time before the samples reach the effective 
range of separation. One should choose the temperature gra-
dient such that the effective range of separation is approxi-
mately in the middle or somewhat above the middle of the 
gel, and that the upper and lower temperature ranges are 
separated by about 15 ° C from the  T  m  of the DNA fragment. 

 Once   an appropriate temperature gradient has been cho-
sen, the optimal running time can be determined by a travel-
schedule experiment, which is a parallel TGGE experiment 
in which samples are applied every 30 minutes for 3 hours 
(or longer), such that the last sample to be loaded has run 
30 minutes, and the first sample 3 hours. Usually, one will 

see a reduction on electrophoretic mobility of samples after 
a certain period of time (generally 60 – 90 minutes if the 
 temperature gradient was chosen correctly). Samples often 
do not continue to wander in the gel with any significant 
velocity once their melting temperature has been reached. 
These gels are generally run for about 30 minutes longer 
than the time determined in this manner ( Fig. 6.6   ). Different 
choices of the range and starting point of the temperature 
gradient affect both the range in the gel at which mutations 
will be visible as well as the optimal running time ( Fig. 6.7   ).  

 FIGURE 6.5          A. Schematic drawing of a perpendicular TGGE/DGGE gel. 
A temperature gradient from t1 (e.g. 20 ° C) to t2 (e.g. 60 ° C) is established 
perpendicularly to the direction of electrophoresis (indicated by  “       �       ”  and 
 “       �       ” ). Fragments at lower temperatures remain completely double helical 
and have a relatively high electrophoretic mobility ( “ a ” ). Once the melting 
temperature of the lowest-temperature melting domain is reached, partial 
denaturation of the DNA fragment ( “ b ” ) causes a significant reduction 
of electrophoretic mobility. The temperature at which 50% of individual 
molecules are melted is denoted as the  “ melting temperature ”  ( T  m ), and is 
indicated by the arrow in the figure ( “ b ” ). A reversible denaturation step 
is observed as a continuous transition (curve). Once the temperature of the 
highest-melting domain is reached, irreversible melting occurs, causing 
a discontinuous transition in the melting curve ( “ c ” ). B. Perpendicular 
TGGE gel. In this example, a PCR fragment corresponding to  NF1  gene 
exon 14 was analyzed. PCR product was applied and run into the gel at 
10 ° C for 15 minutes. Then, a temperature gradient from 20 ° C to 60 ° C 
was established perpendicularly to the direction of electrophoresis, which 
was then performed for an additional 60 minutes. One observes a high 
electrophoretic mobility in portions of the gel with temperatures below 
the  T  m  of the fragment. The gradual decrease in mobility around the 
middle of the gel indicates reversible melting of the lowest-temperature 
melting domain. In portions of the gel with temperatures above the  T  m  of 
the fragment, partial denaturation of the fragment leads to a significantly 
reduced electrophoretic mobility. The arrow at the midway point of the 
curve indicates the  T  m  of the fragment under the experimental conditions 
(approximately 39 ° C).    
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    6.3.4       Bipolar Clamping 

 Occasionally  , TGGE analysis will result in fuzzy bands that 
are difficult to evaluate, despite apparently adequate melting 
behavior, as predicted by Melt94 or other  programs. Bipolar 
clamping of PCR products, by means of attaching a  psoralen 

clamp to each of the two PCR primers rather than just one, 
is an effective method to improve melting characteristics of 
PCR fragments that are otherwise not amenable to TGGE/
DGGE analysis ( Gille  et al. , 1998 ). Bipolar clamping is a 
simple procedure that can significantly improve results of 
TGGE analysis in cases where analysis with only one clamp 
has yielded suboptimal results. Programs such as TGGE-
Star ( Gille and Gille, 2002 ) offer the possibility of compu-
ter analysis with two clamps, and may suggest the use of 
bipolar clamping for amplicons whose predicted melting 
properties are otherwise not satisfactory.   

    6.4       DENATURING GRADIENT GEL 
ELECTROPHORESIS (DGGE) 

 The   theory of DGGE/TGGE is described in detail in the 
first part of this chapter. Parallel DGGE is a form of poly-
acrylamide gel electrophoresis in which a double-stranded 
DNA fragment migrates into a gradient of linearly increas-
ing denaturing conditions. The denaturing gradient is func-
tionally equivalent to the temperature gradient of TGGE. 
The denaturants used are heat (a constant temperature 
of generally 60 ° C) and a fixed ratio of formamide (rang-
ing from 0 to 40%) and urea (ranging from 0 to 7       M). The 
temperature of 60 ° C was empirically chosen to exceed 
the melting temperature of an AT-rich DNA fragment in 
the absence of a denaturant. For extremely GC-rich DNA 

 FIGURE 6.6          Travel schedule experiment. This experiment is used to determine the optimal running time of a TGGE experiment. Fragments, corre-
sponding to exon 19a of the  NF1  gene, in which one of the primers was modified with psoralen (see section 6.2.4), were applied at intervals of 30 min-
utes, such that the first fragments had a total running time of 5       h, and the last fragments to be applied had a running time of 60 minutes. Lanes labeled 
 “ U ”  contain PCR fragments that were not UV irradiated to effect psoralen-mediated crosslinking, and lanes labeled  “ N ”  (two lanes were loaded for each 
timepoint) contain irradiated PCR fragments. One sees that the fragments initially completely double-helical (1       h), such that irradiated and non-irradiated 
fragments display the same band pattern. Starting at the  T  m  of this fragment (40 ° C), the non-irradiated fragments ( “ U ” ) undergo complete dissociation so 
that only a single-strand band running well below the main band of the irradiated (cross-linked) fragments is visible (compare the time points at 2.5 and 
3 hours). Additionally, the irradiated fragments ( “ N ” ) show a large reduction in electrophoretic mobility following partial denaturation at about 40 ° C. 
Under these conditions, an optimal running time would be 3 hours, although the running time could be reduced by adjusting the temperature gradient 
(see also  Fig. 6.7 ).    

 FIGURE 6.7          The effect of different temperature gradients on separation of 
samples. A relatively wide gradient (A) leads to a relatively small separa-
tion of homoduplex and heteroduplex bands in the case of a heterozygous 
mutation, while a shallower gradient (B) increases the separation. The 
lower temperature of the gradient can also be adjusted to reduce the amount 
of time needed before the  T  m  of the lowest melting domain is reached.    
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sequences higher temperatures (e.g. 75 ° C) can be used. 
To achieve a uniform temperature distribution the electro-
phoresis unit is attached to a circulating water bath. 

    6.4.1       Optimization of Gel Running 
Conditions 

 The   computer programs (e.g. Melt94) described above 
reduce the number of preliminary experiments required 
for optimization of the gel running conditions. However, 
it is still necessary to run some preliminary gels to deter-
mine the optimal electrophoresis conditions and running 
times and to confirm that the optimal denaturing gradient 
has been chosen. The aim of these travel schedule gels is 
to have well separated bands (normal and mutation posi-
tive control are simultaneously loaded on the gels), which 
are  “ focused ”  by the gradient. PCR products with two low-
melting domains require different gel conditions for the 
analysis of each domain. 

 The   choice of the denaturant concentration range can 
be determined as follows. The differences in gradient 
depth (the displacement) between a fragment and the same 
 fragment with a change at a specified bp are calculated by 
the program SQHTX ( Lerman and Silverstein, 1987 ) as 
described in section 6.3.1. SQHTX calculates the displace-
ment as the difference in temperature at which the wild-
type homoduplex and the heteroduplex molecules partially 
melt ( Fig. 6.4 ). To convert between the temperature values 
and the denaturant concentration, a difference of 1 ° C is 
converted to a difference of 3% denaturant concentration 
(approximately equivalent to 1       cm distance within a 20% 
urea gradient gel). An experimental determination of gradi-
ent behavior can be achieved by perpendicular gel electro-
phoresis. Data from the perpendicular gels help to estimate 
the denaturant concentration range to use in parallel gel 
electrophoresis. For parallel gels, the gradient should be 
initially chosen with a 25% to 30% difference in denaturant 
concentration centered around the melting temperature of 
the domain ( Myers  et al. , 1987 ). Once optimized gel run-
ning conditions have been established, the method can be 
used for mutation screening.   

    6.5       THE USE OF TGGE/DGGE FOR 
MUTATION DETECTION 

 TGGE   and DGGE have been used to investigate a large 
number of disease genes, some of which are listed in the 
following sections. Due to the relative ease of detecting 
heterozygous mutations owing to the occurrence of up to 
three novel bands, TGGE and DGGE have been particu-
larly useful for disorders characterized by heterozygous 
mutations or frequent  de novo  mutations (reviewed in 
 Fodde and Losekoot, 1994 ). In light of the effort involved 
in designing primers and optimizing conditions, TGGE 

or DGGE is generally reserved for situations when large 
 numbers of samples are to be screened for mutations. 

 Most   mutation screening protocols involve the simul-
taneous analysis of 24 or more samples on one parallel 
TGGE/DGGE. In general, altered band patterns are easy 
to spot. The classical appearance of heterozygous muta-
tions (         Figs 6.2 and 6.8 ) is due to the appearance of three 
additional bands. With some mutations, only one or two 
additional bands are seen. In the authors ’  experience, the 
specificity of TGGE/DGGE is exquisitely high. In other 
words, a false-positive four-band pattern has never been 
observed.  

    6.6       DETECTION RATE AND SENSITIVITY 

 By   using DGGE,  Myers and coworkers (1985b)  detected 
an estimated 40% of the sequence variants in a DNA frag-
ment up to 500       bp in their initial study. The use of GC-
clamps, psoralen clamps, or bipolar clamping, which aids 
the formation of uniform low melting domains, signifi-
cantly improved the detection rate of TGGE/DGGE, which 
in many cases approaches nearly 100%. 

 The   sensitivity of TGGE/DGGE for detecting known 
mutations is generally reported to be nearly 100%, gener-
ally performing as well or better than other mutation detec-
tion methods ( Abrams  et al. , 1990 ;  Ferec  et al. , 1992 ;  Gelfi 
 et al. , 1997 ;  Gejman  et al. , 1998 ;  Tchernitchko  et al. , 1999 ; 
 Zschocke  et al. , 2000 ;  Breton  et al. , 2003 ). In one study 
with a panel of known mutations, DGGE detected 201 of 
201 known mutations in the CFTR gene ( Macek  et al. , 
1997 ). The reasons for lower reported detection rates of 
unknown mutations in some studies has been speculated to 
be due to genetic heterogeneity ( Ferec  et al. , 1999 ), clinical 
overdiagnosis ( Katzke  et al. , 2002 ) or location of mutations 
in intronic or promoter regions that were not included in 
the screening program. Optimization of the TGGE/DGGE 
assay conditions and primers, perhaps including the use of 
bipolar clamping ( Gille and Gille, 2002 ), may increase sen-
sitivity. In summary, the sensitivity of TGGE/DGGE, when 
properly used, is close to 100%. 

 TGGE  /DGGE has also been shown to be very sensi-
tive in the detection of mutations in situations where the 

 FIGURE 6.8          A heterozygous point mutation in exon 31 of the  NF1  
gene detected by TGGE. The third and fifth lanes display a classical 
four-band appearance due to the presence of the heterozygous mutation 
g.5839C      �      T.    
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 mutation sequence is present in proportions less than 50% 
(as is generally the case when heterozygous mutations are 
sought in genomic DNA). This has proved useful in detec-
tion of heteroplasmy in mitochondrial disorders with het-
eroplasmic proportions as low as 1% ( Tully  et al. , 2000 ), 
as well as in testing for residual disease in cancer ( Ahnhudt 
 et al. , 2001 ;  Alkan  et al. , 2001 ).  

    6.7       RELATED TECHNIQUES AND VARIANTS 

 A   wide range of improvements and further developments of 
the principles underlying DGGE and TGGE have appeared 
in the last decade, the most important of which are briefly 
summarized below. 

 In    Broad range DGGE , a single gel and a single set 
of conditions are used to screen all the exons of one gene 
( Guldberg and Guttler, 1994 ;  Hayes  et al. , 1999 ). 

 In    Multiplex DGGE , several exons are simultaneously 
analyzed in one DGGE gel ( Costes  et al. , 1993a ). 

 In    genomic DGGE (gDGGE) , genomic DNA is digested 
with a restriction enzyme, electrophoresed by DGGE, 
transferred to nylon membrane and hybridized to a unique 
DNA probe ( Borresen  et al. , 1988 ). 

 In    constant DGGE (cDGGE) , gels contain constant 
concentrations of denaturants. This allows an increased 
resolution of mutant fragments since they will constantly 
migrate with a different electrophoretic mobility through 
the whole length of the gel ( Hovig  et al. , 1991 ). 

 In    constant denaturant capillary electrophoresis 
(CDCE) , DNA migrates through a 30       cm quartz capillary 
of 75        μ m inner diameter, filled with a viscous polyacryla-
mide solution. A 10       cm part of the capillary, prior to the 
detector, is heated to a temperature permitting partial melt-
ing (see also previous chapter). Usually, the DNA is fluo-
rescein labeled and detected by laser-induced fluorescence 
( Khrapko  et al. , 1994 ). Separation of DNA fragments is 
achieved by the differential velocity of partly melted DNA 
in a medium with uniform denaturant concentration. Chip-
based variants of temperature gradient capillary electro-
phoresis have recently been developed ( Zhang  et al. , 2007 ). 

 In    temporal temperature gradient gel electrophoresis 
(TTGE) , a constant concentration of urea or formamide is 
used as in cDGGE but the temperature during the run is grad-
ually increased ( Yoshino  et al. , 1991 ;  Wiese  et al. , 1995 ). 
The denaturant concentration (usually 6 – 8% urea) used in 
TTGE can be determined either from the theoretical melting 
curve or experimentally from a perpendicular DGGE. 

 In    microtemperature-gradient gel electrophoresis 
( μ TGGE) , a minimized gel (20  �  20  �  0.5       mm) leads to 
the reduction of the amount of DNA required and to shorter 
running times (approximately 12       min at 100       V, 10       mA). The 
method was used in microbial ecology and epidemiology 
( Biyani and Nishigaki, 2001 ;  Tominaga, 2007 ). 

 In    double-gradient, denaturing gradient gel elec-
trophoresis (DG-DGGE) , in addition to the chemical 

 denaturing gradient (formamide and urea) a second siev-
ing gradient (e.g. 6 – 12% polyacrylamide gradient) is used 
( Cremonesi  et al. , 1997 ). 

 The    two-dimensional DNA fingerprinting/two-dimensional 
gene scanning (TDGS, 2D-DNA typing) , combines size sepa-
ration of DNA fragments in the first dimension with their 
sequence-specific separation through DGGE in the second 
dimension (see also next chapter). 

  Denaturing   HPLC (dHPLC)  uses an ion-pair chroma-
tography separation principle, combined with a precise 
control of the column temperature and optimized mobile 
phase gradient for separation of mutant DNA molecules 
(reviewed in  Xiao and Oefner, 2001)   . 

 In    cycling gradient capillary electrophoresis (CGCE) , 
DNA sequence variants are detected based on their dif-
ferential migration in a polymer-filled capillary system. 
A cycling (oscillating) temporal temperature gradient is 
applied. This improvement enables utilization of a multiple 
injection technique, in which multiple samples are injected 
into the same capillary (or set of capillaries) separated by 
predefined time intervals of partial electrophoresis. A 96-
capillary system is able to screen over 15,000 samples in 
24       h ( Minarik  et al. , 2003 ). 

     6.8       TECHNICAL EQUIPMENT FOR 
TGGE/DGGE 

 In   general, for DGGE, pre-existing vertical electrophore-
sis equipment with buffer-tank and combined heater/stirrer 
thermostat can be adapted. For TGGE, special equipment 
to achieve a constant temperature gradient is necessary. 

 The    Biometra TGGE  (Goettingen, Germany,  http://
www.biometra.de ) system uses a temperature block pow-
ered by Peltier technology, which enables a strictly linear 
gradient that may allow more reproducible conditions than 
with conventional chemical gradients or temperature gra-
dients using water baths. The Biometra TGGE system is 
available in two formats: a TGGE  ‘  ‘ mini ’  ’  system operates 
small gels and is therefore suitable for fast, serial experi-
ments and a TGGE maxi system provides a large separa-
tion distance and allows high parallel sample throughput. 

 The    DCode mutation detection system  (Bio-Rad 
Laboratories, Hercules USA,  http://www.biorad.com ) can 
be used to screen mutations by DGGE, TGGE, CDGE, 
TTGE, and by other techniques. The system performs 
TTGE by controlling the buffer temperature during the elec-
trophoresis run. A temperature control module regulates the 
rate of temperature increase in a uniform and linear fashion. 

  Sooner   Scientific  (Garvin, USA,  http://www.soonersci.
com ) offers five different sized DGGE Systems variants 
(for 2, 4 or 8 smaller gels or one large gel). 

 The    INGENYphorU system  (Ingeny International, GP 
Goes, The Netherlands,  http://www.ingeny.com ) is suitable 
for DGGE, TGGE, CDGE and other techniques.  
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    6.9       APPLICATIONS OF TGGE/DGGE AND 
RELATED METHODS 

 TGGE  /DGGE has been applied in an increasing number 
of studies. A recent search in PubMed database found 
over 2,200 citations (assessed in July 2008). The following 
applications have been described: 

      ●      Screening for polymorphisms in human genes: e.g. 
 COL1A2  gene ( Borresen  et al. , 1988 ),  SERPINA1  (alpha-
1-antitrypsin;  Hayes, 2003 ),  HBG1 / HBG2  (human 
 γ -globin genes,        Patrinos  et al. , 1998, 2001 ;  Fig. 6.9   ).  

      ●      Mutation detection in human genes: e.g. p53 ( Pignon  et al. , 
1994 ),  FBN1  ( Tiecke  et al. , 2001 ;  Katzke  et al. , 2002 ; 
 Robinson  et al. , 2002 ),  NF1  ( Peters  et al. , 1999 ;  Fahsold 
 et al. , 2000 ), Dystrophin gene ( Hofstra  et al. , 2004 ),  HBD  
(human  δ -globin,  Papadakis  et al. , 1997 ) and  HBB  
( β -globin) genes ( Losekoot  et al. , 1990 ;  Fig. 6.9 ), multi-
ple endocrine neoplasia type 1 ( Balogh  et al. , 2004 ), and 
Y-chromosomal microdeletions ( Bienvenu  et al. , 2003 ).  

      ●      Mutation and single nucleotide polymorphism (SNP) 
detection with chip-based temperature gradient capil-
lary electrophoresis ( Zhang  et al. , 2007 ).  

      ●      Mutation and polymorphism detection in mitochondrial 
DNA ( Hanekamp  et al. , 1996 ;  Chen  et al. , 1999 ).  

      ●      Analysis in microbial ecology, determination of bio-
diversity of bacterial populations in soil, fresh or salt 
water ( Muyzer and Smalla, 1998 ; van  Elsas  et al. , 2002 ), 
in rumen microbial populations ( Deng  et al ., 2008 ), and 
detection of microbes in food ( Ercolini, 2004 ).  

      ●      Genome profiling and provisional microbial species 
identification on the basis of random PCR and TGGE 
( Watanabe  et al. , 2002 ).  

      ●      Determining of bio-diversity in fecal or intestinal 
microflora ( Tannock, 2002 ), and in endodontic infec-
tions ( Siqueira  et al. , 2005 ).  

      ●      HLA typing ( Uhrberg  et al. , 1994 ;  Knapp, 2005 ).  
      ●      Analysis of proteins and antibody binding ( Riesner 

 et al. , 1991 ;  Arakawa  et al. , 1993 ).  

      ●      Clonality analysis of T-cell or T-cell receptors 
( Plonquet  et al. , 2002 ;  Lukowsky, 2003 ).  

      ●      Mutation detection and detection of variation between 
genomes of viral strains ( Lu  et al. , 2002 ;  Motta  et al. , 
2002 ).  

      ●      Analysis of bio-diversity and polymorphisms in plants 
( Gomes  et al. , 2003 ;  Nikolcheva  et al. , 2003 ).  

      ●      Examination of the fidelity of DNA polymerases 
( Keohavong and Thilly, 1989 ).  

      ●      High-throughput discovery of SNPs and other genetic 
polymorphisms ( Hsia  et al. , 2005 ;  Maher  et al. , 2006 ).     

    6.10       CONCLUSIONS 

 TGGE  /DGGE and related methods provide a very high 
sensitivity and are relatively easy and cheap to perform 
once the assays have been designed and optimized. The 
main advantages consist in the high detection rate and spe-
cificity and improved heterozygote detection. The method-
ology is simple, non-radioactive, and relatively non-toxic. 
The disadvantages of TGGE and DGGE include mainly the 
limitation of PCR fragment length to about 500 nucle-
otides, the difficulties of analyzing GC-rich fragments, and 
the need for computer analysis of potential PCR fragments 
(which on the other hand can save time and money by 
eliminating the use of inadequate primers). However, once 
primers and conditions have been chosen, TGGE/DGGE is 
a robust and easy to perform mutation screening method. 
It is particularly well suited for the detection of known and 
unknown mutations in large genes, where high sensitivity 
is required and when large numbers of samples are to be 
tested.  
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 FIGURE 6.9          Mutation detection using DGGE analysis. A. Screening for the G γ -158 C      �      T polymorphism in the promoter region of the human  HBG2  
(G γ -globin) gene. Lanes 3, 4, and 5 correspond to homozygous samples for that polymorphism; lanes 2 and 7 correspond to heterozygous samples; 
and lanes 1 and 6 correspond to samples that do not carry this polymorphism on either of the two alleles. B. DGGE analysis of the promoter region of 
the human  HBG1  (A γ -globin) gene. Lanes 2 and 4 correspond to heterozygous cases for the g.-117G      �      A mutation, leading to the Greek type of non-
 deletional Hereditary Persistence of Fetal Hemoglobin (nd-HPFH); lane 3 corresponds to a homozygous case for the same mutation; lane 1 corresponds 
to a wild-type control (photo courtesy of George P. Patrinos). C. Mutation analysis of exons 11 and 13 of the CFTR gene. Lanes 1, 2, 4, and 5 corre-
spond to the wild-type cases; lane 3 corresponds to a heterozygous case for the p.E822X nonsense mutation; lane 6 corresponds to a heterozygous case 
for the p.G542X nonsense mutation, leading to cystic fibrosis (photo courtesy of Dr. Angeliki Balassopoulou, Athens, Greece). The gradient of denatur-
ing agents is depicted at the left side of each gel.    
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 Chapter 7 

    7.1       HISTORY OF PCR 

 The   polymerase chain reaction (PCR) is a technique based 
on the exponential amplification of DNA by the thermosta-
ble  Thermus aquaticus  (Taq) polymerase. The method uses 
a pair of synthetic oligonucleotide primers, each hybrid-
izing to one strand of a double-stranded DNA (dsDNA) 
target, with the pair spanning a region that will be expo-
nentially amplified. The annealed primers act as a substrate 
for the Taq DNA polymerase, creating a complementary 
DNA strand via sequential addition of deoxynucleotides. 
The process classically consists of three steps: 

    1.     A denaturation step at 94 or 95 ° C.  
    2.     Primer annealing to the ssDNA strands at 60 ° C.  
    3.     Primer extension at 72 ° C.    

 The   technique was first described by Kary Mullis in 
the 1980s ( Mullis  et al. , 1986 ), for which he received the 
Nobel Prize in 1993. This classic end-point PCR is a yes/
no reaction because it measures DNA product formation 
after a fixed number of cycles, that is, in the plateau phase 
of the reaction, thus resulting in qualitative information on 
the presence or absence of a certain gene or mRNA. This 
PCR technique has become one of the most influential 
tools in the biological and medical sciences ( Guyer and 
Koshland, 1989 ). 

 Over   the years, numerous adaptations and applications 
to this classic end-point PCR have been described, includ-
ing semiquantitative PCR, quantitative competitive PCR, 
and its latest innovation, real-time PCR. A first adaptation 
measures PCR product accumulation during the exponen-
tial phase of the reaction, resulting in semiquantitative data. 
This method necessitates interruption of the PCR reac-
tion after an experimentally determined number of cycles. 
Furthermore, samples from a single experimental setup can 
be analyzed only over a relatively small linear range. 

 Alternatively  , competitive PCR has been developed, 
resulting in quantitative data. This method, however, needs 

extensive optimization, since it requires the coamplifica-
tion of an internal cDNA or RNA control (competitor) 
with the unknown sample in the same tube. Quantification 
is performed by titrating an unknown amount of target 
template against a dilution series of known amounts of 
the standard. The internal control consists of target DNA 
or RNA that has been slightly modified. Thus, one set of 
primers is designed that coamplifies the target and the 
competitor, with the same efficiency, although they can be 
distinguished from each other (by, for instance, difference 
in length or restriction sites;  Clementi  et al. , 1994 ). This 
method provides a strategy for accurate quantification, but 
the construction of internal standards is technically sophis-
ticated and labor intensive. 

 For   the detection of PCR products using either of these 
methods several detection techniques can be used, which all 
require excessive post-PCR manipulations. The most clas-
sically used are agarose gel electrophoresis with ethidium 
bromide or SYBR Green staining, fluorescent labeling and 
analysis using polyacrylamide gels, radioactive labeling, 
and Southern blotting or detection by phosphorimaging. 
Major drawbacks using these classical detection systems 
are the use of hazardous chemicals and the potential risk 
of laboratory contamination. Moreover, all these post-PCR 
manipulations are very time consuming. 

 The   development of a new procedure in the mid-1990s 
for the analysis and quantification of DNA or RNA, based 
on fluorescence-kinetic RT-PCR, enabled quantification of 
the PCR product in real-time ( Higuchi  et al. , 1993 ;  Heid 
 et al. , 1996 ;  Gibson  et al. , 1996 ). This sensitive and accu-
rate technique permits quantification of PCR product dur-
ing the exponential phase of the PCR reaction. This is in 
full  contrast to the classic end-point assays, as they are 
designed to provide information as rapidly as the amplifi-
cation  process itself, thus requiring no post-PCR manipu-
lations. The development of this real-time PCR again 
had a revolutionary impact on molecular research and 
diagnostics.  
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    7.2       PRINCIPLE OF REAL-TIME PCR 

    7.2.1       Real-Time PCR Using Hydrolysis 
Probes: The Classic TaqMan System 

 Real  -time PCR was first described using hydrolysis probes 
( Heid  et al. , 1996 ;  Gibson  et al. , 1996 ). The technique is 
based on the coupling of two important processes. First, the 
construction of dual-labeled oligonucleotide probes, also 
called hydrolysis or TaqMan probes, which emit a fluorescent 
signal upon cleavage, based on the principle of fluorescence 
resonance energy transfer (FRET,  Stryer, 1978 ;  Cardullo 
 et al. , 1988 ). Second, the discovery that the Taq DNA 
polymerase possesses a 5 �       �      3 �  exonuclease activity, which 
can be exploited to degrade the fluorescent labeled probe 
( Holland  et al. , 1991 ). The oligonucleotide probe used in this 
assay is non-extendable at its 3 �  end and is dual labeled, with 
a reporter fluorochrome, for example FAM (6-carboxyfluo-
rescein), and a quencher fluorochrome, for example TAMRA 
(6-carboxy-tetramethylrhodamine). It is designed to anneal 
to the target sequence internally of the primers, during the 
annealing and extension phase of the PCR reaction. In its 
free, intact form no fluorescent emission can be measured, 
because fluorescent emission of the reporter dye is absorbed 
by the quenching dye. However, upon annealing of the probe 
to one of the target strands, the probe will become degraded 
by the 5 �  – 3 �  exonuclease activity of the Taq polymer-
ase. Consequently, the reporter and quencher dye become 
separated and the reporter dye emission is no longer trans-
ferred to the quenching dye (no more FRET), resulting in 
an increase of reporter fluorescent emission (e.g. for FAM 
at 518       nm). This process occurs in every cycle and does not 
interfere with the exponential accumulation of PCR product. 
The increase in fluorescence is measured cycle by cycle and 
directly correlates with the amount of PCR product formed 
( Heid  et al. , 1996 ;  Gibson  et al. , 1996 ;  Fig. 7.1   ). 

 Apart   from the classically used fluorescent reporter dye 
FAM, other reporter dyes are available. These include, for 
instance, TET (tetrachloro-6-carboxyfluorescein), JOE (2,7,-
dimethoxy-4,5-dichloro-6-carboxyfluorescein), HEX (hexa-
choloro-6-carboxyfluorescein), VIC, Texas Red or Cy5. The 
choice of different reporter dyes, with a minor overlap in 
fluorescent emission spectra, makes it possible to perform 
multiplex PCR reactions, thus simultaneously amplifying 
different DNA targets. Similarly, there is a choice between 
different quencher dyes. The most classically used quencher 
dye is TAMRA. DABCYL (4-(4 � A-dimethylaminophenyla-
zol) benzoic acid) can also be used as a quencher dye, but its 
use is much more prevalent in the molecular beacons probes 
(see section 7.2.4)  . An advantage of using DABCYL is its 
reduced auto-fluorescence compared to TAMRA. More 
recently, several dark quencher fluorochromes have become 
available. These absorb the energy that is emitted by 
the reporter dye and release it as heat rather than as 
 fluorescence. This results in a lower background signal and 

thus a higher sensitivity. It is therefore to be expected that 
dark quenching dyes will become the standard, replacing 
the TAMRA quenchers in the near future.  

    7.2.2       Real-Time PCR Using DNA 
Intercalating Dyes 

 Another   widely used real-time PCR technique is based 
on the detection and quantification of PCR products 
using fluorescent DNA intercalating dyes. The principle 
of this technique was first described by Higuchi (1993), 
who monitored the increase in ethidium bromide fluores-
cence using a charged coupled devise camera, a method 
that was referred to as kinetic PCR. More recently, SYBR 
Green I, which is less toxic than ethidium bromide, is 
widely used as a dye, which incorporates into dsDNA (see 
 Fig. 7.2   ). Other asymmetric cyanine dyes have become 
more recently available, such as SYBR Green Save, BEBO 
(4-[(3-methyl-6-(benzothiazol-2-yl)-2,3-dihydro-(benzo-
1,3-thiazole)-2-methylidene)]-1-methyl-pyridinium iodide) 
( Martin  et al. , 2003 ) or BOXTO (4-[6-(benzoxazole-
2-yl-(3-methyl-)-2,3-dihydro-(benzo-1,3-thiazole)-2-
methylidene)]-1-methyl-quinolinium chloride) ( Ahmad, 
2007 ). These dyes incorporate into the minor groove of 
dsDNA, by which its fluorescence is greatly enhanced. 
During the PCR reaction, the amount of double-stranded 
target will increase exponentially, paralleled by an increase 
in SYBR Green I incorporation and fluorescent emission. 
In each cycle the fluorescent emission will increase gradu-
ally during the extension phase of the reaction, and will be 
low or absent during the denaturation phase. 

 FIGURE 7.1          Hydrolysis or TaqMan probes. The dual-labeled TaqMan 
probe is cleaved by the 5 �  exonuclease activity of Taq DNA polymerase, 
during the extension step of the PCR reaction. The quencher and fluoro-
phore are brought apart, which results in an increase in fluorescent emis-
sion. FW, forward primer; RV, reverse primer; gray 16-star, fluorophore; 
white hexagon, quencher.    
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 The   greatest advantage of this method as opposed to the 
use of fluorescent-labeled probes is that it can be used with 
any pair of primers for any target. It is a cheaper alterna-
tive and requires less specialist knowledge than the design 
of fluorescent-labeled probes. Consequently, specificity is 
diminished due to the risk of amplifying non-specific PCR 
products or primer/dimers. To discriminate between specific 
and non-specific PCR products, a melting curve analysis 
has to be performed, after termination of the PCR reaction 
( Ririe  et al. , 1997 ). In this way, the fraction of fluorescence 
originating from the specific target can be distinguished 
from that originating from primer/dimers or non-specific 
amplification products. This analysis is performed by slowly 
increasing the temperature from 40 ° C to 95 ° C, during which 
fluorescent emission is monitored continuously. Fluorescent 
emission will be low at low temperatures  –  when all PCR 
products are double stranded  –  and it will increase dramati-
cally around the melting temperature of the PCR product. 
The rationale behind this melting curve analysis is based 
on the fact that PCR products of different length will have 
different melting temperatures, which will result in distinct 
peaks when plotting the first negative derivative of the fluo-
rescence versus the temperature. Because of their shorter 
length, primer dimers will, for instance, have a lower melt-
ing temperature as compared to the specific PCR product. 
This will consequently lead to a fluorescent peak at a lower 
temperature, when plotting the first negative derivative of 
the fluorescence versus the temperature (see  Fig. 7.3   ).  

    7.2.3       Real-Time PCR Using Hybridization 
Probes 

 Real  -time PCR analysis with hybridization probes uses 
two juxtaposed sequence-specific probes, also known 
as HybProbes. The development of this system was first 
described in the mid-1980s ( Heller and Morrison, 1985 ). 

Each probe has a single fluorescent reporter, one a donor 
fluorophore at its 3 �  end and the other an acceptor fluoro-
phore at its 5 �  end. The sequences of the two probes are 
designed to anneal to the target sequences in very close 
proximity to each other (i.e. within 1 – 5 nucleotides), in a 
head-to-tail arrangement, bringing the two dyes very close 
to each other (see  Fig. 7.4   ). As long as the probe is in its 
free, unbound form, the fluorescent signal from the reporter 
dye is not detected. However, during the annealing phase of 
the PCR reaction, the probes anneal to the target sequence 
and the two fluorophores come in close proximity to each 
other. This will result in emission of light from the donor 
fluorochrome, which will excite the acceptor fluorochrome, 
a process referred to as resonance energy transfer. The dye 
in one of the probes transfers energy, allowing the other 
one to dissipate fluorescence at a different wavelength. 
The amount of fluorescence emitted can be measured dur-
ing the annealing phase of the PCR reaction, and is directly 
proportional to the amount of target DNA generated during 
the PCR process ( Bernard and Wittwer, 2000 ). 

 A   variant of these classic hybridization probes uses a 
fluorescent-labeled primer/probe combination. In this case, 
a 5 � -labeled hybridization probe is designed to anneal to the 
PCR strand in close proximity to one of the PCR primers, 
which has a fluorophore at its 3 �  end. This method requires 
that the fluorescent-labeled primer be positioned near the 
probe, usually within 5 base pairs, to allow adequate reso-
nance energy transfer with the complementary probe (von 
 Ahsen  et al. , 2000 ). 

 Hybridization   probes are usually constructed with FAM 
as the 3 �  donor fluorophore, and a range of different accep-
tor fluorophores are commonly used (e.g. ROX, Cy5, LC 
Red640, LC Red705) as the 5 �  acceptor fluorophore.  

    7.2.4       Real-Time PCR Using Molecular 
Beacons 

 Molecular   beacons are probes that contain a stem-and-loop 
structure in their intact, unbound form. They are dual-
labeled, with a fluorophore linked to one end of the mol-
ecule and a quencher linked to the other end ( Tyagi and 
Kramer, 1996 ). Fluorescence is quenched when the probe 
is in its hairpin-like structure due to the proximity between 
quencher and fluorophore, resulting in complete absorption 
of any photons emitted by the fluorophore. When the probe 
sequence in the loop anneals to a complementary target 
sequence, a conformational change allows the formation 
of a linear structure whereby fluorescent energy transfer is 
no more occurring, resulting in an increase in fluorescence 
emission (see  Fig. 7.5   ). Molecular beacons are especially 
suitable for identifying point mutations. They can distin-
guish targets that differ by only a single nucleotide and they 
are significantly more specific than conventional hydrolysis 
probes of equivalent length.  

 FIGURE 7.2          DNA intercalating dyes. DNA intercalating dyes incorpo-
rate into the minor groove of dsDNA. When this occurs, the dye will emit 
fluorescent light.    
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    7.2.5       Real-Time PCR Using Scorpions 

 Real  -time PCRs using the scorpions system is carried 
out with two oligonucleotides: a primer and a fluores-
cent molecule that combine the primer and probe function 
( Whitcombe  et al. , 1999 ). In the primer/probe combination, 
a primer sequence is linked to a specific probe sequence 
that is held in a hairpin-loop form. The stem-loop tail is 
separated from the primer by a PCR blocker to prevent 
the Taq DNA polymerase from amplifying the stem-loop 
sequence. This configuration brings the fluorophore in 
close proximity to the quencher and avoids fluorescence. 
As soon as annealing between the primer/probe and the tar-
get occurs, the hairpin is opened and the fluorophore and 
quencher are separated, resulting in an increase in fluores-
cence emission (see  Fig. 7.6   ). Scorpions differ from molec-
ular beacons and hydrolysis probes, in that their structure 
promotes a unimolecular probing mechanism. This results 
in a stronger fluorescent signal, especially under fast 

 FIGURE 7.3          Post-PCR melting curve analysis when using DNA intercalating dyes. The first negative derivative of the fluorescence (y-axis) is plotted 
against the temperature (x-axis). In case of specific DNA amplification a single peak (peak 1) is observed (panel A); while in case of primer/dimer for-
mation a second peak at lower temperature (peak 2) is observed (panel B).    

 FIGURE 7.4          Hybridization probes. Two probes are used, one carrying 
an acceptor fluorophore and the other one carrying a donor fluorophore. 
When both fluorophores are brought into close proximity, i.e. when the 
probes anneal to the target sequence, the donor is able to excite the accep-
tor through FRET and fluorescence emission will occur.    
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cycling conditions. Scorpions represent a relatively new 
chemistry, validated for mutation detection, but most likely 
it will be adapted to other assays ( Thelwell  et al. , 2000 ).  

    7.2.6       Real-Time PCR Using Other Detection 
Chemistries 

 More   recently, other sophisticated detection chemistries, 
which will not be discussed in further detail here, have 
been developed for real-time PCR. Like hybridization 
probes, molecular beacons, and scorpions, these systems 

all rely on the FRET principle, although without the need 
for hydrolysis by the nuclease activity of the Taq DNA 
polymerase. The list of possible detection chemistries is con-
tinuously growing; some examples are ResonSense probes, 
Hy-beacon probes, Light-up probes, Simple probes, Lion 
probes, AllGlo probes, and Displacement probes. 

 In   most cases, these labeled probes are based on the 
classical nucleic acids. For specific applications also syn-
thetic analogs are used. This is, for instance, the case in the 
locked nucleic acid (LNA) probes. These are typically very 
short probes, resulting in a very high binding efficiency to 
their complementary DNA, making them particularly suita-
ble for single nucleotide polymorphism detection ( Johnson 
 et al. , 2004 ). 

 Another   specific example of special interest is minor 
groove-binding probes (MGB). These are, like the TaqMan 
probes, hydrolysis probes with a minor groove-binding 
molecule attached to the end of the probe, again with the 
aim of allowing construction of shorter probe designs with 
increased specificity. These are more sensitive especially to 
single base mismatches, and are therefore ideally suitable 
for single nucleotide polyporphism (SNP) detection and 
allelic discrimination ( Kutyavin  et al. , 2000 ). 

 Next   to specific modifications in the probes, many pro-
tocols have also been designed, making use of modified 
primers. Apart from the Scorpion primers, described above, 
some examples are LUX primers, Ampliflour primers, and 
the QZyme system.   

    7.3       REAL-TIME THERMAL CYCLERS 

 Since   the development of real-time PCR in the mid-1990s, 
instrumentation systems have already undergone an extensive 
evolution. The first available instrument, the 7700 SDS 

 FIGURE 7.5          Molecular beacons. Molecular beacons are hairpin-shaped 
probes. The fluorophore and quencher are in close proximity when the 
probe is in its free, unbound state. When the probe anneals to the com-
plementary target sequence, its conformation will change. Thereby the 
quencher and fluorophore are brought apart, causing fluorescence emission.    

 FIGURE 7.6          Scorpions. Scorpions are single-stranded dual-labeled fluorescent primer/probes with a hairpin-shaped structure. The primer/probe con-
tains a 5 �  end fluorophore and an internal quencher dye directly linked to the 5 �  end of a PCR primer via a PCR blocker. In the unbound form, no fluo-
rescent emission occurs. When binding to the target sequence, the hairpin shape unfolds and the loop region of the probe hybridizes intramolecularly to 
the newly synthesized target sequence. This results in fluorescent emission, because fluorophore and quencher are separated.    
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from Applied Biosystems, took up almost an entire bench 
area, made use of an expensive laser as the light source, 
and had to be placed in an air-conditioned laboratory. This 
instrument was unable to produce a true analysis in real-
time, since data could be viewed only after termination of 
the PCR reaction. As the technology improved, systems 
became available that allowed detection of a PCR product 
from the moment it is formed, thus in pragmatic real-time. 
These newer machines are much smaller in size, and the 
laser has been changed for less precious tungsten/halo-
gen or light-emitting diode lamps. Recently, instruments 
became available that can even be backpacked and used 
for on-site analysis. These instruments are able to give 
results in less then 30       min of analysis time, a rather impor-
tant feature, for instance, for the on-site detection of patho-
gen outbreaks. Because of the wide range of instruments 
developed by different companies, prices have dropped sig-
nificantly and instruments are becoming a standard tool for 
routine molecular and diagnostic laboratories. 

 Although   all possible applications can be performed 
on all instruments, each one has specific advantages and 
disadvantages. The choice for a specific real-time thermal 
cycler therefore is dependent on the specific application 
one is focusing on. For quantification of gene expression, 
for instance, the length of a run is not the most important 
factor, although one would like to choose an instrument 
which can analyze a large number of samples simultane-
ously. Indeed, a high turnover of sample numbers will be 
performed more easily in 96-well or even 384-well sys-
tems. On the other hand, if the main application is patho-
gen identification, for example, velocity is the main issue 
and the best choice would be a rapid thermal cycler. 

 Most   of the thermal cyclers are able to perform mul-
tiplex PCR, are sensitive and accurate, and increasingly 
present user-friendly software. In  Table 7.1   , the main fea-
tures of the most commonly used available real-time PCR 
thermal cyclers are summarized.  

    7.4       HOW DATA ARE OBTAINED 

 When   performing real-time PCR, the ability to monitor 
the amplification process of the PCR reaction in real-time 
revolutionizes the way in which the data are obtained. 
Typically, the reactions are characterized by the point in 
time during PCR cycling when amplification of a PCR 
product reaches a certain detection level, as opposed to 
end-point detection, where the amount of product formed 
is measured after a fixed number of cycles. Furthermore, 
quantification is based on the inherent property of a PCR 
reaction, that the more input DNA copies one starts with, 
the fewer cycles of PCR amplification it takes to make a 
specific number of amplification products. Finally, the fact 
that the formation of amplification product linearly corre-
lates with the amount of fluorescence emission is exploited 
in the real-time PCR assay. 

 In   practice, using any of the developed detection chem-
istries on any of the available instruments, the increase in 
fluorescence emission can be read by a sequence detec-
tor in real-time, during the course of the reaction, and is 
a direct consequence of target amplification during PCR. 
In  Fig. 7.7   , a typical amplification plot is shown, in which 
the terms and definitions routinely used in real-time quan-
titative PCR are illustrated. During the initial cycles of the 
PCR reaction, there is little or no change in fluorescence 
signal. This stage is the baseline of the amplification plot. 
The fluorescence emission of the product at each time 
point is measured during PCR cycling, and is defined as 
Rn  �  . Analogously, Rn  �   is the fluorescent emission of the 
baseline. The increase in fluorescence is calculated by the 
computer software program, and is plotted on the y-axis 
as the DRn value, using the equation DRn      �      Rn  �    �  Rn  �  . 
Thus, this value directly correlates with the probe degrada-
tion (in case of hydrolysis or TaqMan probes) during the 
PCR process, and consequently with the formation of spe-
cific PCR product. An arbitrary threshold is chosen, based 
on the variability of the baseline, usually determined as 
ten times the standard deviation of the baseline, set from 
cycle 3 to 15. This, of course, can be changed manually for 
each individual experiment if necessary. Threshold cycle 
(Ct) values are then calculated by determining the point at 
which the fluorescence exceeds this chosen threshold. Ct 
is reported as the cycle number at this point. Therefore, Ct 
values decrease linearly with increasing input target quan-
tity. This is used as a quantitative measurement of the input 
target.  

    7.5       HOW DATA ARE QUANTIFIED 

 To   quantify the results obtained by real-time PCR, two 
different methods are commonly used: the standard curve 
method and the comparative threshold method. More 
recently, a third method has been introduced, named the 
Pfaffl method. 

    7.5.1       The Standard Curve Method 

 In   the standard curve method a sample with known concen-
tration is used to make a dilution series, which is used as 
a standard curve. Samples, which can be used to construct 
such a dilution series, are purified plasmid dsDNA,  in 
vitro  transcribed RNA,  in vitro  synthesized ssDNA, or any 
cDNA sample expressing the target gene. The concentra-
tion of these DNA or RNA samples can be measured spec-
trophotometrically at 260       nm and converted to the number 
of copies using the molecular weight of the DNA or RNA. 
For absolute quantification of mRNA expression abso-
lute standards have to be used; for instance,  in vitro  tran-
scribed RNA. Because of the labor-intensive construction 
of these standard clones, this method is not widely used. 
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 TABLE 7.1           Available real-time thermal cyclers . The most important features of all real-time thermal cyclers that are currently commercially available are listed. 
The information was retrieved from the suppliers ’  websites. CCD: charge-coupled device.  

   Instrument  Excitation  Detection  Sample format  Run time 

    Applied Biosystems  –     http://www.appliedbiosystems.com   

   StepOne Real-Time PCR 
System      Light-emitting diode    Photodiode 

 3 emission filters 
 48-well    Fast  	 40       min   Normal: 1       h 40       min 

   StepOnePlus Real-Time PCR 
System      Light-emitting diode    Photodiode 

 4 emission filters 
 96-well 
  

 Fast  	 40       min   Normal: 1       h 40       min 

   7300 Real-Time PCR System 
    

 Tungsten halogen lamp 
 1 excitation filter 

 CCD camera 
 4 emission filters 

 96-well    Normal: 1       h 40       min   9600 emulation:  	 2       h 

   7500 Real-Time PCR System 
       7500 Fast Real-Time PCR 
System 

 Tungsten halogen lamp 
 5 excitation filters   

 CCD camera 
 5 emission filters    96-well      Normal: 1       h 40       min   9600 emulation:  	 2       h 

 Fast  	 40       min 

   ABI Prism  ®   7900HT          Extended life argon-ion 
laser source     

 Spectrograph and CCD 
camera     

 96-well 
 384-well   

 Fast 96 well: 33       min   Fast 384 well: 52       min 
 Array or normal  	 2       h 

    BioRad  –     http://www.bio-rad.com   

   MyiQ Single-Color Real-
time PCR Detection System 

 Tungsten halogen lamp  CCD camera  –  1 filter  96-well  Around 2       h 

   iCycler iQ5 Real-Time PCR 
Detection System 

 Tungsten halogen lamp  CCD camera  –  5 filters  96-well  Around 2       h 

   MiniOpticon Real-Time PCR 
Detection System 

 48 blue-green light-
emitting diodes 

 2 photodiodes  48-well  Around 2       h 

   Chromo4 Real-Time PCR 
Detection System 

 4 light-emitting diodes  4 photodiodes  96-well  Around 2       h 

   CFX96 Real-Time PCR 
Detection System 

 6 light-emitting diodes  6 photodiodes  96-well  40       min 

    Cepheid  –     http://www.cepheid.com   

   Smart Cycler  ®   System      4 optical channels 
 Light-emitting diode 

 4 photodiodes    16 to 96 module units 
 Up to 96 independent wells 

 20 – 40       min   

    Corbett Life Science  –     www.corbettlifescience.com   

   Rotor-Gene 6000 series          Light-emitting diode      Photomultiplier tube 
 Up to 6-plex   

 36 200        μ l micro tubes 
 72 100        μ l strip-tubes 
 100 30        μ l tubes 

 40       min     
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    Eppendorf  –     http://www.eppendorf.com   

   Mastercycler ep realplex2 
real-time PCR system 

 96 light-emitting diodes  1 channel 
photomultiplier tube 

 96-well   	 2       h 

   Mastercycler ep realplex2 S 
real-time PCR system 

       40       min 

   Mastercycler ep realplex4 
real-time PCR system 

 96 light-emitting diodes  2 channel 
photomultiplier tube 

 96-well  24       min 

   Mastercycler ep realplex4 S 
real-time PCR system 

       40       min 

    Idaho Technology  –     http://www.idahotech.com   

   R.A.P.I.D. ™  System  Light-emitting diode  Three-color optics 
module 

 32 composite glass/plastic 
vessel 

  
 35       min 

   R.A.P.I.D. ™  LT System         

   RAZOR  ®   EX System  Light-emitting diode  One-color optics 
module 

 12 tubes  30       min 

    Roche  –     http://www.roche-applied-science.com   

   LightCycler  ®   1.5 Instrument  Light-emitting diode  3 channels  32 glass capillaries  45       min 

   LightCycler  ®   2.0 Instrument  Light-emitting diode  6 channels  32 glass capillaries  45       min 

   LightCycler  ®   480 Real-Time 
PCR System     

 High-intensity xenon 
lamp 

 CCD camera  96- or 384-well  40       min 

 5 excitation filters  6 emission filters     

    Stratagene-   http://www.stratagene.com   

   Mx3000P  ®   Real-Time PCR 
System 
    

 Quartz tungsten 
halogen source lamp 

 Single scanning 
photomultiplier tube 

 96-well plate  Around 2       h 

 4 position excitation 
filter wheel 

 4 position detection 
filter wheel 

    

   Mx3005P  ®   Multiplex 
Quantitative PCR System 
    

 Quartz tungsten 
halogen source lamp 

 Single scanning 
photomultiplier tube 

 96-well plate  Around 2       h 

 5 position excitation 
filter wheel 

 5 position detection 
filter wheel 

    

 TABLE 7.1          (Continued)  

   Instrument  Excitation  Detection  Sample format  Run time 
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More often, cDNA plasmid standards are used for quantifi-
cation. These are constructed by cloning a cDNA fragment 
into a suitable plasmid vector. For quantification of mRNA 
expression, however, this will result in only a relative quan-
tification, because variations in efficiency of the reverse 
transcription step are not controlled. 

 When   creating a standard curve by serial two-fold dilu-
tions of the standard sample, two consecutive points will 
have a Ct difference of 1. Similarly, Ct values from ten-fold 
diluted samples will differ by 3.3. This, of course, is assum-
ing that 100% PCR efficiency is reached. Consequently, the 
slope of the standard curve is a measure of the efficiency 
of the PCR reaction. For serial ten-fold dilutions, it should 
ideally be  � 3.3. In practice, standard curves with a slope 
between  � 3.0 and  � 3.6 are considered acceptable. Also 
the sensitivity of the PCR reaction is reflected in the stand-
ard curve, by the point at which the standard curve crosses 
the y-axis (y-intercept). Indeed, the lower the Ct value at 
this point, the higher the sensitivity of the PCR reaction 
(see  Fig. 7.8   ). By plotting the Ct value of an unknown 
sample on the standard curve, the amount of input target 
sequence in the sample can be determined. This calculation 
is performed automatically by the software program of the 
real-time PCR instrument.  

    7.5.2       The Comparative Ct Method 

 An   alternative method used for relative quantification is 
the comparative Ct method, or the DDCt method ( Livak 
and Schmittgen, 2001 ). This method uses arithmetic for-
mulas to calculate relative expression levels, compared 

to a calibrator. A non-treated control sample can be used, 
for instance, as a calibrator. Moreover, the value of the 
unknown target is normalized to an endogenous refer-
ence gene (e.g. housekeeping gene). The amount of target, 
relative to the calibrator and normalized to the reference 
gene, is measured by the equation 2  � DDCt , where DDCt  �  
DCt sample   �  DCt calibrator , and DCt is the Ct of the target gene 
subtracted by the Ct of the reference gene. The equation 
thus represents the normalized expression of the target gene 
in the unknown sample, relative to the normalized expres-
sion of the calibrator sample. Importantly, for the DDCt 
method to be applicable, the efficiency of PCR amplifica-
tion for the target gene and the housekeeping gene must be 
approximately equal. For every real-time PCR assay that is 
being set up, this has to be tested, by determining how the 
DCt sample  and DCt calibrator  varies with template dilution. In 
case the efficiencies between PCR amplification for target 
and housekeeping genes are different, a new set of primer/
probe combinations has to be designed. Alternatively, the 
standard curve method or the more recently developed 
Pfaffl method (described below) can be applied.  

    7.5.3       The Pfaffl Method 

 As   an alternative to the comparative Ct method, more 
recently another mathematical model has been developed 
by M.W.  Pfaffl (2001) . In this method, the real-time PCR 
efficiency is also taken into account. Relative expression 
ratios (R) are calculated based on the efficiency of the real-
time PCR assay (E) and the threshold cycle of the unknown 
sample (Ct) versus a calibrator (e.g. non-treated control 

 FIGURE 7.7          Amplification plot. Typical amplification plot of a real-time RT-PCR reaction, with a baseline, exponential phase, and plateau phase. Cycle 
number is plotted against DRn (the difference between the fluorescence detected at a certain point of the reaction and the initial fluorescence, or the 
fluorescent emission of the baseline). The threshold is chosen based on the variation of the baseline. Ct (threshold cycle) is the point where the detected 
fluorescence crosses this given threshold.    
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 FIGURE 7.8          Standard curve.  A.  Linear amplification plot. Amplification plot of b-actin plasmid cDNA. Seven points of a ten-fold dilution series of a 
b-actin cDNA plasmid standard, amplified using the TaqMan system.  B.  Logarithmic amplification plot. The same amplification curve as in A, but 
shown in a logarithmic scale.  C.  Standard curve for b-actin, constructed by plotting threshold cycle (Ct) values against input cDNA copy numbers.    
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sample), and expressed in comparison to a reference house-
keeping gene. This is expressed by the following equation: 

   
Ratio ( E ) /( E )target

Ct(target)
ref

Ct(ref)� � �1 1Δ Δ

    

  where E target     �  PCR efficiency of the target gene, E ref   �  
PCR efficiency of the reference gene,  Δ Ct(target)  �  
Ct(sample)  �  Ct(calibrator) of the target gene, and 
 Δ Ct(ref)  �  Ct(sample)  �  Ct(calibrator) of the refe -
rence gene. 

 In   analogy with the  Δ  Δ Ct method,  Δ Ct is the Ct of the 
target gene subtracted by the Ct of the housekeeping gene. 
Because this method takes into account the intrinsic effi-
ciency of each PCR reaction, it can be applied for any real-
time PCR amplification assay, with enhanced accuracy.   

    7.6       MULTIPLEX REAL-TIME PCR 

 Multiplex   real-time PCR can refer either to the simultane-
ous amplification and detection of different target genes in 
one tube, or to the use of multiple fluorogenic probes for 
the discrimination of different alleles. The term is therefore 
somewhat confusing, since it is not a mere extension of 
classical multiplexing known in conventional PCR, which 
was simply the amplification of multiple templates within 
one reaction, using different primers. 

 Since   diagnostic analyses are often restricted by the 
limited availability of bioptic material, and one of the pri-
mary goals is to decrease analysis time, multiplex PCR is 
considered an attractive solution. However, it is still not 
routinely used today. 

 One   difficulty is associated with limitations caused by 
interference of multiple sets of primers, which can reduce 
the dynamic range of sensitivity. In practice, a problem will 
arise when highly differentially expressed targets have to be 
quantified simultaneously, since the exponential phase of 
amplification of the most abundant target will not overlap 
with that of the less abundant target. Thus, in order to be able 
to simultaneously amplify these different targets, an exten-
sive optimization is required, which most often makes use of 
primer limiting conditions (for the most abundant target). 

 Other   obstacles arise from the limited number of differ-
ent fluorophore reporters with a good spectral resolution. 
Real-time PCR instrumentations contain optimized filters to 
minimize the overlap of the emission spectra from the differ-
ent available fluorophores. Despite this, the number of fluor-
ophores that can be combined and clearly distinguished is 
limited when compared with the resolution in conventional 
multiplex PCR. Recent improvements in the design of other 
probe formats as well as novel combinations of fluorophores 
have aided greatly in the ability to simultaneously detect a 
larger number of targets. Also recent developments in real-
time PCR instruments have significantly improved, allowing 
multiplexing of up to six different colors (see  Table 7.1 ). 

 Another   approach, which is used for the detection of 
human genetic diseases, is based on the discrimination 
between single or multiple nucleotide changes (between 
different alleles) by making use of the differences in melt-
ing point. In this approach, a single fluoroprobe can be 
used to distinguish between products, based on their dis-
tinct melting temperatures, which is reflected by the dif-
ferences in thermodynamic stabilities of the perfectly 
complementary and the mismatched probe-target duplexes. 

 Finally  , the combined use of multicolor fluorimetry and 
fluorescence melting curve analysis can greatly increase 
the number of targets that can be detected simultaneously 
( Wittwer  et al. , 2001 ). A nice example, applying this 
sophisticated technique, is the simultaneous detection of all 
27 possible base substitutions occurring in codons 12, 13, 
and 61 from the wild-type sequence of the  Nras  oncogene 
( Elenitoba-Johnson  et al. , 2001 ).  

    7.7       APPLICATIONS IN MOLECULAR 
DIAGNOSTICS 

    7.7.1       Clinical Microbiology 

 Real  -time PCR has been shown to be extremely useful 
for studies in the field of clinical virology, bacteriology, 
and fungal diagnosis (see also section 30.2.3)  . Most of the 
assays developed allow an increased frequency as well as 
enhanced speed of pathogen detection as compared to con-
ventional culture techniques. Moreover, quantification of 
pathogen load is made possible. For real-time assay devel-
opment one has to take into account that most infectious 
agents are characterized by a high mutation rate, which can 
dramatically influence the pathogen load estimation. This 
can be overcome by designing primers in highly conserved 
regions. Alternatively, of course, sequence variations can 
provide the basis for development of subtype-specific 
assays. 

    7.7.1.1       Virology and Bacteriology 

 Real  -time PCR is increasingly used for the diagnosis of 
different diseases caused by DNA viruses, such as cytome-
galovirus ( Tanaka and Kimura, 2000 ), Epstein Barr virus 
( Ohga and Kubo, 2001 ), and hepatitis B virus ( Brechtuehl 
and Whalley, 2001 ). It is a very reliable technique to titer 
viral genome density in clinical specimens, to monitor 
patients with virus infections, or to monitor reactivation 
in patients with latent infections. Indeed, viral DNA copy 
numbers change proportionally with anti-viral therapy 
( Nitsche  et al. , 1999 ). It should thus be clear that the appli-
cation of real-time PCR in this field resulted in a great 
improvement in following the impact of the therapy. Other 
applications in the field of virology for which the real-
time PCR technology has been validated are the detection 
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of Bacillus anthrax ( Makino and Cheun, 2003 ), human 
papillomavirus ( Hubbard, 2003 ), influenza virus ( Ellis and 
Zambon, 2002 ), and parpovirus ( Bultmann  et al. , 2003 ), to 
name just a few. 

 Similarly  , real-time PCR methods are used increasingly 
for the detection of bacterial pathogens. Validated examples 
are, for instance, the detection and quantification of differ-
ent  Mycobacterium  species ( Miller  et al. , 2002 ;  Rondini 
 et al. , 2003 ),  Helicobacter pylori  ( Lascols  et al. , 2003 ), and 
 Streptococcus pneumonia  ( van Haeften  et al. , 2003 ).  

    7.7.1.2       Fungal Diagnosis 

 In   the detection of fungal infections it has become essential 
to develop methods that allow for a quick, sensitive, and 
specific detection. Indeed, fungal infections are a major 
cause of morbidity and mortality in immuno-compromised 
patients (for instance, after aggressive chemotherapy, 
organ transplantation, or in immuno-deficient patients). It 
is evident that early initiation of antifungal therapy, which 
critically depends on the early, fast, and accurate detection 
method, is essential in reducing the high mortality rates 
associated with fungaemia. The gold standard for detec-
tion of fungal infections has long been blood culture. But 
this technique is very time consuming and lacks sensitivity. 
Therefore the validation of real-time PCR in the detection 
of fungal infections essentially overcomes these limitations 
and is a promising tool to become the new gold standard. 

 Real  -time PCR assays have been developed using 
broad-range fungal primers: for example, the fungal 18S 
rRNA gene. These amplify fungi-specific and highly con-
served sequences of multicopy genes and are clinically use-
ful for the detection of fungal infections. Additionally, PCR 
assays targeting species-specific sequences can be used to 
identify the pathogen. Alternatively, specific identification 
of the pathogen can be obtained by subsequent sequencing 
of the amplicon ( Imhof  et al. , 2003 ). 

 The   development of these real-time PCR assays allows 
species determination of fungal DNA not only in human 
blood samples, but also in human tissue biopsies. This is 
a great step forward, since in this way, deep-seated fungal 
infections can be analyzed, which was not possible with 
the previous culture-based techniques ( Imhof  et al. , 2003 ). 
Pathogenic fungi, for which detection protocols by real-
time PCR have been validated, for example, are  Candida , 
 Aspergillus ,  Histoplasma , and  Conidiobolus  species ( Imhof 
 et al. , 2003 ;  White  et al. , 2003 ).   

    7.7.2       Food Microbiology 

 Rapid   and accurate detection of bacterial pathogens from 
food samples is important, both for food quality assurance 
and to trace outbreaks of bacterial pathogens within the 
food supply. Real-time PCR analysis meets these criteria, 

since it significantly shortens analysis time compared to 
conventional biochemical and serological identification 
methods, and because the technique can be applied directly 
on preenrichment media or food products. A specific prob-
lem when analyzing food pathogens is that foods are often 
complex matrices, which require selective enrichment 
steps to overcome problems of low pathogen numbers. 
To address this issue, a universal enrichment broth has 
been developed, enabling enrichment of multiple patho-
gens ( Bailey and Cox, 1992 ). An additional problem that 
has to be faced in the case of PCR-based detection meth-
ods for food pathogens is to discriminate between life and 
death pathogenic cells. One approach used is to apply a 
living/dead dye that covalently binds to DNA and inhib-
its PCR amplification from dead cells ( Rudi  et al. , 2002 ). 
Alternatively, the development of mRNA-based real-
time PCR assays as opposed to DNA-based assays can be 
applied, which has the advantage of serving as an accu-
rate indicator of pathogen viability ( Rijpens and Herman, 
2002 ). 

 Protocols   have been validated for the detection of 
 Escherichia coli ,  Salmonella  ( Bhagwat  et al ., 2003 ), and 
 Listeria  strains ( Norton, 2002 ) in food and environmental 
samples, to name just a few examples.  

    7.7.3       Clinical Oncology 

    7.7.3.1       Minimal Residual Disease 

 The   detection of minimal residual disease (MRD)  –  that 
is, the detection of a very low number of malignant cells  –  
significantly correlates with the clinical outcome in many 
hematological malignancies. Therefore, MRD monitor-
ing is important for therapy guidance in clinical settings. 
Real-time PCR-based techniques for the detection of MRD 
have been developed, and already are used in clinical pro-
tocols. The major challenge when optimizing such assays 
is to reach a maximal sensitivity. Real-time PCR assays for 
MRD detection can be divided into three main categories, 
depending on the specific type of target envisioned: 

    1.     Immunoglobulin and T-cell receptor gene 
rearrangements.  

    2.     Breakpoint fusion regions of chromosome aberrations 
and fusion-gene transcripts.  

    3.     Aberrant genes or aberrantly expressed genes.    

 The   choice for a specific application is dependent on the 
type of disease. In hematological malignancies, real-time 
PCR assays have been optimized; for instance, for acute 
lymphoblastic leukemia ( Pongers-Willemse  et al. , 1998 ; 
 Donovan  et al. , 2000 ), acute myeloid leukemia ( Jaeger and 
Kainz, 2003 ), chronic myeloid leukemia ( Gonzalez  et al. , 
2003 ), multiple myeloma ( Gerard  et al. , 1998 ;  Rasmussen 
 et al. , 2000 ), and non-Hodgkin’s lymphoma ( Yashima 
 et al. , 2003 ). 
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 Importantly  , in this field efforts are being made to 
meet standardized criteria and an international uniformity. 
Several European networks have been established, which 
have developed common universal guidelines for data anal-
ysis and reporting MRD data. Furthermore, these networks 
also perform quality control rounds, which are required 
to monitor the performance of the participating laborato-
ries and to further improve and standardize real-time PCR 
assays (       van der Velden  et al. , 2003, 2007 ).  

    7.7.3.2       Single Nucleotide Polymorphisms 

 Single   nucleotide polymorphisms (SNPs), present in the 
human genome, are used as genetic markers to follow the 
inheritance patterns of chromosomal regions from genera-
tion to generation. Moreover, they consist of a powerful 
tool in the study of genetic factors associated with human 
diseases ( Johnson and Todd, 2000 ;  Risch, 2000 ). In a clini-
cal setting, detection of specific SNPs can be very use-
ful for determining the relative percentages of donor and 
recipient cells after allogeneic bone marrow transplantation 
( Oliver  et al. , 2000 ). 

 Real  -time PCR assays have been developed for SNP 
detection. For this application the level of discrimination 
between target and non-target allele is the most important 
challenge when optimizing the technique. In this real-time 
PCR method, one set of primers and two allele-specific 
fluorescent-labeled probes are used, making use of differ-
ent reporter dyes. The two alleles can thus be distinguished 
by the differential fluorescent emission of the two differ-
ent reporter dyes ( Livak, 1999 ). Alternatively, SNP detec-
tion is often making use of molecular beacons ( Tyagi 
 et al. , 1998 ) or scorpion probes ( Whitcombe  et al. , 1999 ). 
For each individual SNP assay, the level of discrimination 
has to be tested experimentally, since it is dependent on the 
mismatch.  

    7.7.3.3       Chromosomal Translocations 

 Chromosomal   translocations, which are often taking place 
in tumor cells, can be employed as tumor-specific PCR 
targets. The primers are designed so that they anneal to 
opposite sides of the breakpoint in the fusion gene. These 
fusion genes are interesting targets for the design of a PCR 
method. Indeed, they are directly related to the oncogenic 
process and therefore stable throughout the disease course. 
Moreover, the breakpoint fusion sites at the DNA level dif-
fer in each patient so that patient-specific real-time PCR 
strategies can be applied. A disadvantage of patient-specific 
assays is, of course, the higher analysis costs. A real-time 
PCR assay has been developed for the t(14,18) transloca-
tion, involving the  BCL2  and  IGH  genes ( Summers  et al. , 
2001 ). For the design of real-time PCR assays in this set-
ting a major difficulty is the relatively large amplicon size 
often necessary to span the fusion breakpoints, especially if 

one wants to design an assay for different patients cluster-
ing in relatively small breakpoint areas. 

 Alternatively  , real-time PCR can be performed on the 
transcripts of tumor-specific fusion genes. These are dis-
ease-specific transcripts located over chromosome break-
points, leading to an in-frame RNA product ( Rowley, 
1998 ). Interestingly, these fusion transcripts can be iden-
tical in individual patients despite distinct breakpoints, 
because the breakpoints often are located in introns. An 
advantage of this approach is that the same set of primer/
probes can be used for analysis of individual patients 
with the same fusion transcript, but different breakpoint 
translocations (van der  Velden  et al. , 2003 ). Examples of 
validated real-time PCRs using this approach are the BCR/
ABL ( Jones  et al. , 2003 ), MLL/AF9 ( Scholl  et al. , 2003 ), 
CBFbeta/MYH11 fusion gene transcripts ( Marcucci  et al. , 
2001 ), or the simultaneous detection of ten different fusion 
gene transcripts ( Osumi  et al. , 2002 ).   

    7.7.4       Gene Therapy 

 The   primary goal of gene therapy is to specifically deliver 
the therapeutic gene to the target organ in a time- and dose-
dependent manner and, most importantly, to avoid deliv-
ery to non-target organs, since this may result in toxic side 
effects. In this case, the therapeutic gene is delivered to the 
target cells through a vector system, most often a viral vec-
tor ( Crystal, 1995 ). Two important parameters have to be 
analyzed when considering gene therapy as a drug delivery 
system: 

    1.     Gene transfer estimation, which is the expression level 
of the therapeutic gene in regard to target tissue levels 
over time.  

    2.     The bio-distribution, which is the distribution of 
the drug in different organs for different routes of 
administration.    

 Real  -time PCR assays have been validated both in 
regard to gene transfer as well as bio-distribution of gene 
therapy vectors. The major challenge in optimizing these 
assays is the accuracy of quantification and the sensitiv-
ity of the assay. Real-time PCR assays using hybridization 
probes, for instance, have been validated for adenovirus 
gene transfer vectors and proven to be quantitative, repro-
ducible, and sensitive ( Senoo  et al. , 2000 ;  Hackett  et al. , 
2000 ).  

    7.7.5       Quantification of Gene Expression 

 Probably   one of the most widely used applications of real-
time PCR is the quantification of mRNA expression, or 
real-time reverse-transcriptase PCR (RT-PCR). Major chal-
lenges when optimizing real-time PCR assays for gene 
expression studies are the sensitivity of the assay, accurate 
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quantification, avoiding amplification of contaminating 
genomic DNA, and the choice of a relevant housekeeping 
gene as control. The use of real-time PCR in molecular 
diagnostics has been reported, for instance, for the analy-
sis of tissue-specific gene expression ( Bustin, 2000 ) and 
for analyzing cytokine mRNA expression profiles ( Giulietti 
 et al. , 2001 ). Currently, real-time RT-PCR assays are being 
combined with other sophisticated technologies, such as 
microarray analysis and laser capture micro-dissection. 
The availability of these high-throughput technologies ena-
ble the analysis of gene expression to measure alterations 
in molecular genetic events associated with the initiation 
and progression of a variety of diseases ( Elkahloun  et al. , 
2002 ). 

 In   the field of immunology, quantification of gene 
expression by real-time RT-PCR is widely used for the 
analysis of cytokines and chemokines. Cytokines are pro-
teins, which are secreted by many different cell types, such 
as lymphocytes, monocytes, macrophages, dendritic cells, 
endothelial cells, and fibroblasts. They play a central role 
in modulating immune responses, including lymphocyte 
activation, proliferation, differentiation, survival, and apop-
tosis. Consequently, abnormal cytokine expression pat-
terns will contribute to immune-mediated disorders, such 
as autoimmune, allergic, and infectious diseases ( Borish 
and Steinke, 2003 ;  Rabinovitch, 2003 ). In addition, they 
are commonly the focus of studies on immunosuppressive 
therapy during organ transplantation. 

 Chemokines  , also known as chemotaxic cytokines, are 
secreted proteins that function as chemo-attractants, con-
trolling the trafficking of specific subsets of leukocytes 
to sites of tissue damage to mediate specific immunologi-
cal functions. In autoimmune diseases, the migration and 
accumulation of leukocytes in diseased target organs is a 
critical step in the development of the disease ( Kunkel and 
Godessart, 2002 ). 

 Therefore  , a reliable quantification of cytokine, 
cytokine receptor, chemokine, and chemokine receptor 
mRNA levels in diseased target organs are fundamental 
for our understanding of diverse pathological states and 
for monitoring therapeutic effects. Major challenges when 
optimizing real-time PCR assays for gene expression stud-
ies are the sensitivity of the assay, accurate quantification, 
and avoiding amplification of contaminating genomic 
DNA. The use of real-time RT-PCR has been validated for 
a large panel of cytokines and chemokines ( Giulietti  et al. , 
2001 ;        Overbergh  et al. , 2003b, 2006 ). This greatly refined 
the role of cytokines and chemokines in numerous biologi-
cal and clinical contexts; for instance, in type 1 diabetes 
( Gysemans  et al. , 2003 ;  Overbergh  et al. , 2003a ), in type 
2 diabetes ( Guilietti  et al. , 2007 ) and experimental autoim-
mune encephalitis ( van Etten  et al. , 2003 ). According to 
the numerous publications using real-time PCR technique 
for quantification of cytokine and chemokine expression, it 
has definitely become the gold standard in this field.   

    7.8       CRITERIA FOR DEVELOPING 
REAL-TIME PCR ASSAYS 

 The   choice of method for performing real-time PCR reac-
tions depends on the specific application envisioned. An 
important distinction has to be made, for instance, depend-
ing on whether one is dealing with measuring mRNA 
expression levels or with DNA copy number. Other factors, 
such as the number of genes, the number of targets, the 
importance of fast screening, allelic discrimination, accu-
rate quantification, sensitivity, and the costs, need careful 
consideration. 

 Criteria   to be taken into account when optimizing 
real-time PCR assays for mRNA quantification, such as 
primer design, template preparation, and normalization of 
the results, are described next. These are based mainly on 
our own experience in the field of quantification of mRNA 
expression levels of cytokines, chemokines, or other 
immune related targets, in the context of gaining more 
insight into the mechanisms of disease outcome in type 1 
diabetes ( Overbergh  et al. , 2000 ;  Gysemans  et al. , 2000 ; 
 Giulietti  et al. , 2001 ). 

    7.8.1       Primer and Probe Design 

 For   the design of primers and probes, different software 
programs are available. The most commonly used are 
Primer Express (Applied Biosystems) and the LightCycler 
Probe Design (Roche), although several useful websites 
assisting in the design of primers and probes have also 
appeared recently. A widely used freely available soft-
ware package for primer design is Primer 3 ( http://frodo.
wi.mit.edu/ ). As in classical PCR reactions, the primers 
should be free of direct and inverted repeats, as well as 
of homopolymeric runs. Furthermore, primers should not 
be able to form inter- and intramolecular dimers. Special 
attention should be given to the 3 �  sequence: this sequence 
should not form dimers or hairpins and the binding should 
not be too strong in order to prevent non-specific exten-
sion. Particularly for real-time PCR detection, the ampli-
con length should be very short, with the common rule 
being  ‘  ‘ the shorter the better ’  ’  (ideally 50 – 150 base pairs). 
For the design of probes (in our case TaqMan probes), a 
few important specifications have to be taken into account. 
Probes should have a melting temperature about 10 ° C 
higher than the primers in order to anneal to the target 
sequence during the extension phase of the PCR reaction 
(which is usually performed at 60 ° C). Furthermore, probes 
should not contain a guanosine at their 5 �  end, and should 
have more cytidines than guanosines. 

 When   designing primers/probes for the quantification 
of target mRNA expression, special care has to be taken 
to avoid coamplification of contaminating genomic DNA. 
An efficient way to do so is by designing primer/probe 
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combinations on exon – intron boundaries. Sometimes this 
strategy is not possible, for example, in the case of an 
intron-less gene or in case the genomic DNA sequence is 
not (yet) available. In these cases one is obliged to perform 
a DNase treatment on the RNA samples. Moreover, contra-
dictory to what the suppliers claim, DNase treatment will 
not always result in complete removal of DNA ( Bustin, 
2002 ). 

 Since   primer/probe design and experimental validation 
is time consuming, a free, publicly available RTPrimerDB, 
a real-time PCR primer, and probe database, which pro-
vides validated real-time PCR primer and probe sequences, 
has been developed. At present, it contains useful user-
based validated primer/probe sequences for human, mouse, 
rat, fruit fly, zebrafish, and many other species, using all 
currently available detection chemistries. These real-time 
PCR primer/probe records are available at  http://medgen.
ugent.be/rtprimerdb/  (       Pattyn  et al. , 2003, 2006 ).  

    7.8.2       Gene Expression Normalization 

 A   reliable quantitative real-time RT-PCR method requires 
correction for experimental variations in individual reverse 
transcriptase and PCR efficiencies. Indeed, differences in 
efficiency of the reverse transcriptase reaction will result in 
an amount of cDNA that does not correspond to the start-
ing amount of RNA. Furthermore, because of the exponen-
tial nature of the PCR reaction, minor differences in PCR 
amplification efficiency will result in major differences in 
the PCR product. 

 Currently  , the most widely applied method to correct for 
these variations is normalization to a housekeeping gene. In 
theory, an ideal housekeeping gene should be expressed at 
a constant level among different tissues of an organism, at 
all stages of development, and should not be affected by the 
experimental treatment itself. In practice, however, finding 
a gene with these characteristics is an almost impossible 
task. Indeed, the expression of a housekeeping gene can 
also be regulated by the experimental treatment or can be 
tissue dependent. In this regard, more and more evidence is 
accumulating suggesting that all genes are regulated at least 
under some conditions. Therefore, it has become a fact that 
a universal reference gene with a constant expression in all 
tissues simply does not exist. It is therefore important that 
prior to performing each specific set of experiments, a suit-
able housekeeping gene needs to be validated. The most 
commonly used housekeeping genes are b-actin, glycer-
aldehyde-3-phosphate-dehydrogenase, rRNA, and hypox-
anthine guanine phosphoribosyl transferase. Other genes, 
such as cyclophilin, mitochondrial ATP synthase 6, and 
porphobilinogen deaminase, also are used. Recently, differ-
ent panels of reference genes became commercially avail-
able for testing ( http://www.tataa.com/referencepanels.
htm ) and specific software programs have been developed 

in the search for an optimal reference gene for a specific 
experimental setup ( Vandesompele  et al. , 2002 ;  Pfaffl 
 et al. , 2004 ). Using these systems, one has to keep in mind 
that reference genes with similar functional properties may 
have a co-regulated expression. It may therefore be advis-
able to choose reference genes from distinct functional 
classes ( http://www.tataa.com/referencepanels.htm ).  

    7.8.3       Real-Time PCR and Laser Capture 
Microdissection 

 The   method of normalization is rather straightforward 
when the RNA samples originate from pure cell popula-
tions or cell-lines. However, in case RNA extractions and 
real-time PCR have to be carried out on whole tissue or 
tissue biopsies, an additional problem arises when normal-
izing the results to a housekeeping gene. In the field of 
immunology, for instance, some experimental treatments 
can change the size of an organ, for example by inducing 
splenomegaly, rendering the tissue unsuitable for compar-
ison to a normal control tissue. Similarly, in transplanted 
or auto-immune attacked organs, the diseased organ will 
have significantly larger immune cell infiltrates compared 
to a normal organ. Other treatments, such as irradiation, 
can change the expression level of several housekeeping 
genes, again making normalization very difficult. Also, in 
cancer research the presence of normal cells in the imme-
diately surrounding of cancer cells is a major difficulty 
when normalizing to a housekeeping gene. Furthermore, 
starting from whole tissues or tissue biopsies in these cases 
will result in the averaging of the expression of different 
cell types, and the expression profile of a specific cell type 
will be masked because of the bulk of surrounding cells. In 
addition, no information will be obtained as to which cell 
type is the actual producer of the measured target RNA. 

 An   elegant approach to circumvent this problem of dif-
ferences in the cell populations itself, which has received 
increased attention during the last couple of years, involves 
the combination of real-time PCR with laser capture micro-
dissection (LCM). The technique of LCM was described 
for the first time in 1996 ( Emmert-Buck  et al. , 1996 ). It is 
a simple, reliable, and rapid technique, which allows the 
extraction of pure subpopulations of cells from heterogene-
ous tissue samples, with retention of cell morphology. This 
is performed by directing a brief laser pulse at cells within 
a tissue section placed on a glass slide. In this way, individ-
ual cells or groups of cells can be selected, without dam-
aging the cells. Therefore, gene expression patterns, both 
at the RNA and at the protein level, are maintained, and 
samples are suitable for molecular analysis. The combina-
tion of LCM and real-time PCR is increasingly being used, 
especially in the genetic analysis of cancer cells ( Elkahloun 
 et al. , 2002 ; de  Preter  et al. , 2003 ). This technique has also 
been validated in other areas, for instance for the analysis 
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of gene expression upon  Mycobacterium tuberculosis  infec-
tion ( Zhu  et al. , 2003 ) or in atherosclerotic lesions ( Trogan 
 et al. , 2002 ).   

    7.9       CONCLUSIONS 

 The   introduction of the real-time PCR technology has 
revolutionarily simplified the quantification of DNA and 
RNA. This has had a great impact in the field of molecu-
lar research and diagnostics, since enormous amounts of 
data can be obtained within a very short research time. The 
decreased costs for the thermal cyclers as well as for the 
necessary reagents for applying the technique have aided in 
its rapid increase in use. Indeed, it is clear from a Medline 
search for the keyword  ‘  ‘ real-time PCR ’  ’  that its use 
increased exponentially over the last decade (see  Fig. 7.9   ). 
Therefore, it seems that this technique is becoming the gold 
standard for the detection and quantification of DNA and 
RNA in the general research or diagnostic laboratory. 

 Although   real-time PCR assays by themselves are char-
acterized by high precision and reproducibility, the accu-
racy of the data obtained are largely dependent on several 
other factors. In order to design and analyze experiments 
using real-time PCR it is not sufficient to simply extend 
one’s knowledge of classic end-point PCR. Indeed, many 
other controls are needed to be certain of the accuracy of 
the results when using real-time PCR assays. These factors, 
such as sample preparation, quality of the standard, choice 
of a housekeeping gene, and normalization of samples, 
need careful consideration and optimization. Furthermore, 
it is important that standardized criteria and international 
uniformity in experimental design and data analysis is 

reached, in order to be able to compare data between dif-
ferent laboratories. 

 New   developments, such as the combination of real-
time PCR with other sophisticated techniques such as 
LCM, make it possible to measure gene expression or 
DNA copy numbers in specific cell types from  in vivo  sam-
ples, which were previously very difficult to analyze. These 
make the possible applications of real-time PCR even more 
attractive for the future.   
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 Chapter 8 

    8.1       INTRODUCTION 

 Pyrosequencing    ®   is based on sequencing by synthesis. The 
chemistry was developed in the late 1990s ( Nyren, 2007 ) 
and has been expanded into a medium-throughput technol-
ogy for genetic and epigenetic analysis. 

 The   assay utilizes the natural release of pyrophosphate 
whenever a nucleotide is incorporated onto an open 3 �  
DNA strand. The released pyrophosphate is used in a sulfu-
rylase reaction releasing ATP. The released ATP is used by 
luciferase in the conversion of luciferin to oxyluciferin. The 
reaction results in the emission of light, which is recorded 
by a charge-coupled device (CCD) camera in the form of 
peaks, known as a Pyrogram  ®   ( Marsh  et al ., 2005 ;  Ronaghi, 
2001 ;  Ronaghi  et al ., 1998 ;  Fig. 8.1   ). When a nucleotide 
is not incorporated into the reaction, no pyrophosphate is 
released and the unused nucleotide is removed from the 
system by degradation through apyrase. This process is 
performed in a closed system in a single well. The process-
ing is simple and relatively fast (post-PCR  � 20 minutes/96 
samples for a typical assay) and the cost of the reaction 
is comparable to other medium-throughput technologies. 
One of the major advantages is the flexibility of the sys-
tem in terms of its range of applications. Another advan-
tage is that assays developed in one laboratory, including 
published assays, are readily transferable to another lab 
with a Pyrosequencing instrument with no or minimal opti-
mization. Finally, Pyrosequencing assays are amenable to 
a range of source DNA, including degraded/low-quality 
DNA. The flexibility of Pyrosequencing assay design and 
analysis makes it an ideal medium-throughput genotyping 
system that meets most research laboratory needs.  

    8.2       TECHNOLOGY 

    8.2.1       Liquid-Phase 

 The   original Pyrosequencing instrument, the PSQ ™ 96, 
used streptavadin-coated magnetic beads and a magnetic 

prep tool with disposable covers to process the post-PCR 
samples ( Rose  et al ., 2003 ). The available software was 
limited to single nucleotide polymorphism (SNP) detection 
with only simplex reads, and allele quantification. Software 
for short sequence reads was also available. Major limita-
tions involved the inability to assess tri-allelic (SNPs) or 
insertions and deletions (indels). Methylation analysis and 
DNA pooling analysis could be performed using the allele 
quantification software. The assay limitations were recti-
fied with the PSQ ™ MA, which introduced multiplex, tri-
allelic, and indel screening. The sensitivity of the camera in 
the earlier systems was considerably lower than that used in 
later systems. Subsequent instruments with improved cam-
era sensitivity use streptavadin-coated sepharose beads with 
a vacuum prep tool in place of the magnetic beads ( Marsh 
 et al ., 2005 ), allowing a lowering of PCR volume and con-
sequently reducing reagent costs. In addition,  specialized 
software is now available to analyze methylation. 

 A   video run-through of a typical Pyrosequencing geno-
typing experiment is available online ( King and Scott-
Horton, 2008 ). Typically, PCR amplification is performed 
to generate an amplicon (optimum size 300       bp or less) 
containing the variant(s) of interest. One of the PCR prim-
ers contains a 5 �  biotin tag. The PCR product is mixed with 
streptavadin-coated sepharose beads. Streptavadin has a high 
binding affinity for biotin. The PCR/bead complex is cap-
tured onto filter tips using a vacuum preparation tool and 
subsequently removed with sodium hydroxide to denature 
the PCR product. This way, the non-biotinylated DNA strand 
is removed and single-stranded PCR product is left attached 
to the sepharose beads. The single-stranded PCR product/
bead complex is deposited into a plate containing an internal 
primer that will anneal typically within 5       bp of the variant(s) 
of interest in the PCR amplicon. The plate is heated and 
cooled to room temperature to allow annealing to take place. 

 Once   the samples have been amplified, the plate is run 
on a Pyrosequencing instrument. Enzyme and substrate 
mixtures and nucleotides are dispensed using an inkjet-style 
cartridge into each sample well. Subsequently,  nucleotides 
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are  dispensed individually into each well and the 
Pyrosequencing reaction is allowed to take place ( Fig. 8.1 ). 
Light emission relative to the incorporation of nucleotides 
is recorded using a CCD camera and visualized in the form 
of peaks known as Pyrograms ™ . A modified dATP (dATP-
 α -S) is used in place of adenine as dATP would be used 
directly in the luciferase reaction, leading to non-specific 
peaks for each dATP dispensation. Although the modified 
dATP does solve this problem, a higher background is typi-
cally seen for adenine positions on the Pyrogram, and this 
is automatically compensated for by the analysis software. 
The reaction can be monitored real-time in each well and 
typically takes one minute/nucleotide dispensation/96-well 
plate. A typical genotyping reaction to identify SNPs or 
indels will take 20 minutes per 96-well plate. 

 For   polymorphism and methylation analysis ( Fig. 8.2   ; 
 Yu and Marsh, 2008 ) where the sequence is known in 
advance, the software can be programmed to dispense a 
specific nucleotide pattern corresponding to the sequence 
immediately adjacent to the 3 �  end of the internal primer, 
running through the variant position and including a few 

extra bases after the variant. This provides an internal con-
trol where the pattern of the Pyrogram can be matched 
to the expected pattern based on the known sequence. 
Typically, the software automatically matches the expected 
and observed patterns and passes or fails individual wells 
based on the match ( King and Scott-Horton, 2007 ). For 
sequencing analysis the nucleotides can be dispensed 
sequentially (e.g. A,C,G,T,A,C,G,T,A,C,G,T, etc.), and 
the resulting pattern of nucleotide incorporation is read 
in a similar manner to a sequencing chromatogram. One 
advantage with Pyrosequencing reads is that the peaks do 
not overlap as they may do in sequencing chromatograms 
and in some situations, e.g. for polymorphic dinucleotide 
repeats ( Saeki  et al ., 2003 ) or regions where secondary 
structure is affecting the sequencing read, ( Ronaghi  et al ., 
1999 ) the results are easier to interpret. 

 Cost   can be an issue with Pyrosequencing as biotin-
labeled primers are expensive (especially compared to 
unmodified primers). This can be alleviated by the use of 
a universal primer ( Guo and Milewicz, 2007 ). PCR pri-
mers are designed with one of them containing a 16       bp tag. 

The Principle of Pyrosequencing® Technology

 FIGURE 8.1          The principle of Pyrosequencing. Published with permission from Biotage AB.    
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After PCR has been performed, the PCR product is further 
amplified with a biotinylated universal primer that primes 
from the tag. This allows the use of one biotinylated primer 
for all assays, rather than the need to purchase unique bioti-
nylated primers for each assay. 

 Although   the instrument analysis software does allow 
multiplex reactions to be run (either multiple variants 
on one PCR amplicon or up to three variants on separate 
amplicons in the same well) ( Patel  et al ., 2007 ), assay 
design for multiplex reactions is complex and not cur-
rently automated, even within the commercially available 
Pyrosequencing Assay Design software. Consequently, this 
aspect of Pyrosequencing still has limited functionality. 

 The   system is also restricted where homopolymers are 
involved in or close to the polymorphism. Two or more of 
the same nucleotide occurring adjacently will lead to dou-
ble or more peak height, rather than separate peaks for each 

base. The signal will reach a plateau, meaning more than 5 
or 6 of the same nucleotide in a row will not be accurately 
distinguishable (less in the case of adenine as the signal 
tends to run higher). Consequently, not every sequence 
is amenable to Pyrosequencing analysis. However, as 
Pyrosequencing allows for more flexibility in primer place-
ment (both PCR and internal primers) than most other gen-
otyping assays, it is often possible to design the assay such 
that the internal primer covers the homopolymer stretch, 
eliminating the need for this to be present in the Pyrogram.  

    8.2.2       Solid-Phase 

 One   of the limitations with liquid-phase Pyrosequencing 
is that after multiple nucleotide dispensations the apyrase 
levels are depleted. Also, the sequential addition of nucle-
otides dilutes the enzyme concentrations. These factors lead 

 FIGURE 8.2          Detection of methylation by Pyrosequencing. Published with permission from Biotage AB.  Note : The e-book for this title, including full-
color images, is available for purchase at www.elsevierdirect.com.    
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to signal drop-off, visualized by decreased peak heights, 
and increased background noise, and limit the length of 
sequence that can accurately be determined ( Ronaghi  et al ., 
2007 ). 

 454   Sequencing ™  technology (see also sections 8.2.3.4, 
8.3.3 and Chapter 24)   uses emulsion-based clonal amplifi-
cation with primers that are both target specific and contain 
a tag allowing the fragments to bind to beads. These prim-
ers also allow internal (sequencing) primer binding. Each 
bead contains one single-stranded DNA copy and is subject 
to emulsified PCR (em-PCR ™ ), which results in millions 
of copies per bead ( Fig. 8.3   ). A Pico Titer Plate (PTP ™ ) 
is used to hold the beads (one bead per well), nucleotides 
are added across the plate and a typical Pyrosequencing 
reaction ensues. The resulting signal is recorded via a CCD 
camera and visualized in the form of a Flowgram and ana-
lyzed using the Genome Sequencer FLX ™  software. The 
system is flushed between each nucleotide addition to 
reduce background. The current system allows sequencing 
reads up to 500       bp at a rate of about 1 billion bases per day. 
Accuracy when compared to traditional sequencing is high 
( Huse  et al ., 2007 ) and the throughput and efficiency is 
greatly enhanced. The use of clonal amplification and flu-
idics system removed the problems associated with longer 
reads from the classic Pyrosequencing technology. 

 In   addition to sequencing up to 500       bp stretches of 
DNA, 454 Sequencing ™  technology system   can be used 
for transcriptome analysis, to identify transcription factor 
binding sites, methylation analysis (after bisulfate transfor-
mation of the sample), and SNP and indel identification  .

    8.2.3       Instruments 

    8.2.3.1       PyroMark ™ ID 

 The   PyroMark ™ ID instrument will perform the majority 
of Pyrosequencing applications including analysis of di-, 
tri- or tetra-allelic SNPs (simplex or multiplex), insertions, 
deletions, methylation analysis (with the Pyro Q-CpG ™  
software), and allele quantification. Ninety-six samples are 
processed simultaneously. In addition, the PyroMark ™ ID 
has the capability for short sequencing, which can be 
used for microbial typing, among other applications. 
The IdentiFire ™  software automatically compares short 
sequence runs to local databases to confirm the microbial 
species identified in the assay. 

 The   software will automatically analyze each well, scor-
ing them for pass, check or fail. Check indicates that user 
intervention is required to confirm the genotype. All wells 
can be manually edited and the software registers if an edit 
has taken place. Data output can be in the form of text or 
Excel report sheets, which can be modified to upload and 
archive into appropriate databases ( Van Booven, 2007 ).  

    8.2.3.2       PyroMark ™ MD 

 The   PyroMark ™ MD instrument lacks the short sequence 
application but otherwise has similar capabilities to the 
PyroMark ™ ID. It can also be purchased with an optional 
automated plate loader. The automated plate loader 
allows a run of up to ten 96-well plates to be performed 
in one batch, minimizing hands-on time. A typical 96-well 

 FIGURE 8.3          Sequencing reaction of the 454 ™  Genome Sequencer System. Millions of copies of a single clonal fragment are contained on each DNA 
Capture Bead.  ©  Roche Diagnostics GmbH.    
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plate takes approximately 20 minutes; however, assays 
 containing longer sequences will increase the run time.  

    8.2.3.3       PyroMark ™ Q24 System 

 The   PyroMark ™ Q24 instrument is currently approved for  in 
vitro  diagnostics in France, Germany, Ireland, Italy, Sweden, 
and the United Kingdom. This is a scaled down version of 
the PyroMark ™ MD. It assays 24 samples simultaneously 
(with no automated plate loading), allows SNP, indel and 
methylation analysis, and takes up a much smaller footprint 
than the PyroMark ™ MD or PyroMark ™ ID. Rather than 
having a linked computer to run the machine and analyze the 
data, data are available for download via a USB port and can 
be analyzed separately at a personal computer. This system 
is ideal for labs requiring a flexible genotyping system but 
lacking either the space or capacity for a 96-well system.  

    8.2.3.4       Genome Sequencer FLX ™  Instrument 

 The   GS FLX ™  Standard Series produces an average of 
250       bp of sequence, at a rate of approximately 100 mega-
bases/7.5 hours. The updated GS FLX Titanium ™  series can 
produce an average of 400       bp of sequence (mode 500       bp) at a 
rate of approximately 1 billion bases per day. The Titanium 
series has a redesigned PTP ™  with a higher density of wells 
compared to the standard series, and improved reagents 
allowing longer sequencing stretches to be analyzed. 

 The   software allows integration with LIMS and barcode 
scanning and the DNA sequence data are readily export-
able to Excel. The GS  de novo  Assembler software aligns 
and assembles the DNA sequence generated; GS Reference 
Mapper software allows comparison between known DNA 
sequences and genomes; and the GS Amplicon Variant 
Analyzer Software analyzes methylation, SNP, and indel 
data, as well as analyzing sequencing data.   

    8.2.4       PyroMark ™  tests 

 Pre  -made kits (for research purposes) are available for several 
commonly studied polymorphisms, fungal and mycobacteria 
typing, and methylation ( Table 8.1   ). An up-to-date list of cur-
rently available kits can be found at  http://www.pyrosequencing.
com/DynPage.aspx?id     �     14600 . The assays contain optimized 
pre-tested reagents and primers, eliminating the need for assay 
design. This can be a useful time saver as optimizing PCR 
conditions and primer redesign are the main time-consuming 
bottlenecks when using Pyrosequencing.   

    8.3       APPLICATIONS 

 Single   nucleotide polymorphisms or mutations (medical 
diagnostics and pharmacogenomics), indels, short tandem 
repeats, pooled allele frequencies, HLA typing, gene copy 

number, allelic imbalance, methylation status, viral  typing, 
and short sequencing stretches are among the numerous 
applications of Pyrosequencing ( Marsh, 2007b ). In addition, 
massively parallel sequencing can be performed using the 
454 Life Sciences ™  system (see also Chapter 24)  . A compre-
hensive database of publications involving Pyrosequencing 
can be found at  http://www.pyrosequencing.com/DynPage.
aspx?id     �     8890 & mn1     �     1388 . A similar database for 454 
Sequencing ™  technology can be found at  http://www.454.
com/publications-and-resources/index.asp . 

    8.3.1       Diagnostics 

    8.3.1.1       Microbial Typing 

 Rapid   identification of species of bacteria, viruses, molds 
and yeast is often essential for determining the source of 
infection and the relevant treatment (see also Chapter 30)  . 
Often short stretches of nucleotides are sufficient to unam-
biguously identify different species. This is beyond the 
majority of genotyping systems but standard sequencing 
techniques are an expensive solution. Pyrosequencing using 
the sequencing software has proven useful for multiple typ-
ing applications ( Ronaghi and Elahi, 2002 ;  Woodford  et al ., 
2007 ). A comprehensive methodology for phage typing is 
available ( Rahim, 2007 ) and pre-made kits and primers for 
bacteria and fungi typing are available from Pyrosequencing 
(Table 8.1). The PyroMark ™ ID Pyrosequencing instrument 
in conjunction with IdentiFire ™  software offers a rapid 
typing package. For 153 yeast isolates the fungal kit from 
Pyrosequencing identified all test organisms, including both 
common and rare  Candida  species ( Borman  et al ., 2008 ). 
Pyrosequencing was also used to accurately identify myco-
bacteria isolates with 93.5% accuracy ( Heller  et al ., 2008 ).  

    8.3.1.2       HLA Typing 

 HLA   is the major histocompatibility complex region on 
chromosome 6q21. This is the most polymorphic region of 
the human genome identified to date ( Choo, 2007 ). The pri-
mary role is in immune response; however, HLA antigens 
are implicated for a range of biological roles. HLA cross-
matching is important in transplantation to avoid transplant 
rejection. The HLA-DRB1 locus is also commonly associ-
ated with disease susceptibility, for example rheumatoid 
arthritis, Type I diabetes mellitus and ankylosing spondylitis 
are all associated with specific HLA types ( Choo, 2007 ). The 
sequencing software for Pyrosequencing offers a high resolu-
tion solution to HLA typing, which can be difficult to inter-
pret by standard sequencing (       Ringquist  et al ., 2002, 2007 ). 
Pyrosequencing methods have been used to identify alleles 
within the HLA locus, including identification of HLA-
DRB1*04 as a risk factor for development of alopecia areata, 
and HLA-DRB1*03 (in  particular HLA-DRB1*0301) as a 
protective allele for the same disease ( Entz  et al ., 2006 ).  
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 TABLE 8.1          PyroMark tests available at time of publication (more information available at  http://www.
pyrosequencing.com/DynPage.aspx?id     �     14600  and  http://www.pyrosequencing.com/DynPage.aspx?id     �     24914 ).  

   Kit  Test  Research use only  System 

   PyroMark ™  MOTT  Identification of mycobacteria 
other than tuberculosis 

 Also available for use in CLIA 
laboratories 

 PyroMark ™ ID 

   PyroMark ™  Fungi Test  Identification of commonly 
encountered fungi, including 
yeasts and molds 

 Also available for use in CLIA 
laboratories 

 PyroMark ™ ID 

   PyroMark ™   APOE   Codon 112 and 158 
polymorphisms 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   BRAF   p.V600E mutation  Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   HFE   p.H63D and p.S65C mutations  Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   KRAS   Contiguous multi-variable 
mutations in exons 12, 13, and 61 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™  LINE-1  Methylation levels of LINE-1 
transposons 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   MGMT   Methylation levels of the  MGMT  
promoter region 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   MLH1   Methylation levels of the  MLH1  
promoter region 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   MTHFR   c.677C      �      T genotype  Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™   p16   Methylation levels of the  p16  
promoter region 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™  Prader Willi/
Angelman 

 Methylation levels of paternal 
and maternally derived 
chromosome 15 

 Yes  PyroMark ™ ID and 
PyroMarkMD 

   PyroMark ™  Q24  BRAF   p.V600E mutation  Yes  PyroMark ™ Q24 

   PyroMark ™  Q24  KRAS   Contiguous multi-variable 
mutations in exons 12, 13, and 61 

 Yes  PyroMark ™ Q24 

   PyroMark ™  Q24 LINE-1  Methylation levels of LINE-1 
transposons 

 Yes  PyroMark ™ Q24 

   PyroMark ™  Q24  MGMT   Methylation levels of the  MGMT  
promoter region 

 Yes  PyroMark ™ Q24 

   PyroMark ™  Q24  MLH1   Methylation levels of the  MLH1  promoter 
region 

 Yes  PyroMark ™ Q24 

   PyroMark ™  Q24  p16   Methylation levels of the  p16  
promoter region 

 Yes  PyroMark ™ Q24 

    8.3.1.3       Forensics 

 Molecular   forensic analysis (see also Chapter 26)   can 
also benefit from Pyrosequencing technology. Genotyping 
for red blood cells, HLA antigens and platelets has been 
 successfully and accurately performed with Pyrosequencing 
technology ( Wu and Csako, 2006 ). In addition, in mixed 
samples, variations in mitochondrial DNA can be assessed 
by Pyrosequencing to identify individuals within the 

 mixture ( Andreasson  et al ., 2006 ). This application takes 
advantage of the allele quantification software, where a 
percentage of each peak in the variant site is given.  

    8.3.1.4       Copy Number 

 Copy   number variants can be determined utilizing the 
allele quantification software. Typically, a comparison 
with a region known not to be amplified or deleted is 
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 performed to determine the relative amplification or dele-
tion of the gene in question ( Pielberg and Andersson, 
2007 ;  Soderback  et al ., 2005 ). Copy number detection has 
been carried out for  BRAF , a gene involved in cutaneous 
malignant melanomas. A mutation (p.V600E) can be read-
ily assessed by a pre-made PyroMark ™  kit (Table 8.1). 
Further assessment of  BRAF  copy number can determine 
the frequency of  BRAF  p.V600E mutation alleles in each 
individual ( Spittle  et al ., 2007 ). Animal studies also make 
use of Pyrosequencing to detect gene copy number. A dom-
inant white coat color in domestic pigs is caused by dupli-
cation of the  KIT  receptor gene, and this is readily assessed 
by Pyrosequencing ( Pielberg and Andersson, 2007 ).   

    8.3.2       Research 

    8.3.2.1       DNA Pooling 

 The   need for rapid and inexpensive detection of allele fre-
quencies in case-control studies has led to the use of pools 
of DNA samples. This allows a quick comparison of over-
all allele frequency in the case pool compared to the control 
pool. The Pyrosequencing allele quantification software 
allows allele frequencies in pooled DNA samples to be 
determined ( Wasson, 2007 ;  Wasson  et al ., 2002 ). This has 
been done successfully and accurately in pools of up to 374 
individuals with accuracy to detect 4% difference in allele 
frequency between populations ( Neve  et al ., 2002 ). Sample 
sets assessed using this methodology include Parkinson’s 
disease case-control pools where 230 SNPs were assessed 
using a universal biotinylated primer ( Doostzadeh  et al ., 
2008 ). In addition, a case-control study for lung cancer 
risk identified differences in allele frequency between 
pools of 50 cases and 50 controls ( Spinola  et al ., 2007 ). 
The larger the number of DNA samples in the pool the 
lower the discrepancy between the average allele frequen-
cies based on individual samples compared to the pooled 
frequency ( Lavebratt  et al ., 2004 ). Presumably in smaller 
pools pipetting errors, etc. will be more obvious, whereas 
their contribution to the overall frequency will decrease in 
larger pools. The same allele quantification software can 
be utilized for other applications, such as copy number and 
allelic imbalance.  

    8.3.2.2       Allelic Imbalance 

 In   situations where non-coding polymorphisms appear 
to have a functional effect there is the possibility that 
regulatory polymorphisms in linkage disequilibrium 
(e.g. promoter region variants affecting expression, or 
3 �  untranslated region polymorphisms affecting RNA 
 stability) are responsible for altering gene expression. The 
assessment of allelic imbalance in heterozygous samples 
can give an indication if cis-acting variants are responsi-
ble and assist in narrowing down the search for functional 
 polymorphisms in the gene. Pyrosequencing has been used 

to assess allelic imbalance for heterozygous SNPs in cDNA 
( Wang and Elbein, 2007 ). A very commonly studied poly-
morphism,  ABCB1        c.3435C      �      T appears to be functional 
even though it is a synonymous polymorphism (does not 
change the amino acid sequence). The search for possible 
function for this SNP has led to the identification of allelic 
imbalance. Variability in expression levels between the C 
and T alleles in individuals heterozygous for c.3435C      �      T 
was seen using Pyrosequencing and two possible cis-acting 
regulatory polymorphisms in the promoter and upstream of 
the gene have been identified ( Loeuillet  et al ., 2007 ).  

    8.3.2.3       Gene Copy Number 

 Studies   of copy number variations have increased substan-
tially with the increased knowledge of their incidence in the 
human genome. In addition to the diagnostic potential (see 
above), research involving gene copy number variation can 
be substantially improved by the use of Pyrosequencing. 
For example, in addition to assessing the common poly-
morphisms within the  CYP2D6  gene, gene amplification 
of  CYP2D6  can be identified by Pyrosequencing using the 
 CYP2C8P  pseudogene as a comparison ( Soderback  et al ., 
2005 ). This allows the rapid detection of poor metabolizers 
( CYP2D6*5 ; gene deletion) and ultra-rapid metabolizers 
(  CYP2D6*2 xN ; multiple copies of the  CYP2D6  gene) to 
be identified, allowing information about a patient’s ability 
to metabolize many drugs to be known.  

    8.3.2.4       Pharmacogenomics 

 Pharmacogenomics   encompasses the search for genetic 
determinants of drug response and toxicity ( Evans and 
McLeod, 2003 ;  Marsh, 2007a ; see also Chapter 22)  . 
Pyrosequencing is widely applicable to pharmacogenom-
ics research as it allows the analysis of SNPs, mutations, 
indels, copy number, and short tandem repeats on a sin-
gle system ( Marsh  et al ., 2005 ). The technology has been 
used to identify differences in allele frequencies of phar-
macogenomic variants between populations ( King  et al ., 
2005 ;  Lanfear  et al ., 2004a ;  Marsh  et al ., 2004 ;  Oliveira 
 et al ., 2007 ), and also to determine associations between 
variants and toxicity ( de Jong  et al ., 2004 ;  Hoskins  et al ., 
2008 ;        Marsh  et al ., 2007a ;  Ranganathan  et al ., 2008 ) 
or outcome ( Cresci  et al ., 2008 ;  Hoskins  et al ., 2008 ; 
       Marsh  et al ., 2007a, b ) in patients receiving medications. 
Pyrosequencing has been used for pharmacogenom-
ics research in many fields, including oncology (       Marsh  
et al ., 2007a, b ), cardiology ( Cresci  et al ., 2008 ;  Lanfear 
 et al ., 2004a, b ) and rheumatology ( Ranganathan  et al ., 
2004, 2008 ). In a study of the beta-adrenergic receptor (in 
the context of beta-blocker efficacy) a novel variant was 
identified through routine analysis of a common variant 
using Pyrosequencing ( Lanfear  et al ., 2004b ). This novel 
variant would have been missed by other commonly used 
genotyping techniques.  
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    8.3.2.5       Methylation 

 In   addition to standard genetic variations at the DNA level, 
in cancer pharmacogenomics aberrant methylation of the 
tumor genome may also play an important role in drug 
response and toxicity. This is also readily analyzed using 
Pyrosequencing technology ( Tost and Gut, 2007 ; Fig. 8.2; 
see also Chapter 14)   with the Pyro Q-CpG ™  software, 
which allows the analysis of multiple CpG (methylation) 
sites within a single reaction. In a study of 52 tumors from 
colorectal cancer patients (with matched tumor samples for 
comparison) methylation status of the promoter region of 
three genes ( MLH1 ,  DPYD , and  CDKN2A ) was determined 
using Pyrosequencing. An association between increased 
 MLH1  methylation status and decreased  MLH1  RNA 
expression was identified ( Yu  et al ., 2008 ).   

    8.3.3       Massively Parallel Sequencing 

 The   availability of high-throughput sequencing at a reason-
able cost, as provided by the 454 Sequencing ™  technology, 
has opened the doors to many avenues of research (see also 
Chapter 14)  . Up to 100 million bases of DNA sequence 
can be produced within two days ( Bushman  et al ., 2008 ). 
Microbial typing is an obvious application for massively 
parallel sequencing. The 16s rRNA gene can be sequenced 
to identify the source species for many bacteria. Using 454 
Sequencing ™  technology, a total of 100,000 to 200,000 
sequence reads of  � 100       bp were obtained per sample from 
eight samples with the aim of identifying vaginal bacteria 
species during pregnancy. These data may help to optimize 
treatment and better understand the influence of microor-
ganisms on pregnancy complications ( Sundquist  et al ., 
2007 ). In addition, 454 ™  sequencing technology can be 
used to identify mutations in the HIV virus, leading to drug 
resistance. This is particularly useful as rare mutations can 
be identified via this method, as well as the commonly 
screened for mutations   ( Bushman  et al ., 2008 ). 

 In   addition to microbial typing, human and animal 
genetic analysis can benefit from the availability of mas-
sively parallel sequencing. A famous application of 454 
Sequencing ™  has been to sequence the entire genome of 
James D. Watson ( Wheeler  et al ., 2008 ), which was com-
pleted in a period of two months. Other high profile studies 
include the sequencing of the woolly mammoth genome 
( Miller  et al ., 2008 ) and the Neanderthal genome ( Noonan 
 et al ., 2006 ). 

 In   a cytogenetically normal patient with acute mye-
loid leukemia, massively parallel sequencing of the whole 
genome identified eight novel mutations when compared 
to the patient’s germline genome. The percentage of the 
patient’s tumor cells and relapse samples containing these 
mutations was determined using 454 Sequencing ™  tech-
nology ( Ley  et al ., 2008 ). This method also detected a small 
percentage of cells containing the mutations in the  germline 

sample, providing information on the level of tumor 
 contamination in the germline sample ( Ley  et al ., 2008 ). 

 DNA   pooling is also possible with this system. Pools of 
DNA amplicons were sequenced using 454 Sequencing ™  
technology to identify variants in known disease genes. From 
four pools of between 27 and 164 amplicons a total of 80 
million base pairs of sequence was produced, and 412 vari-
ants were identified, including validation of known variants 
in the target genes ( Bordoni  et al ., 2008 ). This application has 
the potential to improve the use of DNA pooling to identify 
novel variants in disease and other clinically relevant genes.   

    8.4       CONCLUSIONS 

 Pyrosequencing   is a robust medium-throughput genotyp-
ing system capable of analyzing a wide range of DNA 
variation. The methodology is easy to perform and readily 
transferable to other laboratories. Applications vary widely 
from research to diagnostics. No system is perfect, and the 
main problems with Pyrosequencing include the need for 
expensive biotinylated primers, and the inability to accu-
rately detect variants within long ( � 5 or 6       bp) homopoly-
mer stretches. In addition, multiplexing, while possible 
( Lee  et al ., 2008 ;  Okada  et al ., 2008 ;  Patel  et al ., 2007 ), is 
difficult to design. The adaptation of Pyrosequencing tech-
nology to massively parallel sequencing further extends the 
utility, with applications for both prokaryotic and eukaryo-
tic sequencing. The advent of 454 Sequencing ™  technol-
ogy will ensure that the chemistry behind Pyrosequencing 
has a lasting future.  
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 Chapter 9 

    9.1       INTRODUCTION 

 One   of the rate limiting factors in the progression of molec-
ular medicine is the techniques available for molecular 
analysis.   Technology improvements are often followed by 
scientific breakthrough, exemplified by techniques such as 
molecular cloning, DNA sequencing, and the polymerase 
chain reaction (PCR). A common objective in molecular 
medicine is to analyze the quantity and/or sequence of a 
large number of candidate genes or loci of genetic varia-
tion. The number of genes under study is often significantly 
larger than one and yet significantly fewer than all. This 
intermediary range in the analytical spectrum is technically 
challenging. Techniques that perform well when analyzing 
individual targets do not automatically work well when tar-
geting multiple genes. Conversely, techniques that enable 
global analysis of virtually all genes are not cost effective 
and accurate enough to be directly implemented for tar-
geted analyses, particularly when aiming for diagnostics. In 
this chapter some approaches for targeted multiplex analy-
sis will be described. 

 Another   important area of investigation is to study 
where in a complex tissue a particular gene or gene vari-
ant is expressed. Here, existing  in situ  hybridization tech-
niques do not readily resolve single-nucleotide variants, or 
even splice variants of genes. New techniques are needed 
to improve the resolution of such single-cell analyses in the 
intact context of tissue samples. 

 In   this chapter, we will describe assays based on pad-
lock and selector probes, both employing DNA ligase-
assisted/DNA circularization reactions. We will describe 
some unique properties of these circularization approaches 
and the advantages they bring. The assays have been 
used for large-scale genotyping and amplification of tar-
geted parts of the genome, DNA copy-number analysis, 
 infectious diagnostics, single-molecule detection, and  in 

situ  analysis with single-nucleotide resolution. The differ-
ent applications and techniques will be described in the fol-
lowing sections.  

    9.2       PADLOCK AND SELECTOR PROBES 

 Both   padlock and selector probe assays are based on highly 
specific DNA ligase-catalyzed DNA circularization reac-
tions (       Figs 9.1 and 9.2     ). Even if the overall architectures 
of the assays are similar, the outcome of the circularization 
reaction is quite different, since ligation of padlock probes 
is templated by the target sequence, while it is the other 
way around in the selector probe assay, as will be described 
below. The circularization can be performed by ligation 
only, after a gap-fill reaction, or after an invasive cleavage 
reaction (       Figs 9.1 and 9.2 ). 

    9.2.1       Padlock Probes 

 The   padlock probe concept was invented by Ulf Landegren 
in the early 1990s, as a development of his oligonucleotide 
ligation assay ( Landegren  et al ., 1988 ), and was published 
in 1994 ( Nilsson  et al ., 1994 ). A padlock probe consists of 
three segments: two target-complementary end sequences 
and a non-target-complementary element that links the end 
sequences together. The target-complementary  segments 
are typically in the range of 15 – 22 nucleotides in length 
and the linking segment is typically longer than the com-
bined length of the target-complementary segments. The 
linking segment can also comprise another polymer than 
DNA, e.g. poly-ethyleneglycole (PEG) ( Nilsson  et al ., 
1994 ). The padlock probe design is such that the ends of 
the probe hybridize head to tail on the single-stranded tar-
get molecule, forming a nicked DNA duplex that can be 
sealed by a DNA ligase ( Fig. 9.1a ). The linking  segment 
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typically harbors sequences for amplification (primer 
motifs) and identification of the amplification product (tag 
sequences). Amplification of padlock probes can be done 
using PCR, rolling circle amplification (RCA)  , and expo-
nential variants of RCA (hRCA and C2CA), or combina-
tions thereof, which will be described in the following 
paragraphs.  

    9.2.2       Gap-Fill and Molecular Inversion 
Probes 

 In   the gap-fill version of the padlock probe, the ends are 
designed to hybridize a distance apart on the target. The gap 
between the ends is then filled in by a polymerase prior to 
circularization by ligation ( Fig. 9.2c ;  Akhras  et al ., 2007b ; 

 Hardenbol  et al ., 2003 ;  Porreca  et al ., 2007 ). The gap-fill 
padlock probes will be described in more detail in section 
9.6, where techniques for multiplexed targeted resequenc-
ing are discussed. In the molecular inversion probe (MIP) 
variant of gap-fill padlock probes, the gap consists of a sin-
gle nucleotide at a single-nucleotide polymorphism (SNP) 
position. The SNP is queried in four separate tubes, each 
containing one of the dNTPs, a DNA polymerase, and a 
DNA ligase ( Hardenbol  et al ., 2003 ). Circularization is used 
in conjunction with an enzymatic cleavage of the linking 
segment, resulting in the reacted probe being converted into 
a linear molecule, with the order of the segments inverted 
( Fig. 9.1b ). Unreacted probes, at the same time, are cleaved 
in two parts, reducing the risk of background signal in a 
subsequent amplification reaction. The molecular  inversion 

 FIGURE 9.1          The architecture of the padlock and molecular inversion probe assays. Both assays employ probe molecules consisting of a 5 �  target-
 complementary sequences (blue), a linking segment (black) including sequences for amplification and identification (red), and a 3 �  target-complemen-
tary sequence (yellow). The ends bind head to tail when the probe hybridizes to a denatured single-stranded target molecule (gray), forming a structure 
that can be circularized through the action of one or several enzymatic reactions.  A.  In the original padlock probe assay, the ends are joined by a DNA 
ligase.  B.  In the molecular inversion probe assay, a single-nucleotide gap is filled by a DNA polymerase to create a suitable structure for the DNA ligase-
assisted probe circularization. After an exonuclease clean-up of the sample, degrading linear target and probe molecules, thereby enriching for the circu-
larized molecules, the probe molecules are opened by degradation of uracil residues in the linking segment. The linearization serves to release the probe 
molecules from the encircled target molecules. This improves the amplification efficiency, and may also reduce probe-dependent amplification artefacts. 
 Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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probe has been developed to construct highly multiplexed 
targeted genotyping assays (see section 9.3).  

    9.2.3       Selector Probes 

 A   selector probe resembles a padlock probe in that it con-
sists of three segments, and that the end segments are com-
plementary to a genomic target sequence. However, these 
ends are designed to hybridize to each of the ends of a sin-
gle-stranded restriction fragment. Also, a general vector 
oligonucleotide is hybridized to the internal segment of the 
selector probe, allowing two ligation events to close the con-
struct into a circle ( Fig. 9.2a ). The circle is thus composed 
of the targeted genomic sequence and the vector sequence. 
Alternatively, the 5 �  part of the restriction fragment 

can be trimmed before ligation. This is performed by 
hybridizing the 5 �  end of the selector probe to an internal 
part of the target fragment. Thereby a structure is formed 
that can be cut by a structure-specific endonuclease, e.g. 
Taq polymerase, as described by  Lyamichev and coworkers 
(1993) , whereby the protruding 5 �  part of the fragment is 
released ( Fig. 9.2b ).   

    9.3       APPLICATION OF PADLOCK AND 
MOLECULAR INVERSION PROBES FOR 
GENOTYPING 

 Padlock   probes are well suited for targeted multiplex anal-
ysis of genetic variation. The probes require dual recogni-
tion of the target sequence in order to become circularized, 

 FIGURE 9.2          The architecture of the selector and gap-fill padlock probe assays. Similarly to padlock probes, selector probes consist of a 5 �  target-
complementary sequence (blue), a linking segment containing sequences for universal amplification reagents (black), and a 3 �  target-complementary 
sequence (yellow). The linking segment is made double stranded by hybridization to a complementary vector oligonucleotide (black). The partially 
 double-stranded selector probe acts as a template for a circularization of a specific genomic DNA fragment through two alternative routes.  A.  In the 
simplest format the selector probe hybridizes to the ends of a denatured single-stranded restriction fragment containing the target sequence, forming a 
structure that can be circularized by two ligation reactions.  B.  Alternatively, the 5 �  end of a restriction fragment is cleaved in a structure-specific endo-
nucleolytic  ‘  ‘ invasive ’  ’  reaction, to minimize the non-target sequence content of a restriction fragment. From this reaction, a structure is formed that is 
identical to the one in panel A that is circularized by two ligation reactions.  C.  The gap-fill padlock probe ligation reaction acts through a completely dif-
ferent mechanism, where the target strand is first replicated to fill the gap between the two target-complementary probe sequences of the gap-fill probe, 
before a structure is formed that can be circularized through the action of a DNA ligase. This approach does not require restriction digestion, which sim-
plifies assay design.  Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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providing sufficient specificity to probe unique sequences 
in the genome ( Lizardi  et al ., 1998 ;  Antson  et al ., 2000 ). 
Robust discrimination of single-nucleotide differences is 
achieved due to the stringent substrate requirement of the 
DNA ligase used in the circularization reaction ( Landegren 
 et al ., 1988 ). Finally, the uni-molecular circularization 
approach renders padlock probe-based multiplexed assays 
less prone to problems with cross-reactivity than bi-
 molecular assays such as multiplexed PCR. A large number 
of circularization probes can therefore be combined in 
multiplexed assay without problems of interference ( Ban é r 
 et al ., 2003 ;  Hardenbol  et al ., 2003 ). The probes are 
equipped with sequence motifs in the linking segment that 
are used to sort the amplification product from a multi-
plex padlock probe assay on a microarray comprising tag 
sequences that are designed to be maximally divergent in 
sequence. The specificity of such tag-array hybridizations 
is typically good enough for genotyping, but when there 
are differences in the concentration of different targets, 
such as in transcription profiling, there are limitations in 
the dynamic range of this analysis platform. This limitation 
has recently been overcome by introducing a ligation-based 
tag-recognition coupled to a localized RCA signal amplifi-
cation ( Ericsson  et al ., 2008 ). 

 The   padlock probe in its original design has been used 
in moderately multiplexed assays for infectious disease 
diagnostics (see section 9.4), for  in situ  genotyping and 
detection assays (see section 9.8), for genotyping ( Ban é r 
 et al ., 2003 ;  van Eijk,  et al ., 2004 ), and to determine which 
T-cell receptor is expressed in clonally expanded T-cell 
populations by probing for the expression of the entire rep-
ertoire of Vb genes ( Ban é r  et al ., 2005 ). 

    9.3.1       Genotyping Using Padlock Probes and 
Hyper-Branched RCA 

 The   somewhat surprising finding that very small DNA cir-
cles can also template rolling-circle DNA synthesis was 
shown independently by  Fire and Xu (1995)  and by Kool 
and coworkers ( Liu  et al ., 1996 ). Here, the DNA polymer-
ase replicates a circular DNA template over and over 
again, building a long single-stranded tandem repeated 
product. Padlock probes were early combined with 
this RCA mechanism ( Ban é r  et al ., 1998 ;  Lizardi  et al ., 
1998 ;  Zhang  et al ., 1998 ), which has been key to many 
of the applications discussed later in this chapter.  Φ 29 
DNA polymerase has been shown to be particularly well 
suited for RCA, perhaps due to the combination of strand 
displacement activity, high processivity, and both single-
stranded and double-stranded 3 �  exonucleolytic (proof-
reading) activity ( Ban é r  et al ., 1998 ;  Lizardi  et al ., 1998 ; 
 Salas, 2004 ). One of the first applications of padlock probe 
RCA utilized an exponential version of the technique 
called hyper-branched RCA (hRCA) ( Ban é r  et al ., 1998 ; 

 Lizardi  et al ., 1998 ;  Zhang  et al ., 1998 ). Here, the RCA 
is performed with a forward and a reverse primer, just like 
in PCR. But in this case every primer binding event gives 
rise to multiple copies of the tandem-repeated RCA prod-
uct and the process is isothermal since the product strands 
are separated through the strand displacement activity of 
the DNA polymerase. The same mechanism, coupled with 
random hexamer primer libraries, is utilized in the mul-
tiple strand displacement amplification (MDA) used to 
uniformly amplify the content of DNA samples ( Dean  et 
al ., 2002 ). The amplification is exponential, allowing for 
rapid detection of SNPs. Genotyping assays have been 
developed based on different incarnations of this tech-
nique, using PCR products or genomic DNA as template, 
and calling the alleles either in separate tubes using inter-
calating dyes, or in one tube using primers that emit fluo-
rescence when consumed in the reaction ( Thomas  et al ., 
1999 ;  Faruqi  et al ., 2001 ;  Pickering  et al ., 2002 ;  Alsmadi 
 et al ., 2003 ).  

    9.3.2       Massively Multiplex Targeted 
Genotyping Using Molecular Inversion 
Probes 

 The   most significant application of circularization probes 
to date is perhaps the massively multiplexed targeted gen-
otyping that has been achieved with the molecular inver-
sion probes (MIP). The method was initially developed at 
Stanford by  Hardenbol and coworkers (2003) ; and then to 
10,000-plex assays at the company ParAllele ( Hardenbol, 
 et al ., 2005 ), which was later acquired by Affymetrix 
( http://www.affymetrix.com ). The assay is now commer-
cialized by Affymetrix as their targeted genotyping product. 
The technique has been used in a variety of applications as 
briefly described below. A more detailed review of the MIP 
assay has been compiled by  Absalan and Ronaghi (2007) . 
The assay is available as kits of probes and tag microar-
rays to obtain genotyping results from 1,000 to 25,000 
targeted SNPs. The technique has been used in the human 
and bovine HapMap projects ( Gibbs  et al ., 2003 ;  Altshuler 
 et al ., 2005 ;  Frazer  et al ., 2007 ;  Khatkar  et al ., 2007 ) to 
establish a map of the most common haplotype blocks in 
these populations, and similarly to investigate the extent of 
linkage disequilibrium in populations of wild mice ( Laurie 
 et al ., 2007 ). The MIP assay has also been used in asso-
ciation studies to map genes that increase susceptibility to 
Type I diabetes ( Smyth  et al ., 2006 ), prostate cancer ( Zheng 
 et al ., 2006 ), and colorectal cancer ( Zanke  et al ., 2007 ). The 
assay is also suitable for analysis of degraded DNA, such as 
found in paraffin-embedded formalin-fixed tissue samples, 
due to the short footprint of the probes and the fact that the 
hybridization and ligation reactions are probably more tol-
erant to DNA damages than techniques that require replica-
tion of the target strand, such as PCR ( Wang  et al ., 2005 ). 
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These authors also demonstrated the technique’s utility to 
detect copy-number variations in a sample.   

    9.4       APPLICATION OF PADLOCK PROBES 
FOR INFECTIOUS DISEASE DIAGNOSTICS 

 A   common task in infectious disease diagnostics is to 
identify an infectious agent from a panel of candidate 
pathogens (see also Chapter 30)  . Padlock probe assays 
are well suited for this type of analyses due to their mul-
tiplexing ability and specificity. Compared to culture-
based diagnostics, these assays accelerate diagnosis from 
weeks to hours ( Kong  et al ., 2008 ). Padlock probes and 
similar technologies have been successfully applied for 
detection of a wide variety of pathogens in a variety of 
assay formats. The assays are directed to RNA or DNA 
sequences, and use real-time fluorescence, microarray, or 
luminescence readouts. Some yield sequence information, 
while others quantify pathogens. Padlock probes have also 
been applied for  in situ  analysis of infectious organisms 
which is described in section 9.8.4. Interestingly, many of 
the pathogen diagnostic applications with padlocks come 
from the field of agriculture and veterinary medicine, 
but there are also examples of human fungal and bacte-
rial pathogen detection and subtyping assays ( Tong  et al ., 
2007 ;  Kong  et al ., 2008 ). 

    9.4.1       Padlock Probe-Based Infectious 
Disease Diagnostics 

 The   potential of padlock probe assays for infectious dis-
ease diagnostics was demonstrated by the detection and 
subtyping of three important viral livestock pathogens 
using multiplexed padlock ligation to cDNA, employing 
tag microarrays to analyze the RCA and PCR-amplified 
padlock probes ( Ban é r  et al ., 2007 ). The padlock probes 
were designed against several highly conserved regions in 
each virus. This redundant testing with independent probes 
renders the assay tolerant to novel mutations. The same 
principle of multiplexed padlock ligation to cDNA was 
applied by  Gyarmati and coworkers (2008) , who devel-
oped a padlock probe assay to genotype all 16 hemagglu-
tinin and all nine neuraminidase gene subtypes of avian 
influenza virus. All known isolates of the avian influenza 
virus were correctly subtyped in single reactions, reduc-
ing assay times from weeks, for the state-of-the-art culture 
method, to hours. 

    Van Doorn and coworkers (2007)  combined multiplex 
padlock probe assays with qPCR readout in a novel assay 
format to enable an increased dynamic range compared to 
microarray readout. A pool of padlock probes directed to 
11 plant pathogens were reacted with the samples in a sin-
gle reaction and then reversibly bound to beads. The  target 

sequences were then washed off from the beads, the probes 
were eluted, and non-reacted probes were removed by exo-
nucleases. The remaining circular padlock probes were 
loaded onto an OpenArray qPCR platform that allows for 
3,072 PCRs with up to 64 different primer sets in 33       nl wells 
( http://www.biotrove.com ). Each pathogen-specific pad-
lock probe was equipped with a specific PCR-primer pair 
motif and was analyzed in separate qPCR reactions.   RNA 
  viruses have also been detected with padlock probes with-
out reverse transcription into cDNA ( Millard  et al ., 2006 ).

Diagnostic applications outside a lab environment are 
enabled by biosensor devices that perform padlock probe 
ligation, isothermal amplification, and detection reactions 
with fluorescence readout (       McCarthy  et al ., 2006, 2007 ). 
Other biosensor approaches that also have been applied 
for detection of pathogens are described in more detail in 
section 9.7.  

    9.4.2       Gap-Fill and MIP-Based Infectious 
Disease Diagnostics 

 Gap  -fill probes have also been applied in pathogen detection 
and subtyping assay.  Novais and coworkers (2008)  devel-
oped an assay for sensitive detection of  Mycobacterium 
tuberculosis . They amplified circularized MIPs by PCR and 
sequenced the product using Pyrosequencing. They further 
improved sensitivity to a limit of detection of 200 genomes 
by adding all dNTPs to the bioluminescence reaction per-
formed in the Pyrosequencing instrument, instead of add-
ing the four nucleotides sequentially, which is required 
to obtain sequence information. Akhras and coworkers 
(2007b) developed a gap-fill padlock probe assay, known 
as connector inversion probe (CIP) assay, similar to the one 
described in more detail in section 9.6.2. DNA circles are 
produced in an extensive gap-fill polymerization and liga-
tion reaction, allowing for amplification and sequencing 
of DNA between the two target-complementary segments 
of a padlock probe. This technology was applied for anti-
biotic resistance screening in  Neisseria gonorrhoeae  and 
genotyping of human papillomavirus (HPV) samples. The 
same group also subtyped human papillomavirus sequences 
with 24 PCR amplified MIPs, sorted on a tag microarray 
( Akhras  et al ., 2007a ).   

    9.5       TARGETED MULTIPLEX CNV 
ANALYSIS USING SELECTOR PROBES 

 Structural   variations including deletions, insertions, and 
inversions have recently received a lot of attention in the 
field of genomics. The impact on mammalian phenotypic 
variation due to copy-number variation (CNV) appears 
to be more extensive than expected ( Eichler  et al ., 2007 ; 
 Kidd  et al ., 2008 ). New methods are required to detect 
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and analyze this variation which is quantitative in nature, 
 compared to SNPs that basically only require qualitative 
binary  information to score. 

    9.5.1       The Multiple Ligation-Dependent 
Genome Amplification Assay 

 Selector   probes have recently been applied for interrogation 
of CNVs, using the multiplex ligation-dependent genome 
amplification (MLGA) assay ( Isaksson  et al ., 2007 ). 
MLGA uses selector probes to equip specific genomic 
fragments with a common primer pair. The selected target 
fragments can be  in silico  designed to differ in length and 
thereby facilitate a capillary gel electrophoresis readout. 
The relative peak area of the amplification product repre-
sents target abundance and by normalizing peaks to ref-
erence loci, CNV can be analyzed between a sample and 
a reference ( Fig. 9.3   ). The MLGA assay can be used to 
interrogate up to 30 – 40 fragments depending on the elec-
trophoretic resolution. They can be used to resolve bounda-
ries of CNVs by spreading the targets for the assay over 
a CNV candidate region. In a study by  Salmon Hillbertz 
and coworkers (2007) , selector probes were designed to 
cover a 750       kb region on canine chromosome 18 associ-
ated with the Ridge phenotype in Rhodesian Ridgeback 
dogs. Its name describes its most unique characteristic, a 
clearly defined symmetrical ridge running the length of 
its back, formed by hair growing in the opposite direction 
from the rest of its coat. In this duplication boundary map-
ping approach, a first set of MLGA probes were designed 
with 100       kb interval covering a region of 2       Mb. The results 
confirmed the CNV, and to further map the start and end 
position of the region, some additional MLGA probes 
were designed between duplicated and non-duplicated 
regions. The borders of the potential tandem repeat were 
then defined precisely enough to amplify the breakpoint 
by PCR. The 133.4       kb duplication involved five genes, 
whereof three FGF genes are strong candidates for causing 
the Ridge phenotype ( Salmon Hillbertz  et al ., 2007 ).   

    9.6       HIGH-THROUGHPUT TARGETED 
SEQUENCING USING SELECTORS 
AND GAP-FILL PADLOCK PROBES 

 The   last few years have seen an accelerating development 
within methodology and instrumentation for very-high-
throughput sequencing ( Mardis, 2008 ). This development 
will enable new types of genetic analyses, such as whole 
genome sequencing, deep sequencing of tumor samples, 
global expression analyses, sequencing of material from 
chromatin immune-precipitation experiments, and more. 

 One   application that this new technology is well suited 
for is the resequencing of many selected parts of a genome, 

such as all exons from a large set of genes. This requires 
that the targeted parts of the genome are somehow enriched 
in the sample. Traditionally, this enrichment has been per-
formed using PCR, but this is poorly suited for multiplex-
ing, meaning that a very large number of separate reactions 
would be required. The ideal method for preparing sam-
ples as templates for resequencing would be one that can 
be performed in a single reaction, which enriches for all 
the regions of interest (and nothing else), and which yields 
uniform enrichment for all targeted regions. Attempts to 
achieve this have been demonstrated by using capture and 
release of selected parts of the genome on custom micro-
arrays, followed by an adaptor-linker PCR ( Albert  et al ., 
2007 ;  Okou  et al ., 2007 ). In this section, we will describe 
probe-based methods combining hybridization with enzy-
matic activity to select the desired parts of the genome. 

    9.6.1       Targeted Sequencing Using 
Selector Probes 

 Selector   probes can be employed to amplify a large set of 
arbitrary restriction fragments in multiplex. These fragments 
can be selected so that certain desired sequences, e.g. all 
exons from a set of genes, are amplified. By using the endo-
nucleolytic cleavage, as described in section 9.2.3 above ( Fig. 
9.2b ), the restriction fragments can be trimmed to decrease 
the amount of undesired sequence that is also amplified.  Dahl 
and coworkers (2007)  showed that this method, coupled with 
massively parallel Pyrosequencing ( Margulies  et al ., 2005 ), 
can be applied to the amplification of all coding sequence 
and flanking regions from ten genes implicated in colorectal 
cancer. Approximately 90% of all sequenced reads were from 
the targeted regions, and 93% of the desired sequence was 
sequenced at least once. The quality of sequence was suffi-
cient to identify most previously known mutations in the ana-
lyzed cell-lines. In this work, the number of reads originating 
from the different amplified fragments was rather uneven. 
To maximize the portion of the region of interest that can be 
analyzed, this has to be further improved. Another draw-
back of this technique is the requirement of suitable restric-
tion enzymes and restriction sites. In the described work, five 
parallel restriction reactions were required in order to gener-
ate suitable fragments for all regions. Also, these fragments 
cannot be exactly matched to desired regions, so there will 
always be some co-amplification of undesired sequence. 

    Fredriksson and coworkers (2007)  modified the selector 
method to select fragments generated by a multiplex PCR, 
rather than the genomic DNA itself. One hundred and seventy 
primer pairs were designed to amplify all coding sequence 
of ten genes. Such a reaction will generate many undesired 
amplicons that are not products of a cognate primer pair. By 
designing probes (called gene collectors) that guide the cir-
cularization of products with cognate primers at the ends, all 
the intended fragments can be collected and further amplified 
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by hRCA. This has been shown to yield 90% coverage and 
a more even distribution than that achieved using the selec-
tor method. However, the specificity is lower, with  � 60% 
of the amplified  material representing the targeted regions. 

On the other hand, as this method does not require restric-
tion enzymes, an assay can be designed more precisely to 
target only coding sequence of interest. Also, any collector 
probes from different designs may be combined in a reaction, 

 FIGURE 9.3          The MLGA assay for copy-number analysis. In the MLGA assay, selector probes are designed to generate amplification products of dif-
ferent size from loci in the genome to be probed for copy-number variation. The products from such multiplex amplifications are separated through 
electrophoresis and the relative amount of each amplification product is measured. Since the relative representation of all amplicons is very reproducible 
it is possible to measure relative copy-number deviations between samples.  A.  Elution diagrams from an Agilent Bioanalyzer instrument for five differ-
ent samples from human cell-lines harboring different copy numbers of the X-chromosome. The products from loci located on the X-chromosome are 
highlighted green, and the products from two probes targeting chromosomes 18 and 21 are highlighted blue and red, respectively. Note the presence of 
two products from the Y-chromosome in the male (XY) sample only and the steady relative increase of the X-chromosomal peaks in the series of one 
(bottom trace) to five (top trace) X chromosomes.  B.  Analysis of the data shown in panel A to determine relative copy-number deviations. The areas of 
the highlighted peaks in panel A were normalized to the peak areas of the normal female sample (46, XX). Two copies of a locus will, thus, yield a ratio 
of 1, and three copies 1.5, etc.  Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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whereas for selector probes this can only be done with probes 
designed for the same restriction reaction.  

    9.6.2       Targeted Sequencing Using Gap-Fill 
Padlock Probes 

 In   a related approach, gap-fill padlock probes were used 
having the ends hybridize a distance apart, spanning an 
entire exon ( Porreca  et al ., 2007 ). A polymerase is then used 
to extend the spanned region, and a ligase joins the extended 
sequence with the far end of the probe ( Fig. 9.2c ). As with 
the selector probes, a set of circular DNA molecules, all con-
taining sequence of interest along with a general, synthetic 
sequence, is generated. Again, this can be amplified in mul-
tiplex, in this case using RCA followed by PCR, and finally 
hRCA for the final library construction. An impressive 
55,000 probes were deployed to target 6.7       Mbp of protein 
coding sequences in the genome. The probes were synthe-
sized through enzymatic amplification of a probe library 
synthesized on a microarray ( Tian  et al ., 2004 ). The prod-
uct was then analyzed on the Illumina Genome Analyzer, 
and results showed that about 10,000 of the 55,000 targeted 
sequences were amplified and sequenced at least once. 

 In   conclusion, there are several proposals for how to 
solve the issue of template preparation for targeted rese-
quencing using gap-fill padlock probes. In time, it will 
likely become apparent which of these methods is most 
suitable, and most probably it will turn out that all these 
methods have their own niche to fill, based on their differ-
ent characteristics on cost, degree of enrichment, and uni-
formity of amplification.   

    9.7       BIOSENSOR APPROACHES BASED ON 
ROLLING-CIRCLE AMPLIFIED PADLOCK 
PROBES 

 The   combination of the strictly target-dependent pad-
lock probe circularization reaction and the strictly circle-
dependent RCA reaction offers opportunities for novel 
biosensor approaches enabling detection of even single 
molecules in multiplexed assays. Some of these approaches 
will be described in this section. 

    9.7.1       Homogeneous Amplified Single- 
Molecule Detection 

 Most   methods used for molecular analyses measure an aver-
age of a molecular population, for instance based on fluo-
rescence intensity of a reporter molecule. To reach ultimate 
precision and quantification, however, molecules should 
preferably be analyzed individually. Current techniques for 
single-molecule detection (SMD), especially ones with flu-
orescence readout of the results, demand highly advanced 
equipment and are often slow and not very robust. 

 An   alternative approach is based on amplified SMD, 
where individual molecules are clonally amplified and 
detected. Detection of single templates with PCR was first 
demonstrated by  Li and coworkers (1988) , where single 
human sperm cells were added to individual reactions to 
allow detection of recombination events in the male germ-
line. A decade later,  Vogelstein and Kinzler (1999)  used 
single-molecule PCRs to achieve digital quantification of 
somatic mutations. Instead of recording the degree of ampli-
fication, the reactions were treated as binary calls ( ‘  ‘ yes ’  ’  
or  ‘  ‘ no ’  ’  answer), and the technique was therefore called 
 ‘  ‘ digital PCR ’  ’ . Single DNA molecules were achieved by 
diluting the samples in microtiter plates to the extent that 
only every second well contained a template. The method 
has been further developed by replacing the well com-
partments with oil/water micelle microreactors containing 
microbeads. With this strategy, the locally amplified prod-
ucts are fluorescently labeled according to their genotype 
and analyzed with flow cytometry ( Dressman  et al ., 2003 ). 
Emulsion PCR has, however, mainly found its application 
as an amplification method to create single molecule clones 
as templates for several sequencing strategies. 

 Another   way of transforming a population of DNA mol-
ecules to amplified single molecules, and thus preserving its 
digital nature, is by using RCA, which is an amplification 
technique that creates inherently localized DNA clusters. 
Interestingly, the long DNA threads produced in the RCA 
collapse into a random coil with a diameter of about 700       nm 
( Melin  et al ., 2007 ). A local enrichment of fluorescence of up 
to a factor of one thousand can be achieved in a homogeneous 
format when hybridizing fluorescence-labeled oligonucle-
otide probes to the repeats in the rolling-circle product (RCP), 
resulting in bright fluorescent objects that are easily visual-
ized using standard fluorescence microscopy ( Blab  et al ., 
2004 ). The high signal-to-noise ratio allows robust and rapid 
detection and counting of amplified molecules by pumping 
the RCP solution through a microfluidic channel mounted in 
a confocal microscope operating in a scanning mode across 
the width of the flow channel ( Fig. 9.4   ;  Jarvius  et al ., 2006 ). 

 A   padlock probe is usually equipped with a tag, correlating 
the reacted probe to its target. Hence, different RCP popula-
tions can be labeled with different fluorescence and spectrally 
distinguished. In fact, amplification with RCA is very well 
suited for multiplexing since the RCPs interact very little with 
each other, and even fully complementary RCPs aggregate 
to a negligible degree ( Melin  et al ., 2007 ). The approach of 
counting individual RCPs homogeneously has been used to 
selectively detect and quantify the bacteria  V. cholerae  and  V. 
fisheri , in a padlock probe-based assay ( Jarvius  et al ., 2006 ).  

    9.7.2       A Magnetic Biosensor Approach 

 Magnetic   nanoparticles, commonly referred to as mag-
netic beads, are applied in many research fields including 
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biotechnology, biomedicine, and drug discovery ( Saiyed 
 et al ., 2003 ). Several bioassays have been developed based 
on the Brownian relaxation biosensor scheme. Here, the 
susceptibility of magnetic beads to reorient in an AC field is 
measured. The smaller the bead diameter, the more rapid is 
its response to a shift in the electric field. This response has 
a characteristic critical frequency, called the Brownian relax-
ation frequency. In these biosensor approaches, small mag-
netic beads are equipped with probes and upon interaction 
with a target a slight decrease in relaxation frequency can be 
observed as an effect of the increased hydrodynamic radius 
of the magnetic bead. The frequency shift can be recorded 
with a magnetometer, a superconducting  quantum interfer-
ence device (SQUID). In a study by  Str ö mberg and cowork-
ers (2008) , the Brownian relaxation principle was used to 

detect padlock probe-generated RCPs. When the magnetic 
beads bind RCPs, a very dramatic shift in  frequency occurs 
due to their large size, and the multivalent binding interac-
tions between the beads and the RCPs. This effect can be 
easily observed as a loss of signal in the free-bead frequency 
domain, and the response can be quantified by measuring 
the decrease in amplitude which correlates well with the 
RCP concentration. This, in turn, corresponds to the number 
of reacted padlock probes and therefore the target concen-
tration. With the magnetometer used in the study, the limit 
of detection was in the low picomolar range. By construct-
ing a miniaturized magnetic biosensor with size closer to 
the size of the beads, it should be possible to increase the 
measurement sensitivity even further, thereby allowing for 
lower concentrations of RCPs and probe-tagged beads.   

    9.8        IN SITU  GENOTYPING USING 
PADLOCK PROBES 

 Padlock   probes were early recognized for being useful 
for analysis of DNA sequences  in situ  due to the strong 
link that is formed between the circularized probe and its 
target strand ( Nilsson  et al ., 1994 ), opening up possibili-
ties to observe genetic heterogeneity within cell popula-
tions, and also to study the localization of target molecules 
within individual cells. It was also shown that robust 
genotyping of repeated centromeric sequences differing 
in a single nucleotide position could be done on human 
metaphase chromosomes, revealing an unexpected distri-
bution of these sequence variants among human chromo-
some 13 and 21 ( Nilsson  et al ., 1997 ). The technique was 
developed further by using padlock probes synthesized by 
PCR to enable synthesis of longer and thus more strongly 
labeled probes, and the number of centromeric repeats was 
extended to include chromosomes 7, 12, and 15 (       Antson 
 et al ., 2000, 2003 ). In these studies, the probes were 
directly labeled with haptens or fluorophores. With this 
approach, however, it was not feasible to detect single 
DNA target molecules since it was impossible to distin-
guish specifically bound probe molecules from probes 
non- specifically adsorbed to cells and the surface of the 
microscopy slide. This highlighted the need for a signal 
amplification scheme that is strictly depending on the 
molecular  recognition reaction. 

    9.8.1       Single-Molecule Detection and 
Genotyping  In Situ  

 Similar   to the single-molecule detection approach with 
RCA described in section 9.7.1, individual rolling circle 
products can also be generated and visualized  in situ  in 
cell and tissue samples in a strictly circularization-depend-
ent reaction. This was first demonstrated by  Lizardi and 

 FIGURE 9.4          Padlock probe and RCA-based single-molecule detection. 
A padlock probe is circularized in a strictly target-dependent ligation reac-
tion. Then a long tandem-repeated DNA product is formed in a strictly 
circle-dependent RCA reaction, thus forming a rolling-circle product 
(RCP) in a strictly target-dependent manner. The RCA product is labeled 
with fluorescence tagged short oligonucleotide probes (red with yellow 
star) that hybridize to a tag sequence in the product (red). The long prod-
uct strand collapses into a submicron-sized object due to random coiling. 
The local concentration of fluorescence tags in a product comprising 1,000 
copies of the circle is about 7        μ M, compared to the 10       nM in the surround-
ing solution that is sufficient to saturate the RCPs with fluorescence tags. 
This difference in concentration makes it possible to detect single RCPs 
in solution without the need for washing away excess fluorescence tags. 
 Note : The e-book for this title, including full-color images, is available for 
purchase at www.elsevierdirect.com.    
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coworkers (1998) , with the detection of nuclear sequences in 
cytological halo preparations. There are indications that the 
RCA reaction is slowed down when it occurs under topolog-
ical inhibition, as when the padlock probe is not able to free 
itself from the target strand ( Ban é r  et al ., 1998 ). In response 
to this,  Christian and coworkers (2001)  presented an  in situ  
target denaturation scheme employing enzymatic prepa-
ration of single-stranded DNA at the location of the target 
sequence. In this method, DNA is digested 5 �  upstream of the 
target sequence. This is followed by removal of the non-tar-
get strand using an exonuclease, leaving the target sequence 
single stranded and available for hybridization. They com-
bined this denaturation with padlock probe detection of 
the target sequence followed by RCA. Since the enzymatic 
denaturation method creates a nearby free DNA end, the 
DNA polymerase is able to push off the padlock probe from 
the target strand when the topological constraint becomes 
too high. The drawback with the presented denaturation pro-
cedure is that as the padlock probe falls off the target strand, 
the link between the target sequence and the RCA product is 
lost, increasing the risk of losing the signal from the slide or 
creating false positive signals due to drifting of RCA prod-
ucts into nearby cells. A variant of this denaturation process 
was later described in a robust protocol for SNP genotyping 
of mitochondrial DNA  in situ  (       Figs 9.5 and 9.6a     ;  Larsson 
 et al ., 2004 ). Here, instead of digesting the DNA upstream 
of the target sequence, the cut takes place downstream of 
the target. This means that after exonucleolysis to make the 
target single stranded, and padlock circularization on the tar-
get sequence, the nearby 3 �  end of the target strand itself can 
be used to prime the following RCA reaction. In this way, 
not only is the topological inhibition avoided, but also a 
covalent link is created between the target molecule and the 
positive detection signal, which minimizes the risk of signal 
misplacement. 

    Larsson and coworkers (2004)  also showed that this 
method can be used for relative target quantification. By 
counting differentially labeled RCA products in individual 
cells, the proportion of mutant vs. wild-type mitochondrial 
(mt) DNA molecules differing in a single nucleotide could 
be determined. This ability to quantify different target mol-
ecules was further demonstrated in a more automated way, 
employing image analysis tools to perform digital counting 
of RCA products from detected mtDNA molecules in cul-
tured cells ( Jahangir Tafrechi  et al ., 2007 ). Dedicated soft-
ware for RCA product identification and counting in digital 
images in a semi-automated fashion, BlobFinder, is now 
freely available for users (Allalou and W ä hlby,  http://www.
cb.uu.se/~amin/BlobFinder ).  

    9.8.2       Nuclear DNA Detection with Padlock 
Probes  In Situ  

 Following   the early reports that padlock probes and RCA 
 in situ  could be used for detection of specific sequences in 

genomic DNA and interphase nuclei ( Lizardi  et al ., 1998 ; 
 Christian  et al ., 2001 ), further demonstrations of the tech-
nique applied for this purpose were not published for a 
considerable time. This was probably due to the fact that 
the efficiency of target detection with this technique was 
quite low, making it difficult for the regular researchers 
to apply it to their targets of interest. In fact, even when 
using the target-primed RCA for amplification of pad-
lock probes, detection of mtDNA targets was estimated 
at about 10% of available targets ( Larsson  et al ., 2004 ). 
Considering that nuclear DNA exhibits a much tighter 
packing and more complex organization than mtDNA, it 
is not difficult to imagine the difficulties in finding proper 
assay conditions for detecting genomic DNA in low copy 
numbers. Instead, nuclear target sequences of high copy 
number have recently been successfully detected using 
target-primed RCA or similar techniques, providing use-
ful steps towards the ultimate goal of efficient detection of 
nuclear single copy sequences.  Li and coworkers (2005)  
presented a proof-of-principle assay for detection of double 
strand breaks in mammalian cells utilizing RCA primed 
by the target strand. In this method, double strand breaks 
are introduced in cells by co-transfecting them with yeast 
HO endonuclease and its recognition site. When induced, 
HO endonuclease will perform digestion at integrated rec-
ognition sites, and site-specific cleavage is then detected 
by  in situ  RCA of padlock probes directed against the 
known sequence next to the double strand breaks. The 
RCA assay was also combined with immunofluorescence, 
demonstrating the potential to perform studies of signaling 
pathways triggered by DNA double strand breaks by this 
method. 

 Padlock   probes and target-primed RCA  in situ  were 
also used in the comet assay for measuring DNA dam-
age and repair ( Shaposhnikov  et al ., 2006 ). In the comet 
assay, cells are cast in agarose gels on objective slides, 
which are then subjected to gel electrophoresis. This 
causes cell nuclei to adopt a comet-like shape, with the 
amount of DNA forming the tail of the comet reflecting the 
amount of DNA damage in the nucleus.  In situ  RCA is a 
preferred alternative to FISH in these types of cell prepa-
rations, owing to the fact that all steps can be executed 
at low temperatures and that the background is very low 
since signals are generated in a strictly target-dependent 
manner. For target detection with padlock probes in these 
preparations, the initial approach for target-primed RCA, 
with  restriction  digestion and exonucleolysis, was used 
for denaturing DNA to allow for detection of the nuclear 
26       bp Alu core sequence with sequence-specific probes 
and RCA ( Fig. 9.6 ). This sequence is present in high num-
bers in each nucleus, which was reflected in the amount 
of signal obtained in genomic DNA with the  in situ  assay. 
Also, probes directed against mtDNA sequences were used, 
providing evidence that mtDNA disperses from the gels 
during preparation of the comets. 



Chapter | 9 Application of Padlock and Selector Probes in Molecular Medicine 127

 FIGURE 9.5           In situ  genotyping using padlock probes and target-primed RCA. The first steps of the procedure serve to prepare the target strands for 
probing and priming through a series of enzymatic treatments of fixed and permeabilized cells. First, the target strands are digested at, or 3 �  to, the tar-
get sequence, to generate an end close to the padlock probe binding site. Then the non-target strand is removed by 5 �  exonucleolysis, making the target 
sequence single stranded and available for hybridization. A pair of allele-specific padlock probes is added, having target-complementary end sequences 
(blue and yellow) that are identical except for the 3 �  position where the SNP is queried. The probes are equipped with two tag sequences (red and green) 
to differentiate the amplification products from the two allele-specific padlock probes in the final tag-hybridization and fluorescence detection steps. 
After a combined hybridization and ligation step, the probes are rolling-circle amplified. The DNA polymerase used has a very potent 3 �  exonucleolytic 
activity that degrades any 3 �  protruding end of the target strand, creating a target strand that primes RCA of the padlock probe. A RCP is created as an 
extension of the target strand, thereby ensuring that the signal will remain localized with the target strand. The products from the two allele-specific pad-
lock probes are differentially labeled with two fluorescence-tagged detection probes (red and green with yellow stars), hybridizing to the tag-sequence 
motif in the non-target complementary part of the RCPs. The results of an  in situ  genotyping experiment are shown in  Fig. 9.6 .  Note : The e-book for this 
title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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 Standard   assays for  in situ  detection of nuclear DNA 
sequences, such as FISH, are commonly executed on 
 condensed chromosomes in metaphase spreads to be able to 
positively identify and assign targets to specific chromosome 

locations. Chromosomes in metaphase are even more con-
densed than interphase nuclei and, not surprisingly, early on 
unsuccessful attempts of using  in situ  RCA for detection of 
single copy target sequences on metaphase chromosomes were 
reported ( Lizardi  et al ., 1998 ;  Zhong  et al ., 2001 ). Using the 
target primed approach,  Lohmann and coworkers (2007)  dem-
onstrated detection of repeated sequences on chromosomes Y 
and 6 on metaphase spreads. The detected targets were present 
in about 2,000 and 12 – 51 copies per chromosome, respec-
tively. These authors reported labeling of all targeted Y chro-
mosomes at an efficiency of 1 – 10% of available targets, while 
detection of the less repeated target on chromosome 6 was less 
successful with about 30% of spreads missing RCA products 
on one or two sister chromatids.  

    9.8.3       Padlock Probes for Detection of 
RNA  In Situ  

 There   is also a considerable interest in using padlock probes 
and RCA  in situ  to be able to perform expression profiling and 
transcript genotyping  in situ . One obstacle for this has long 
been the decreased padlock probe ligation efficiency experi-
enced when performing ligation on an RNA template (       Nilsson 
 et al ., 2000, 2001 ). When considering the target-primed RCA, 
there has also been the question whether polymerases are able 
to initiate DNA synthesis using an RNA primer. 

    Stougaard and coworkers (2007)  presented a way of cir-
cumventing the problems of padlock probe ligation on RNA 
molecules by introducing a new probe format, turtle probes, 
for the detection of non-polyadenylated RNA molecules in 
cultured cells. Turtle probes are similar to padlock probes in 
that they are also linear probes that are converted into circu-
lar molecules by ligation of the two probe ends. In contrast to 
padlock probes, though, ligation does not take place using the 
target strand as template. Instead, the turtle probe folds part 
of itself into a hairpin structure where an internal sequence 
of the probe serves as a template for joining of the probe 
ends. In this study, 5S rRNA, Epstein-Barr virus encoded 
RNA (EBER1) and the RNA template for human telomerase 
(hTR) were detected in formalin-fixed paraffin-embedded 
(FFPE) cells and tissue. The presented method answers the 
question of whether single-stranded RNA can prime RCA, 
but is so far limited to rather abundant non-polyadenylated 
RNA targets where a target site can be chosen very close to 
the 3 �  end of the RNA. A more general approach for detec-
tion of RNA targets would thus be appreciated to be able to 
fully gain the advantages with using short amplified oligonu-
cleotide probes compared to traditional FISH methods.  

    9.8.4       Padlock Probes for DNA Detection in 
Microbes 

 Interest   has recently arisen to use padlock probes for detec-
tion of DNA sequences in bacterial cells.        Maruyama and 

 FIGURE 9.6          Detection of DNA  in situ.  The pictures show padlock probe 
and RCA-based detection of different DNA sequences  in situ . Scale 
bars represent 10        μ m and genomic DNA is stained blue using DAPI.  A.  
Genotyping of the A3243G point mutation in human mtDNA follow-
ing the scheme outlined in  Fig. 9.5 . Two human cell-lines were grown 
and fixed on a microscopy slide, one harboring the wild-type sequence 
of mtDNA, and the other close to 100% of the mutant version. A pair of 
allele-specific padlock probes was designed such that the mutant probe 
generates green RCPs in the detection step and the wild-type probe red 
RCPs.  B.  Detection of the 26       bp core Alu-repeat sequence in a comet 
preparation. In the comet assay, cells are immobilized in an agarose gel 
and subjected to alkali treatment to release the chromatin from the cell 
nucleus. Then an electric field is applied which will primarily move 
damaged DNA to the tail of the comet while intact chromatin remains in 
the head of the comet. The head is to the right in the picture and the tail 
extends to the left. The RCPs were labeled with green fluorescence.  Note : 
The e-book for this title, including full-color images, is available for pur-
chase at www.elsevierdirect.com.    
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coworkers (2005, 2006)  first demonstrated how padlock 
probes could be used to visualize and count bacteria that 
had taken up free DNA from the environment in the form 
of plasmids. These authors also detected a single copy gene 
of the bacterial genome, demonstrating the possibilities of 
using the technique for detection of targets of lower abun-
dance. The padlock probe technology is attractive for this 
type of work due to the fact that relatively short ( 	 40       nt) 
DNA sequences are targeted, and because cells that are 
unavailable for analysis using standard methods, such as 
selective cultivation, can be analyzed. 

          Smolina and coworkers (2007, 2008)  used padlock 
probes to detect specific bacteria by targeting single copy 
signature sites of different bacterial species. They used 
peptide nucleic acid (PNA) openers to locally denature 
double-stranded DNA and allow for padlock probe circu-
larization. This approach avoids global DNA denaturation, 
which could be advantageous for some applications but 
also limits detection to specific sites in the genome, hence 
limiting the general applicability of this method.   

    9.9       CONCLUSIONS 

 The   intramolecular DNA circularization assays have found, 
as described in this chapter, some important applications 
in molecular medicine. There is likely more to come since 
some of the techniques are yet not mature, but still very 
promising. The targeted multiplexed genome amplifica-
tion approaches described in section 9.6, for example, have 
potential to become a standard pre-preparation step for high-
throughput DNA sequencers  –  particularly in applications 
where the source of DNA is limiting, such as in tumor biop-
sies, and where really deep sequence coverage is desired. 

 The   circularization techniques combined with RCA 
have some unique and promising properties for rapid diag-
nostics, such as outlined in section 9.7. Application areas 
may include infectious diagnostics and high-performance 
multiplexed quantitative expression analyses. Finally, the 
single-molecule  in situ  genotyping technique described in 
section 9.8 is unique and may find a broad application in 
biomedical research and diagnostics. One example of a rel-
evant clinical pathology investigation is to find rare surviv-
ing malignant cells in tissue biopsies taken after therapy. 
Since the approach is multiplexible, it could also be applied 
in cell differentiation studies to determine the co-localization 
of several lineage-specific transcripts in developing embryos 
or organs, including tumor tissue, and thereby tracking the 
developmental history of individual cells in complex tissues. 

 To   conclude, there is potential for many exciting devel-
opments of DNA circularization assays in addition to the 
ones mentioned above. All possibilities that come with this 
approach, such as inherent multiplexibility, single-molecule 
sensitivity, digital quantification, and localized detection, 
have not yet been fully explored.   
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 Chapter 10 

    10.1       INTRODUCTION 

 The   fundamental cellular processes of DNA replication, 
DNA repair, mitosis, and meiosis ensure the high integrity 
of the human genome. However, mutations can occur in 
germline and somatic cells either induced or spontaneously. 
Depending on their physical size, these mutations manifest 
as altered sequences on the DNA level (e.g. gene mutations) 
or gross alterations as numerical and structural chromosome 
aberrations. Chromosomal aberrations are the major cause 
of congenital anomalies, mental retardation, and infertility in 
humans. Furthermore, they account for approximately half 
of all early spontaneous pregnancy losses ( Warburton, 2000 ). 
Overall, 1 in 120 liveborn children is a carrier of a chromo-
somal abnormality. Half of these children are phenotypi-
cally conspicuous as a result of a chromosomal imbalance 
(Gardner and Sutherland, 2004). Four out of 1,000 newborns 
are carriers of an unbalanced chromosome abnormality, 
whereas 4.3 out of 1,000 newborns are showing balanced 
chromosomal rearrangements without a phenotype. Partial 
losses (monosomy) or gains (trisomy) of euchromatic chro-
mosomal material resulting in different clinical phenotypes 
have been described for all human chromosomes ( Schinzel, 
2001 ;  http://www.ecaruca.net ;  https://decipher.sanger.ac.uk ). 
In genetic pre-, postnatal, and routine tumor genetic diag-
nostics, conventional cytogenetics using classical karyotyp-
ing of chromosomes is, until today, the most widely used 
technique to characterize numerical and structural intra- and 
interchromosomal aberrations (see  Fig. 10.1   ). 

 Chromosome   analysis is the gold standard for the 
 diagnosis and prognosis of congenital (inborn) and acquired 
disorders (e.g. neoplasia). The precise  characterization 
of aberrant cytogenetic findings is imperative for syndro-
mologic assignment, phenotype – karyotype correlations, 
and genetic counseling in pre- and postnatal diagnostics. 

In tumor genetics conventional single cell and metaphase 
cytogenetics is essential for disease monitoring, tumor stag-
ing and research purposes to identify chromosomal regions 
harboring putative tumor suppressor and proto-oncogenes. 
However, limited chromosome specific resolution obtained 
by conventional chromosome banding techniques makes 
the recognition and interpretation of masked or cryp-
tic chromosome aberrations difficult if not impossible to 
ascertain in several cases. 

 In   the last three decades, molecular cytogenetic tech-
niques based on fluorescence  in situ  hybridization (FISH) 
applications locating specific, fluorescence-labeled nucleic 
acid sequences in interphase cells or metaphase chromo-
somes, have become fast, sensitive, and important comple-
menting tools in genetic diagnostics (reviewed in  T ö nnies, 
2002 ). The use of diverse, locus-specific FISH probes and 
multicolor assays enhances the thorough characterization 
of numerical and complex chromosome aberrations regard-
less of their complexity, filling in parts the gap between 
conventional chromosome banding analysis and molecular 
genetic studies on the DNA level. Until today, multiple dif-
ferent molecular cytogenetic strategies and applications are 
used to extend the understanding of diseases and cellular 
pathology and to generate routine diagnostic tests. 

 There   are numerous additional experimental-based 
techniques established, which are used for comparative 
genomics and other fundamental research questions. This 
chapter focuses on diagnostic approaches used in routine 
laboratories to detect and characterize genetic changes 
over the base pair level. In comparison to the first two 
decades of molecular cytogenetics, the development of new 
FISH approaches implemented in the routine diagnostic setup 
has been decreased because of the development of new high-
resolution microarray-based approaches and high-throughput 
PCR- or sequencing-based techniques, which have the 
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potential to be automated, and are fast and  efficient in 
 comparison to cell culture-dependent assays (for more 
details see Chapters 16 and 24)  . 

 For   the understanding of array-based techniques 
(Chapter 16)   and for professional decision-making in 
the diagnostic context, it is essential to comprehend the 
 development from conventional single cell chromosome 
analysis to FISH-based approaches in the early 1980s to 
modern array-based techniques. Furthermore, due to first 
array-based studies of the human genome, it became clear 
that single cell-based approaches, such as interphase FISH 
(I-FISH) and karyotyping, are, together with quantitative 
PCR-based approaches, essential for the validation and veri-
fication of whole genome screening results to differentiate 
between pathogenic and benign copy number variations in 
the human genome. In the routine diagnostic setting, the 
 ‘  ‘ indirect ’  ’  whole genome array methods pave the way to 
investigate the whole genome in a high-resolution manner, 
whereas focused, mainly single cell ( ‘  ‘ direct ’  ’ ) methods are 
cost effective and indispensable to detect specific submicro-
scopic alterations commonly found in clinically delineated 
syndromes (e.g. microdeletion syndromes) and neoplasias. 

 This   chapter will summarize modern molecular cytoge-
netic diagnostics and give a brief overview over the multi-
ple molecular cytogenetic FISH techniques and multicolor 
assays currently used in routine genetic diagnostics.  

    10.2       FROM CONVENTIONAL 
TO MOLECULAR CYTOGENETICS 

 The   first drawings of human chromosomes were published 
more than 100 years ago ( Arnold, 1879 ;  Flemming, 1881 ; 
 Hansemann 1890 ; for review see  Cremer, 1985 ). It took sev-
eral decades to develop stable protocols to prepare human 
chromosomes and to establish the correct number of human 
chromosomes. For clinical cytogeneticists the 1960s were the 
most exciting. With the establishment of hypotonic treatment 
resulting in successful metaphase chromosome spreading 
( Hsu and Pomerat, 1953 ),  Tijo and Levan (1956)  managed 
to determine the correct number of chromosomes in human 
diploid cells to 46. Three years later, Lejeune and coworkers 
(1959) published their observation, that full trisomy 21 result-
ing in 47 chromosomes is the main cause for Down syn-
drome. The next technical improvement in cytology was the 
addition of colchicine to  in vitro  cultures for the accumulation 
of dividing cells prior to fixation ( Moorhead  et al. , 1960 ). 

 In   tumor genetics, the first finding of a chromosomal 
abnormality was the identification of a minute chromosome, 
named by its location of discovery  ‘  ‘ Philadelphia chromo-
some ’  ’ , which was regularly found in peripheral blood cells of 
patients with chronic myeloid leukemia (CML) ( Novell and 
Hungerford, 1960 ). In the late 1960s, with the development 
and establishment of new conventional cytogenetic banding 

 FIGURE 10.1          Schematic illustration of common numerical and structural intra- and interchromosomal aberrations in humans.    
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techniques ( Casperson  et al. , 1970 ) to detect numerical and 
structural chromosome abnormalities in humans, the era of 
clinical cytogenetics began. Over the last decades multiple 
additional conventional banding techniques were introduced 
in routine use (for overview see  Verma  et al. , 1989 ;  Barch 
 et al. , 1997 ) to detect chromosomal aberrations. 

 Today  , the identification and characterization of numerical 
and structural chromosomal aberrations by karyotyping banded 
chromosomes is performed routinely in prenatal, postnatal, and 
tumor cytogenetic diagnostics as in basic genomic research. 

 Detectable   chromosomal aberrations can be divided 
into numerical and structural aberrations (see  Fig. 10.1 ). 
In humans, numerical chromosome aberrations as aneuso-
mies of whole chromosomes (e.g. trisomy 21, trisomy 18, 
or the chromosome constitution 45,X) are frequent, well-
characterized chromosome abnormalities and easily detecta-
ble by morphologic and numerical chromosome examination. 
Structural chromosomal abnormalities can be subgrouped 
into intra-chromosomal (deletions, duplications, inversions) 
and inter-chromosomal (balanced and unbalanced trans-
locations, insertions) aberrations affecting more than one 
chromosome (see  Fig.10.1 ; see also  ISCN, 2005 ). 

 More   laborious to identify by conventional  cytogenetics 
alone are the so-called marker chromosomes. Marker chro-
mosomes are structurally abnormal chromosomes of which 
the origin of the euchromatic content cannot be determined by 
conventional cytogenetic analysis alone. Often  supernumerary, 
their incidence varies from 0.3 to 3.7/1,000 in newborns and 
mentally/developmentally delayed patients ( Buckton  et al. , 
1985 ;  http://www.med.uni-jena.de/fish/sSMC/00START.
htm ). Ring chromosomes, some also supernumerary (numeri-
cal aberration; e.g. due to mitotic malsegregation), mainly 

originate from rearranged  normal chromosomes due to dele-
tions of the telomeric ends of the chromosome with following 
ring formation (intrachromosomal aberration;  T ö nnies  et al. , 
2003a ). However, the effectiveness of conventional cytogenet-
ics depends directly on the size of chromosome aberrations 
appearing in human cells. The limited chromosome-specific 
banding  resolution and assignment obtained by conventional 
chromosome banding makes the characterization and correct 
interpretation of complex and subtle chromosome aberrations 
 difficult to ascertain and is therefore by nature often imprecise. 

 Furthermore  , some chromosomal aberrations detected in 
an affected child are  de novo , defined by a normal constitu-
tional karyotype of the parents. Therefore, a precise definition 
of the lost or duplicated chromosomal material is indispen-
sable for any exact genotype – phenotype correlation and pro-
vides diagnostic and possibly prognostic information. By 
conventional cytogenetic methods, rearrangements in the size 
of 5 – 10 megabases (Mb) affecting single chromosomes are 
detectable if high-resolution  banding is achieved. However, 
aberrations smaller than 5       Mb (e.g. microdeletion syndromes; 
see  Table 10.1   ),  complex chromosome aberrations involv-
ing three or more chromosomes, and marker chromosomes 
composed of unknown chromatic material often give un-
satisfactory results using conventional cytogenetic techniques 
only. The dependency on dividing cells to prepare metaphase 
spreads, which is time consuming, and the occurrence of 
chromosome aberrations not to be characterized exactly 
using monochrome banding techniques enhanced the devel-
opment of alternative, more sensitive approaches based on 
the hybridization of DNA probes to patient DNA targets (e.g. 
metaphase chromosomes or interphase nuclei) overcoming 
these conventional cytogenetics limitations.  

 TABLE 10.1          Examples of common autosomal microdeletion syndromes in clinical diagnostics.  

   Chromosomal localization  Name  Involved gene(s)/ hybridization 
target 

 OMIM  a   entry 

   del(1)(p36.3)  Monosomy 1p syndrome    #607872 

   del(4)(p16.3)  Wolf-Hirschhorn syndrome  Wolf-Hirschhorn critical region  #194190 

   del(5)(p15.2p15.3)  Cri-du-chat syndrome  Cri-du-chat critical region  #123450 

   del(7)(q11.23q11.23)  Williams-Beuren syndrome   ELN   #194050 

   del(8)(q24.1q24.1)  Langer-Giedion syndrome   EXT1 ,  TRPS I ,  TRPS II   #150230 

   del(11)(p13p13)  WAGR syndrome   WT1, PAX6   #194072 

   del(15)(q11q13)pat  Prader-Willi syndrome   SNRPN   #176270 

   del(15)(q11q13)mat  Angelman syndrome   UBE3A   #105830 

   del(16)(p13.3)  Rubinstein-Taybi syndrome   CBP   #180849 

   del(17)(p11.2p11.2)  Smith-Magenis syndrome  Smith-Magenis critical region  #182290 

   del(17)(p13.3)  Miller-Dieker syndrome   LIS1   #247200 

   del(20)(p11.23p11.23)  Alagille syndrome   JAG1   #118450 

   del(22)(q11.2q11.2)  VCF/DiGeorge syndrome   VCF/ DiGeorge critical region  #192430 
*188400 

   a   OMIM at http://www.ncbi.nlm.nih.gov/omim  
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    10.3       FLUORESCENCE  IN SITU  
HYBRIDIZATION 

 By    in situ  hybridization (ISH) on metaphase spreads or 
interphase nuclei, genetic changes can be analyzed at the 
single cell level allowing the simultaneous assessment of 
different chromosomes or chromosome regions and the 
determination of clonal variability or mosaicism (see  Fig. 
10.2   ). Classical  in situ  hybridization is based on the bind-
ing (hybridization, annealing) of complementary, single-
stranded-labeled nucleic acids to the fixed and denatured 
target DNA of metaphase chromosomes, whole interphase 
nuclei, or DNA fibers. During hybridization the probe pen-
etrates to the target nucleic acid sequence and anneals to 
the complementary partner resulting in DNA duplexes of 
the bound probe and the former single-stranded target. 
After removing unbound probe material by stringent wash-
ing, results can be inspected by microscopy. 

 First   described by  Pardue and Gall (1969)  using 
radio-labeled, repetitive DNA probes hybridizing to mice 
cell preparations, the detection has been carried out by 

 autoradiography enabling the morphological ( in situ ) visuali -
zation of the presence of complementary nucleic acid sequences 
in the target material ( John  et al. , 1969 ). Hybridization and 
detection of the first single-copy DNA sequences by autora-
diography were described by  Harper and Saunders (1981) . 

 Molecular   cytogenetics is based on fluorescence  in situ  
hybridization skip (FISH). Using non-radioactively labeled 
probes, Pinkel and coworkers (1986) introduced the basic 
protocol for FISH, improving the spatial resolution in com-
parison to radio-labeled probes. FISH is a sensitive and spe-
cific method providing precise information about the physical 
location of DNA sequences in cell nuclei or chromosomes.  

    10.4       BASIC TECHNICAL ELEMENTS 
AND MATERIALS 

 Fluorescence    in situ  hybridization skip, or FISH, is a tech-
nique for the high-resolution visualization of labeled 
nucleic acid probes on target material (see  Fig. 10.2 ). FISH 
is a stepwise process beginning with the selection and 

 FIGURE 10.2          Flowchart summarizing the standard steps of fluorescence  in situ  hybridization. Target material (cell suspension including metaphase 
spreads and interphase nuclei) is dropped onto glass slides, pretreated, and denatured to prepare single-stranded DNA. After hybridizing the single-
stranded, labeled probe to the target material and post-hybridization wash, results can be analyzed by microscopic inspection. By using a whole chro-
mosome probe for chromosome 3 (left), a partial trisomy is visible. Using a locus-specific probe (e.g. YAC, right), three signals are detectable in the 
interphase nucleus reflecting a partial trisomy 3.    
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pretreatment of the target material, followed by the produc-
tion and labeling of the appropriate probe to be hybridized, 
the hybridization process itself, and the detection, inspection, 
and documentation of the results. For the user, a huge number 
of variable targets, probes, and labeling procedures are avail-
able nowadays. The resolution of FISH analyses directly 
depends on two crucial elements: the target and the probe. 

    10.4.1       Targets for FISH 

 A   wide variety of cellular materials can be used as  targets 
for investigation by FISH. In routine diagnostics, in par-
ticular interphase nuclei and metaphase chromosomes 
of peripheral blood (routinely T-lymphocytes), primary 
fibroblasts, bone marrow cells or, in prenatal diagnostics, 
amniocytes and chorionic villi cells are used after tissue 
cultivation (see  Fig. 10.2 ; for technical details see  Wegner, 
1999 ). In leukemic specimens, where the number of via-
ble, dividing cells is sometimes low, so-called hypermeta-
phase spreads obtained by long-term exposure of cells to 
 colcemide can be produced ( Seong  et al. , 1995 ). The yield 
of metaphase spread-like targets is higher vs. normal chro-
mosome preparation with short-term colcemide treatment. 
The advantage in comparison to I-FISH is the ability to 
see a chromosome-like morphology, and to minimize false 
positive results due to stochastic signal overlap often seen 
in I-FISH experiments. Furthermore, without cultivation, 
buccal smear cells, sperm cells, and cells originating from 
the urinary tract can be used for I-FISH either to get pri-
mary informations or to verify former results obtained by 
peripheral blood cell karyotyping or array-CGH analyses 
(see also section 10.10). In preimplantation genetic diagno-
sis (see also Chapter 33)  , FISH for aneuploidy screening 
is routinely performed on polar bodies and, if allowed, on 
blastomeres ( Delhanty  et al. , 1993 ;  Fragouli, 2007 ). 

 Mainly   used in basic research for, e.g., clone mapping, 
rather than in diagnostic units, FIBER-FISH using released 
chromatin fibers from interphase cells ( Heng  et al. , 1992 ; 
 Wiegant  et al. , 1992 ) is utilized to study the structure and 
organization of mammalian genomes with high  resolution. 

A great advantage of I-FISH on single cells is that it can
also be performed on archived or non-dividing mate-
rial such as fresh frozen and paraffin-embedded tissues 
slices and touch preparations of pathological specimens. 
Resolution of FISH experiments depends directly on the 
target material. Studying metaphase chromosomes, reso-
lution is about 2 – 5       Mb, whereas in interphase nuclei the 
resolution is varying between 2       Mb and 50       kb. When 
performing FIBER-FISH experiments, a resolution of 
5 – 500       kb can be achieved ( Speicher and Carter, 2005 ). 

 For   reproducible hybridization results some targets 
need different pretreatment steps (e.g. proteolytic steps) for 
better penetration of the probe. For all target materials, a 
fixation step is required. In cytogenetics, conventional fixa-
tive (methanol:acetic acid      �      3:1) is routinely used, but also 
ethanol fixation (70%) provides good results. For FISH, 
formerly dividing cells are applied to glass slides for pre-
treatment by RNase or proteolytic digestion, if necessary. 
Before hybridization, the double-stranded target DNA has 
to be denatured either by chemical or heat treatment, melt-
ing the DNA double helices to single-stranded DNA (for 
technical details see  Schwarzacher and Heslop-Harrison, 
2000 ).  

    10.4.2       DNA Probes for FISH 

 For   FISH a variety of DNA probes established by different 
amplification or cloning techniques are used. Probe DNA 
can be prepared by locus-specific PCR amplifying single 
genes, cloning of large human DNA fragments, by chro-
mosome microdissection or flow-sorting of whole chro-
mosomes. A large number of commercial FISH probes is 
available today (see  Fig. 10.3   ). Region- or band-specific 
chromosomal DNA can be cloned in vectors of different 
sizes, such as cosmids, plasmids, P1-derived artificial chro-
mosomes (PACs), bacterial artificial chromosomes (BACs), 
or yeast artificial chromosomes (YACs). The choice of the 
vector system depends on the size of the DNA fragment to 
be cloned. Mapped and sequenced large insert clones are 
available for almost any chromosomal region and can be 

 FIGURE 10.3          Schematic illustration of various FISH probes used in routine cytogenetic diagnostics. For explanation, see text.    
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selected easily by using internet databases (UCSC genome 
browser, Ensembl Cytoview, NCBI Map-Viewer).  

    10.4.3       Probe Labeling 

 Nucleic   acid FISH probes are labeled and visualized either 
directly using fluorochrome-conjugated nucleotides (e.g. 
fluorescein isothiocyanate; FITC-dUTP) or indirectly using 
reporter molecules (e.g. biotin-dUTP, digoxygenin (DIG)-
dUTP; for details see  Schwarzacher and Heslop-Harrison, 
2000 ). Nucleic acid-labeling approaches are based on the use 
of different enzymatic or chemical methods, and the choice 
of the labeling technique varies from laboratory to laboratory 
(for technical details see  Rautenstrau ß  and Liehr, 2002 ). Most 
labeling strategies are based on the enzymatic incorporation 
of label-conjugated nucleotides in a new synthesized DNA 
strand. Examples for these approaches are the polymerase 
chain reaction (PCR; amplification and labeling of the probe) 
using degenerated oligonucleotide primers (DOP;  Telenius 
 et al. , 1992 ), the nick translation (no amplification but frag-
mentation of probe size;  Rigby  et al. , 1977 ), or random prim-
ing using hexamer primers resulting in probe amplification 
during labeling procedure ( Feinberg and Vogelstein, 1983 ). 
For small oligonucleotides, terminal fluorochrome-labeling 
reactions ( Bauman  et al. , 1980 ) are commonly used. 

 In   the last years, various other labeling approaches 
such as chemical cross-linking have been established (van 
 Gijlswijk  et al. , 2001 ), and numerous kits are commercially 
available to label probe DNA with high efficiency. 

 For   multicolor assays discriminating numerous targets 
simultaneously (for details see section 10.6), combinations 
of five fluorochromes can result in more than 24 colors 
using a ratio labeling scheme (same fluorochrome com-
bination but different proportions;  Dauwerse  et al. , 1992 ; 
 Nederlof  et al. , 1992 ), combinatorial labeling (unique 
combination of different fluorochromes) as described by 
Nederlof and coworkers (1990), or the COBRA (combined 
binary ratio labeling) strategy introduced by Tanke and 
coworkers (1999). 

 A   crucial step for all labeling systems is to achieve 
an optimal fragment size of the labeled FISH probe, in 
order to assure appropriate penetration and  hybridization 
 efficiency. For FISH experiments using locus-specific 
probes, the fragment size after labeling should not exceed 
300       bp. Therefore, some of the labeling approaches also 
require fragmentation of probe DNA by DNase or ultra-
sonic  treatment before  in situ  hybridization.  

    10.4.4       Hybridization, Post-Hybridization 
Wash, Detection, and Documentation 

 For   DNA duplex formation, probe DNA and target DNA has 
to be single stranded (see  Fig. 10.2 ). For  denaturation, the 
probe DNA dissolved in hybridization buffer (also known 

as hybridization mix), containing formamide and appropri-
ate salt-concentrations, is dissociated in a water bath at the 
appropriate temperature (depending on the probe composi-
tion). Many probes of higher complexity contain repetitive 
DNA elements that are scattered throughout the genome 
(e.g. whole chromosome painting probes). In order to sup-
press their unspecific cross-hybridization, unlabeled compet-
itor (Cot-1) DNA, a highly repetitive fraction of the human 
genome, is added to the hybridization mix. The Cot-1 DNA 
binds to the highly repetitive elements in the probe, suppress-
ing their unspecific cross-hybridization to the target (chro-
mosome  in situ  suppression hybridization;  Cremer  et al. , 
1990 ;  Hulten  et al. , 1991 ). After appropriate prehybridiza-
tion or preannealing, the fluid  hybridization mix is applied 
to the target material for an appropriate time (hours to days) 
depending on the size and complexity of the probe and tar-
get. Non- and unspecific bound probe is washed off using 
stringent washes (low salt concentration) under thermal 
conditions that do not denature the specific DNA duplexes 
(washing temperature lower than melting temperature). 

 For   direct-labeled probes, no detection steps are necessary, 
whereas indirect-labeled probes (e.g. biotin- or digoxigenin-
labeled probes) have to be detected using appropriate 
fluorochrome-conjugated antibodies. After counterstain-
ing the target material using either DAPI (4,6-diamidino-
2-phenylindole) or propidium iodide, and application of 
an antifade solution to prevent bleaching of the fluorescent 
signals, hybridization results can be visually inspected 
using an epifluorescence microscope equipped with appro-
priate single- or multiband pass filter sets. Digital docu-
mentation of hybridization results is routinely done using a 
charge-coupled device (CCD) camera,  connected to a com-
puter and appropriate analysis software.   

    10.5       TYPES OF FISH PROBES AND RECENT 
FISH APPROACHES FOR METAPHASE AND 
INTERPHASE FISH 

 The   ability to detect and characterize chromosomal abnor-
malities in metaphase spreads and interphase cells using 
FISH has been greatly enhanced by the rapidly increasing 
availability of numerous chromosome and locus specific 
probes (see  Fig. 10.3  and  Table 10.2   ). The choice of probe 
and the simultaneous use of multiprobe assays depend on 
the particular application in question. 

    10.5.1       Centromeric Satellite Probes 

 The   first routinely used FISH probes were centromere-specific 
probes detecting highly repetitive centromeric  α -satellite 
DNA sequences ( Cremer  et al. , 1986 ). In molecular diagnos-
tics, these probes are mainly used for chromosome enumera-
tion and marker chromosome identification (         Figs 10.3, 10.4a 
and b ). Especially for interphase cell analysis, which can be 
performed on cytological preparations as well as in sections 
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of formalin-fixed and paraffin-embedded (FFPE) tissues, 
these probes are particularly attractive because of high sen-
sitivity and excellent hybridization efficiencies. The hybrid-
ization time of these highly repetitive probes is short (only 
hours) and provides rapid results without the need of specific 
cytogenetic expertise for chromosome recognition or cell 
culture/metaphase preparation. The so-called all-human cen-
tromeric probes, a mix of all  α -satellite repeats of the human 
genome hybridizing to all human centromeres simultaneously, 
are used for the detection of dicentric chromosomes or for 
the definition of neocentromeres, always lacking  α -satellite 
DNA sequences. 

 However  , by using chromosome-specific centromeric 
probes for interphase cytogenetics, centromeric polymor-
phisms can result in split signals and therefore in false 
positive findings. Additionally, for some chromosomes, 
sequence homologies of the  α -satellite sequences are 
resulting in cross-hybridizations (e.g. chromosomes 13/21 
and 14/22), making these probes less suitable for interphase 
cytogenetics. Furthermore, the use of centromeric probes 
for supernumerary marker chromosome detection gives no 
information about the euchromatic chromosome contents 
accounting for most phenotypic features.  

    10.5.2       Whole Chromosome  “ Painting ”  
Probes 

 Whole   chromosome probes (WCP), also called painting 
probes, are DNA libraries representing a cocktail of DNA 
fragments of a single human chromosome ( Deaven  et al. , 
1986 ;  Guan  et al. , 1993 ;        Figs 10.3, 10.4c and d ). These DNA 
probes, obtained by chromosome flow sorting or chromosome 
microdissection (see  Fig. 10.5    and section 10.5.3), allow the 
labeling of individual chromosomes in metaphase spreads, 
and subsequently the identification and characterization of 
both numerical and interchromosomal structural aberrations 
as translocations and non-homologous insertions. Partial 
chromosome probes ( Fig. 10.3 ), generated by chromosome 
microdissection and representing the short or the long arm of 
chromosomes, are  valuable tools for the detection of intrac-
hromosomal pericentric inversions including the centromere. 

 In   routine use, the application of appropriate whole 
chromosome probes to ascertain chromosomal aberra-
tions needs the prior knowledge (and therefore cytoge-
netic expertise) of the affected chromosome(s) in question. 
Otherwise, for example for euchromatin containing marker 
chromosome characterization, a whole repertoire of dif-
ferent DNA probes has to be hybridized and analyzed to 
narrow down or to identify the origin of unknown chromo-
somal material ( Blennow  et al. , 1995 ). 

 However  , a locus-specific determination of the affected 
chromosomal region in intrachromosomal rearrangements, 
such as deletions and duplications, and paracentric  inversions, 
affecting only one chromosome arm, is not possible by using 
whole or partial chromosome probes. The detection of small 

interchromosomal translocations involving only very small 
regions of the chromosome ends often cannot be performed 
with the adequate diagnostic sensitivity by using whole chro-
mosome probes. In contrast to centromeric probes, chromo-
some enumeration by whole chromosome probes can be 
performed only on metaphase spreads, demanding the avail-
ability of proliferating material.  

    10.5.3       Probe Generation by Chromosome 
Microdissection (Micro-FISH) 

 The   characterization of the composition and chromo-
somal origin of marker chromosomes or parts thereof 
can be  performed straightforwardly by chromosome 

 FIGURE 10.4          Example combinations of single probes used in routine 
diagnostics.  A.  Interphase nuclei of an uncultured amniocytes hybridized 
with three different alphoid probes (cep-X, red, cep-Y, green, cep-18, blue). 
A normal male signal constitution has been detected for the chromosomes 
X and Y. The three blue signals gave evidence for a trisomy 18 in the 
amniocytes (courtesy of Markus Stumm, Berlin, Germany).  B.  I-FISH 
using centromeric probes for chromosomes 7 (green) and 9 (red), detecting 
a monosomy 7 mosaicism.  C.  Whole chromosome probes for chromo-
some 3 (green) and 11 (red), detecting a reciprocal translocation t(3;11).  D.  
Combinatorial hybridization of whole chromosome painting for chromo-
some 4 (red) and an all telomere repeat probe.  E.  Result of a D-FISH exper-
iment performed on a bone marrow metaphase of a chronic myelogenous 
leukemia (CML) patient detecting a Philadelphia-positive metaphase spread 
resulting in mix-color signals (fusion signals) on the derivative chromo-
somes der(9) and der(22) (courtesy of Ivan Loncarevic, Institute of Human 
Genetics and Anthropology, Jena, Germany).  F.  Microdeletion of the SHOX 
gene (red) at the tip of one X-chromosome in a girl. As a control probe, a 
cep-X (green) has been hybridized.  Note : The e-book for this title, including 
full-color images, is available for purchase at www.elsevierdirect.com.    
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 microdissection or micro-FISH ( Meltzer  et al. , 1992 ). This 
method is based on the micro-manipulated or laser capture-
based chromosome dissection of the marker chromosome 
followed by PCR-mediated DNA amplification. By reverse 
(on normal metaphase spread) or forward (on patients ’  
metaphase spreads) hybridization, the complete euchro-
matic content of the marker chromosome can be explored 
without the use of commercial probes (see  Fig. 10.5 ). A 
prerequisite for this assay is proliferating cell material of 
the patient. In addition to the fact that some chromosome 
aberrations like inversions and small duplications are not 
detectable by using dissected material as a probe, precise 
breakpoint identification is limited due to the hybridization 
on metaphase chromosomes. Furthermore, there are practi-
cal limitations to micro-FISH for diagnostic purposes since 
specialized equipment, technical skills, and a profound 
cytogenetic knowledge for the undoubtful recognition of 
the marker chromosome are necessary.  

    10.5.4       Region and Locus-Specific Probes 

    10.5.4.1       Locus-Specific Probes 

 For   the investigation of small, submicroscopic  chromosomal 
loci of the human genome, which are too small to be 
 visualized by conventional cytogenetics, a wide spectrum of 
so-called locus-specific probes are used routinely in diag-
nostic FISH laboratories. Most of these probes are vector-
cloned probes. For the molecular-cytogenetic verification 
of syndromes with submicroscopic gain or loss, such as the 
classical microdeletion and microduplication syndromes (see 
 Table 10.1 ), single-copy probes detecting the common region 
of interest are hybridized to patient cells (see  Fig. 10.4f ). 
Although metaphase spreads are used routinely as targets for 
microdeletion syndromes, interphase nuclei are utilized for the 
detection of microduplications because of the better separation 
of closely spaced hybridization signals ( Shaffer and Lupski, 
2000 ). Today, most commercial probes include a second 

 TABLE 10.2          FISH probes for the characterization of specific chromosome alterations.  

   Probes for FISH  Hybridization target  Patient material  Aberration type detectable 

    Commercial probes  

   Centromere specific  α -satellite 
probes 

 Centromeres  Metaphase spreads, interphase 
spreads 

 Numerical aberrations, 
identification of marker 
chromosome origin 

   Whole chromosome probes 
(WCP) and partial chromosome 
arm-specific probes (PCP) 

 Whole chromosomes  Metaphase spreads, interphase 
spreads 

 Numerical aberrations, 
interchromosomal aberrations 
as balanced translocations or 
non-homologous insertions 

   Locus-specific probes 
(microdeletion and 
microduplication probes) 

 Submicroscopic chromosomal 
loci 

 Metaphase spreads Interphase 
cells 

 Microdeletions and 
microduplications 

   Tumor probes (single fusion 
probes, break apart probes, 
double fusion probes, oncogene 
amplification probes) 

 Submicroscopic fused 
chromosomal loci 
(translocation breakpoints), 
homogeneously staining 
regions (gene amplifications) 

 Interphase cells (Metaphase 
spreads) 

 Chimeric gene fusions, gene 
amplifications, inversions, 
deletions 

   All telomeric probes (Q-FISH 
probes) 

 Telomere repeats  Metaphase spreads  Quantification of telomere size, 
loss of telomere 

   Subtelomeric probes  Subtelomeric regions  Metaphase spreads  Cryptic terminal deletions, 
duplications, translocations 

    Non-commercial probes  

   PCR amplified microdissected or 
chromosomes or chromosomal 
bands (Micro-FISH) 

 Chromosomes or parts thereof  Patient and control metaphase 
spreads, forward and reverse 
‘’painting’’ 

 Marker chromosome 
characterization 

   PCR products  in situ  (PRINS) 
PCR primer for specifc 
chromosomal loci, genes or 
alphoid sequences 

 Telomere repeats, 
microdeletions, single genes 

 Metaphase spreads  Telomeric aberrations, 
microdeletions, single gene 
deletions 
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 control probe hybridizing on the non-affected  chromosome 
arm for the validation of successful hybridization. 

 In   prenatal diagnostics, differently labeled single probes 
can be used for rapid testing for chromosomal aneuploi-
dies on uncultivated amniocytes ( Kuo  et al. , 1991 ;  Klinger 
 et al. , 1992 ;  Ward  et al. , 1993 ;  Stumm  et al. , 2006 ;  Fig. 
10.4a ). By this approach, a combination of locus-specific 
and alphoid probes of human chromosomes 21, 18, 13, X, 
and Y are hybridized in two combinations for the detection 
of the most common aneuploidies in humans. However, this 
FISH test is not designed to detect all chromosome aneu-
ploidies and can be utilized only as an adjunctive test to 
conventional cytogenetics.  

    10.5.4.2       Tumor Probes 

 In   tumor genetics, most chromosomal rearrangements have 
major diagnostic and prognostic relevance. A number of 
single-copy locus-specific probes, detecting characteristic 
translocations/fusion genes, inversions, deletions, and onco-
gene amplifications on the single cell level are commercially 
available ( Wang, 2002 ). These probes allow the investiga-
tion of metaphase spreads and interphase cells in one experi-
ment. Furthermore, the detection of minimal residual disease 
and post-transplantation follow-up can be done with high 
sensitivity. Some of these locus-specific probes precisely 

locate translocation and inversion breakpoints, reflecting 
chimeric gene fusions in neoplastic diseases, especially in 
leukemias (e.g.  BRC-ABL ). Single-fusion dual-color FISH 
probes (       Figs 10.3 and 10.4e ), which were the first available 
tumor probes, detect specific translocation breakpoints in 
interphase nuclei by the presence of non-randomly distrib-
uted juxtaposed signals. However, in interphase diagnostics, 
these probes can have high rates of false positive signals. 
Newer types of translocation probes in cancer genetics are 
break-apart probes detecting simple splits of normally prox-
imate signals and so-called double fusion probes (D-FISH 
probes) detecting a fusion signal on both derivative chromo-
somes ( Grand  et al. , 1998 ). Oncogene amplification probes, 
commonly used in solid tumor genetics, visualize gene 
amplifications in metaphase and interphase cells and clarify 
the identity of the genes involved.  

    10.5.4.3       Subtelomeric Probes and Telomere 
Repeat Probes 

 The   highest gene concentrations in the human genome are 
in the subtelomeric regions of metaphase chromosomes 
( Saccone  et al. , 1992 ). These chromosomal regions are prone 
to rearrangements, which could give rise to cryptic aberra-
tions probably accounting for 5% to 10% of unexplained 
moderate-to-severe mental retardation cases,  congenital 

 FIGURE 10.5          Flowchart summarizing the practical steps of marker chromosome microdissection (Micro-FISH). Using a glass dissection needle that 
is controlled by a micromanipulator, some copies of the marker chromosome are dissected and transferred to a microcentrifuge tube. Subsequently, the 
chromosomal DNA is amplified and labeled by degenerate oligonucleotide primed-PCR (DOP-PCR)  . The resulting chromosome probe is hybridized 
to metaphases containing the marker (patient metaphase spread; forward painting) to verify the regional authenticity of the probe. Simultaneously, the 
chromosomal composition of the marker is determined by hybridization of the probe to normal metaphase chromosomes.    
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anomalies, and spontaneous abortions (       Knight  et al. , 1997, 
1999 ;  Anderlid  et al. , 2002 ;  Yu  et al. , 2005 ). Subtelomeric 
probes were established for all chromosome ends (excluding 
the short arms of acrocentric chromosomes) to screen meta-
phase spreads for cryptic translocations or imbalances at the 
terminal euchromatic parts of the chromosomes. 

 The   non-coding telomere repeat (TTAGGG)n distal to 
the subtelomeric region at the end of each eukaryotic chro-
mosome protects the chromosome against rearrangements 
and fusion with other chromosomes (see  Fig. 10.4d ). Using 
a repetitive all-telomere probe, ring chromosome formation 
can be pinpointed, especially in small supernumerary ring 
chromosomes. 

 Telomere   shortening, resulting from cell divisions over 
time, can lead to genomic instability and neoplasia ( Shay 
 et al ., 1994 ). A quantitative FISH assay, using peptide 
nucleic acid (PNA) telomere oligonucleotide probes, result-
ing in stronger hybridization signals than standard DNA 
oligonucleotide probes, has been described by Lansdorp 
and coworkers (1996). Hybridizing these probes, the fluo-
rescence intensity detected is directly proportional to the 
amount of telomere repeats.   

    10.5.5       Special Probe Types 
and Combinations 

 In   the literature, several additional specific probe designs 
and combinations have been published over the years, but 
not all these are used routinely in diagnostics. It would go 
beyond the scope of this chapter to list all these in detail. 
All the following FISH-based sensitive approaches are 
detecting single or few chromosome alterations at a time. 

    10.5.5.1       Primed  in situ  Labeling 

 Primed    in situ  labeling (PRINS) is a complementary FISH 
approach based on the  in situ  hybridization of short unla-
beled DNA primers to metaphase spreads or interphase 
cells and subsequent  in situ  chain elongation catalyzed by 
a DNA polymerase (       Koch  et al. , 1989, 1991 ). The pro duct 
of this polymerase chain reaction  in situ  is visible due to 
incorporation of labeled nucleotides. Depending on the 
primers used, this time- and cost-effective method allows 
the detection of centromeric alpha satellite DNA ( Hindkjaer 
 et al. , 1995 ), telomeric repeats ( Krejci and Koch, 1998 ), 
microdeletions, and single-copy genes ( Cinti  et al. , 1993 ; 
 Kadandale  et al. , 2000 ;  Tharapel  et al. , 2002 ). However, 
PRINS requires the knowledge of the exact target sequence 
for the primers and high-quality target material.  

    10.5.5.2       Single-Copy FISH Probes 

 Rogan   and coworkers (2001) introduced the use of a new 
generation of small single-copy FISH (sc-FISH) probes 

designed by computational sequence analysis of approxi-
mately 100       kb genomic sequences, bridging the gap 
between molecular genetic data and molecular cytogenet-
ics. These labeled probes, produced by PCR, can be hybrid-
ized without preannealing or blocking, as sc-FISH probes 
lack repetitive DNA sequences. These short probes are pro-
duced directly from genomic DNA without recombinant 
DNA techniques. Applications of these probes include 
detection of microdeletion syndromes and submicroscopic 

deletions ( Knoll and Rogan, 2003 ).         

    10.5.6       MACISH and FICTION: Fluorescence 
Immunophenotyping and Interphase FISH 

 MACISH   (morphology, antibody, chromosomes,  in situ  
hybridization) and FICTION (fluorescence immunopheno-
typing and interphase cytogenetics) are methods com-
bining immunophenotyping of cells and fluorescence 
 in situ  hybridization ( Knuutila and Teerenhovi, 1989 ; 
Weber-Mathiesen  et al. , 1993). These approaches allow 
the examination of numerical and structural chromosome 
abnormalities of immunologically classified cells. They are 
used especially to detect tumor cells carrying chromosome 
abnormalities in mixed cell populations contaminated with 
normal cells as tissue sections or cytological preparations. 
Recently, Martin-Subero and coworkers (2002) described 
the use of multicolor-FICTION, allowing the simultane-
ous detection of the morphological and immunophenotypic 
characteristics of neoplastic cells together with the most 
frequent chromosomal aberrations.   

    10.6       MULTICOLOR FISH 
SCREENING ASSAYS 

 For   the simultaneous visualization of different chromo-
some aberrations in one experiment, a variety of multicolor 
FISH assays have been developed in the last decade ( Liehr 
 et al. , 2002 ;  T ö nnies, 2002 ). Some of the most important 
techniques for routine cytogenetics are described here (see 
 Table 10.3   ). 

    10.6.1       CenM-FISH and CM-FISH 

 Recently  , two all-human centromere-specific multicolor-
FISH approaches for the subsequent determination of 
the exact origin of structurally abnormal, cytogenetically 
unidentifiable marker chromosomes have been reported by 
Henegariu and coworkers (2001a; CM-FISH) and Nietzel 
and coworkers (2001; cenM-FISH;  Fig. 10.6a   ). These one-
step multicolor FISH assays allow the simultaneous char-
acterization of all human centromeres using differently 
labeled centromeric satellite DNA as probes for all human 
chromosomes. However, by using centromeric alpha 
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 TABLE 10.3          Molecular cytogenetic multicolor whole metaphase/cell scanning techniques scanning used in human molecular diagnostics.  

   FISH-technique  a    Probe setup  Hybridization target 
(patient material) 

 Aberration type detectable  Specific advantages of the 
technique 

 Diagnostic limitations 

   CenM-FISH and 
CM-FISH 

 All centromere specific
 α -satellite probes 

 Centromeres 
(metaphase spreads) 

 Numerical aberrations, 
identification of marker 
chromosome origin 

 Fast characterization of 
supernumerary marker 
chromosome origin, no need of 
specific cytogenetic expertise 

 No information about 
euchromatic content of the 
marker 

   TM-FISH, M-Tel FISH, 
S-COBRA 

 All subtelomeric regions  Subtelomeres 
(metaphase spreads) 

 Cryptic terminal deletions, 
duplications and 
translocations 

 High sensitivity, simultaneous 
analysis of all chromosome ends 
involved in rearrangements 

 Small analysis spectrum 
restricted to the chromosome 
ends, further analysis of 
affected chromosome(s) 
necessary 

   SKY/M-FISH 
and technical 
modifications (CCK-
FISH, COBRA-FISH, 
IPM-FISH) 

 All human WCP-specific 
probes 

 Whole chromosomes 
(metaphase spreads) 

 Interchromosomal balanced 
and unbalanced translocations, 
euchromatic marker 
chromosome identification 

 Whole metaphase scanning without 
prior probe selection, translocation 
partner detection in one 
experiment, fast characterization of 
euchromatic marker chromosome 
content 

 Insensitive detection of 
intrachromosomal aberrations 
as deletions, duplications 
and inversions, imprecise 
breakpoint detection, need of 
non-overlapping chromosomes 

   Chromosomal bar 
codes and Rx-FISH 

 YAC clones, fragment 
hybrids, cross-species 
WCP mix 

 Whole chromosomes 
(metaphase spreads) 

 Inter- and intrachromosomal 
aberrations as translocations 
and gross deletions, 
duplications, inversions 

 Metaphase-wide detection of 
gross intra- and interchromosomal 
chromosome alterations and marker 
chromosomes 

 Sub-optimal locus-specific 
resolution of breakpoints, 
need of non-overlapping 
chromosomes 

   Multicolor-banding, 
MCB 

 Microdissection-derived 
partial chromosome 
probes 

 Whole chromosomes 
(metaphase spreads) 

 Inter- and intrachromosomal 
aberrations as translocations, 
deletions, and inversions 

 Sensitive whole karyotype 
detection chromosomal alterations 
with chromosome band specific 
resolution 

 High costs and technically 
demanding, need of non-
overlapping chromosomes 

   Comparative genomic 
hybridization, CGH 

  Patient and control DNA    Whole control 
chromosomes 
(metaphase spreads)  

 Chromosomal inter- and 
intrachromosomal imbalances, 
gene amplifications, marker 
chromosomes 

 Whole genome scanning technique 
without need of proliferating 
patient material, locus-specific 
detection of gene amplification, 
band-specific information on 
imbalance size 

 Insensitive detection of 
imbalances in a subpopulation 
of cells, no detection of 
balanced aberrations, 
technically demanding 

   Matrix-CGH/ Array 
CGH 

  Patient and control DNA    Spotted defined 
DNA probes (cloned 
sequences or 
oligonucleotides)  

 Chromosomal inter- and 
intrachromosomal imbalances, 
gene amplifications, marker 
chromosomes 

 Whole genome scanning technique 
without need of proliferating 
patient material, high-resolution 
target-specific detection of gene 
amplification, submicroscopic 
information on imbalances 

 Direct dependency on the 
spotted targets, no detection 
of balanced translocations, 
missing of small mosaics 

   a   For abbreviations, see text.  



Molecular Diagnostics144

 satellite probes, only the centromeric parts of chromosomes 
can be explored, whereas other chromosome abnormalities 
affecting the euchromatin are excluded from investigation 
by using these assays. 

 Since   most markers originate from the acrocentric 
chromosomes, Langer and coworkers (2001) developed an 
acroM-FISH assay using a probe mix, which consists of 
painting probes and centromere probes for chromosomes 
13/21, 14/22, and 15, and a probe specific for rDNA, each 
labeled with a specific combination of fluorochromes. 
Using this assay, the origin of approximately 80% of all 
markers can be identified by one hybridization assay.  

    10.6.2       Multicolor Assays for Subtelomeric 
Rearrangements 

 Special   subtelomeric multicolor probe mixes were estab-
lished to scan metaphase spreads for subtle aberrations 
at the gene-rich ends of the chromosomes in a scanning 
assay (see also section 10.5.4.3). Henegariu and cowork-
ers (2001b) reported the analysis of 41 chromosome ends 
simultaneously using a multicolor hybridization assay 
including DNA probes located near the end of these chro-
mosomes (0.1 – 1       Mb from the telomere, TM-FISH). In the 
same year, Brown and coworkers (2001) presented the so-
called M-TEL 12-color FISH assay, which permits the 
screen ing of all telomeres in only two hybridizations. As an 
important parameter for successful hybridizations, all three 
techniques require well-spread metaphases (proliferating 
cells) with no cytoplasm.   

    10.7       MULTICOLOR WHOLE METAPHASE 
SCANNING TECHNIQUES 

 In   addition to the various locus-specific assays described 
in this chapter ( ‘  ‘ direct assays ’  ’ ), which often require the 
hybridization of a whole repertoire of probes for differ-
ent chromosomes successively to narrow down the overall 
composition of a chromosome aberration in single FISH 
experiments, some unbiased whole metaphase or chromo-
some scanning approaches ( ‘  ‘ indirect assays ’  ’ ) are estab-
lished for the characterization of highly rearranged and 
unbalanced chromosome aberrations. Two major tech-
niques, multi-fluor-FISH (M-FISH;  Speicher  et al. , 1996 ; 
 Fig. 10.6b ) and spectral karyotyping (SKY;  Schr ö ck  et al. , 
1996 ;  Fig. 10.6c ) were developed for the detection of 
non-homologous structural and numerical chromosomal 
aberrations on the single metaphase level hybridizing of 
a 24-color whole chromosome probe mix. Each homolog 
chromosome is displayed in a different color, based on the 
use of computer-generated false-color chromosome images 
and karyotyping. Although the principle of hybridizing 
whole chromosome probes labeled by five different fluoro-
chromes in different combinations (combinatorial labeling) 

is the same, both approaches underlie a different technical 
concept: spectral karyotyping combines Fourier spectros-
copy, CCD imaging, and optical microscopy to measure 
simultaneously at all points in the sample emission spec-
tra in the visible and near-infrared spectral range ( Schr ö ck 
 et al. , 1996 ). In contrast, M-FISH is based on classical 
epifluorescence microscopy using fluorochrome-specific 
optical filter sets for color discrimination ( Speicher  et al. , 
1996 ). The fact that no prior knowledge of the affected 
chromosome(s) is required ( ‘  ‘ indirect analysis ’  ’ ) counts as 
an advantage for both techniques. By both approaches, the 
detection of chromosome rearrangements such as balanced 

 FIGURE 10.6          Different examples of multicolor FISH approaches.  A.  A 
supernumerary marker chromosome could be characterized as a deriva-
tive chromosome 8 using the cen-M-FISH approach (courtesy of Thomas 
Liehr, Institute of Human Genetics and Anthropology, Jena, Germany). 
 B.  M-FISH karyotype with complex chromosomal aberrations after 
radiation of the lymphocyte culture (courtesy of Christian Johannes, 
Essen, Germany. Hybridization and analysis carried out in collaboration 
with Metasystems, Germany).  C.  Spectral karyotyping (SKY) analysis 
of a human multiple myeloma cell-line (NCI-H929, CRL-9068, ATCC, 
Manassas, VA, USA). Several chromosomal aberrations were identified, 
e.g. translocations between chromosomes X and 7, 6 and 18, as well as 8 
and 20, a dicentric chromosome 1 and a second dicentric chromosome 1 
involved in a translocation or insertion with chromosome 10 (courtesy of 
Isabell Grandy and Evelin Schr ö ck, Institute of Clinical Genetics, Medical 
Faculty Carl Gustav Carus, Technical University, Dresden, Germany).    
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or unbalanced translocations and euchromatic marker 
 chromosomes in a single hybridization is possible, even 
if the chromosome morphology is poor. Therefore, both 
methods are used routinely in clinical and tumor genetics 
( McNeil and Ried, 2000 ;  Schr ö ck and Padilla-Nash, 2000 ; 
 Bayani and Squire, 2002 ;  Teixeira, 2002 ). 

 However  , by using both techniques only the origin or 
constitution of an aberrant chromosome can be proved, 
whereas the exact locus or breakpoint assignment is not 
possible. Major drawbacks for routine use are the poor 
sensitivity to detect aberrations like intra-chromosomal 
deletions, duplications, and inversions. A large number of 
whole chromosome probes, labeled with different fluoro-
chromes and the special technical equipment required, in 
particular for SKY analyses, restrict these scanning tech-
niques to some specialized laboratories. 

 In   1999, Henegariu and coworkers presented a cost-
effective alternative to SKY and M-FISH, called color-
changing karyotyping (CCK). Compared to both techniques 
mentioned before, CCK uses only three fluorochromes 
to discriminate up to 41 DNA probes. The discrimination 
is done through the difference in signal strength between 
direct- and indirect-labeled chromosomes. Therefore this 
approach can be used with a conventional three-filter fluo-
rescent microscope located in every molecular-cytogenetic 
lab. To achieve a better breakpoint resolution of translo-
cations, Aurich-Costa and coworkers (2001) developed 
a multicolor karyotyping technique (IPM-FISH) that is 
based on the use of interspersed polymerase chain reaction 
generated (IRS-PCR) whole chromosome probes that dis-
play, additionally to the color karyotyping, an R-Band-like 
hybridization pattern.  

    10.8       MULTICOLOR CHROMOSOME 
BANDING TECHNIQUES 

 Until   today, cytogenetics using black-and-white bar  coding 
of chromosomes is still the most important and cost-
 effective standard method to identify chromosome aberra-
tions. However, due to the similar size and shade of some 
chromosome bands, a detailed identification and chro-
mosomal assignment of altered chromosome regions by 
conventional cytogenetic banding techniques alone is not 
always satisfactory. Additionally, a pronounced cytogenetic 
expertise is needed for aberration detection and charac-
terization, which restricts the number of persons handling 
these methods. Over time, the idea came up to develop a 
color bar coding of chromosomes, which allows the detec-
tion of inter- and intrachromosomal aberrations as well as 
an automated karyotyping of the colored chromosomes. 
The first bar coding attempts, chromosomal bar codes 
(CBC;  Lengauer  et al. , 1993 ), were obtained by FISH with 
pools of Alu-PCR products from YAC clones containing 
human genomic DNA inserts. 

 Four   years later, M ü ller and coworkers (1997) described 
their chromosome bar code for human chromosomes, based 
on the application of a set of subregional DNA probes 
(based on human/rodent somatic cell hybrids) that distin-
guishes each chromosome in a single FISH assay. The result 
was a multicolor set of 110 distinct signals per haploid 
chromosome set. Using flow sorted primate chromosomes 
of two gibbon species, M ü ller and coworkers (1998) also 
established the so-called cross-species color segmenting or 
Rx-FISH. With the exception of six chromosomes, all other 
human chromosomes can be differentiated by this hybridiza-
tion assay in at least two and up to six segments. However, 
allowing the detection of inter- and intrachromosomal aber-
rations, the resolution of classical banding patterns (approxi-
mately 400 to 600 bands/haploid genome) cannot be reached 
by these approaches (e.g. for breakpoint detection). 

 High  -resolution multicolor banding (MCB) for refined 
FISH analysis of human chromosomes on the band and sub-
band level was introduced by Chudoba and coworkers (1999) 
(see  Figs 10.7a and b   ). This technique is based on changing 
fluorescence intensity ratios of overlapping DNA probes, 
labeled by five different fluorochromes. After computer-
based assignment of distinctive pseudocolors to the overlap-
ping and non-overlapping hybridization signals along the 
chromosome, this approach allows a higher resolution than 
the former mentioned,   independent of chromosome conden-
sation. By using the MCB technique for single chromosomes, 
preferentially intrachromosomal aberrations as deletions and 
peri- or paracentric inversions can be characterized. 

 Mrasek   and coworkers (2001) reported the use of 
human MCB probes for all chromosomes, permitting the 
straightforward characterization not only of intrachromo-
somal aberrations but also of interchromosomal transloca-
tions and breakpoint mapping (see  Fig. 10.7c ). By using 138 
microdissection derived MCB probes, a resolution of 450 
bands and more can be achieved, enabling a high-resolution 
FISH banding for the detection of complex chromosome rear-
rangements ( Liehr and Claussen, 2002 ). Recently, Weise and 
coworkers (2008) presented the first BAC array-mapped 
genome-wide human MCB probe set including 169 region-
specific microdissection libraries characterized in detail for 
their size and overlap.  

    10.9       WHOLE GENOME SCANNING 
AND COMPARATIVE GENOMIC 
HYBRIDIZATION 

 All   metaphase or chromosome scanning techniques utilize 
metaphases of the patient to uncover chromosomal aberra-
tions. In tumor genetics, especially in solid tumor samples, 
the number of metaphases that can be prepared from these 
tissues is often small, if available at all. Additionally, the 
chromosome morphology is often poor so that karyotyping 
is barely possible. 
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 To   circumvent these problems, Kallioniemi and cowork-
ers (1992) established a hybridization approach, known as 
comparative genomic hybridization (CGH), which relies on 
the use of genomic tumor DNA circumventing difficult cell 
culture and chromosome preparations of the tumor tissue. 
CGH is a potent and reliable hybridization approach, link-
ing conventional cytogenetic and molecular genetic tech-
niques. It allows the comprehensive analysis of the entire 
genome from tissue samples in just one experiment provid-
ing global information about chromosomal imbalances and 
gene amplifications in the test genome (       T ö nnies  et al. , 2001a, 
2003b ;  T ö nnies and Lage, 2004 ;  Fischer  et al. , 2004 ). In 
brief, CGH is based on the co-hybridization of differentially 
labeled whole genomic test (tumor) and normal (control 

or reference) DNA in a ratio of 1:1 to normal control (sex-
matched) metaphase spreads (see  Fig. 10.8   ). Fluorochrome-
labeled test- and control-DNA probes compete for 
hybridization on the target chromosomes. Due to deviations 
in fluorescence ratios of test-DNA to control-DNA copy 
number changes cannot be detected by visual inspection alone 
(see  Fig. 10.9a   ). Therefore, software-assisted image captur-
ing, karyotyping, and quantification of fluorescence intensi-
ties over the entire length of each chromosome is an integral 
part of this technique. The endpoint of a CGH analysis is a 
so-called copy number karyotype displaying all chromosomal 
imbalances on a conventio nal cytogenetic resolution level 
(approximately 5 – 10       Mb;  Fig. 10.9b ). 

 To   enhance sensitivity and resolution of CGH, Kirch-
hoff and coworkers (1998) reported on a high-resolution 
CGH approach based on a modified CGH software. These 
authors applied standard reference intervals as detection 
criteria and detected deletions down to 3       Mb ( Kirchhoff 
 et al. , 1999 ). CGH-based investigations provide informa-
tion not only on the chromosomal assignment of a chromo-
somal imbalance but also on chromosomal band-specific 
origin. This approach allows studying DNA from any 
human source, even though the cells are not viable (e.g. 
paraffin-embedded tissue sections), or if DNA amount 
is limited (see also section 10.5.3). Established in tumor 
genetics, a number of reports describing pre- and postnatal 
cytogenetic cases are available in the literature ( Bryndorf 
 et al. , 1995 ;  Levy  et al. , 1998 ;              T ö nnies  et al. , 2001a, c, d; 
2003c, d ). Furthermore, even in preimplantation genetic 
diagnostics, first experimental results have been reported, 
revealing chromosomal imbalances in blastomeres or polar 
body cells using DNA of single cells ( Malmgren  et al. , 
2002 ;  Wells  et al. , 2002 ). 

 Nevertheless  , by CGH the detection of balanced chro-
mosome aberrations, such as reciprocal translocations 
often found in liquid tumors (leukemias), is not possible. 
Furthermore, using whole genomic DNA, the information 
is restricted to the total amount of cells, of which the DNA 
is extracted. Therefore, if only a small number of cells are 
affected by a chromosomal imbalance (heterogeneity in 
tumors, clonal aberrations), it will be missed due to con-
tamination of the DNA with normal cells. However, the 
analysis of single cells is possible by upstream DNA ampli-
fication of single cell DNA as has been shown by Klein and 
coworkers (1999, 2002).  

    10.10       MOLECULAR KARYOTYPING  –  
ARRAY CGH 

 Molecular   cytogenetic FISH technologies, as described 
in this chapter, are based on the combination of molecu-
lar genetic and cytogenetic techniques detecting com-
plementary nucleic acid sequences  in situ  on metaphase 

 FIGURE 10.7          High-resolution multicolor banding (MCB) for refined 
FISH analysis of human chromosomes on the band and subband level. 
  A.   MCB analysis showing a pericentric inversion (including the centro-
mere) of chromosome 4.  B.  MCB analysis of a ring chromosome 5 and a 
derivative chromosome 5 induced by radiation of lymphocyte cultures.  C.  
Example of the use of human MCB probes for all chromosomes simulta-
neously, permitting the straightforward characterization not only of intra-
chromosomal aberrations but also of interchromosomal translocations. By 
using 138 microdissection-derived MCB probes a resolution of 450 bands 
and more can be achieved enabling a high-resolution FISH banding for 
the detection of complex chromosome rearrangements (pictures courtesy 
of Thomas Liehr and Christian Johannes, Institute of Human Genetics and 
Anthropology, Jena, Germany).    
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chromosomes or in the cell nuclei. However, the resolution 
level, as described for CGH, is restricted to approximately 
5 – 10       Mb. To be independent from high-quality metaphases 
and to enhance the resolution of analyses, Solinas-Toldo 
and coworkers (1997) established a matrix-based CGH 

array (Matrix-CGH) that substitutes normal metaphase 
chromosomes as hybridization target by well-defined 
genomic DNA fragments arrayed on a solid support, allow-
ing automated analysis of genetic imbalances as small dele-
tions or gene amplifications ( Pinkel  et al. , 1998 ;  Pollack 

 FIGURE 10.8          Simplified flowchart summarizing the steps of CGH technique. Different labeled control and test DNAs extracted from either tissue 
cultures, whole blood, or paraffin embedded material are hybridized under suppression conditions (Cot-1 DNA) on normal metaphase spreads. After 
image capturing and karyotyping of the metaphase chromosomes, fluorescence ratio profiles (quotient of test- to control-fluorescence intensity) for 
each chromosome are calculated. Mean profiles are plotted against the length of each chromosome. The center line (black) in the CGH profiles repre-
sents the balanced state of the chromosomal copy number (ratio      �      1.0). An upper threshold (green) is used to define a gain of chromosomal material 
(ENH      �      enhanced), and a lower threshold (red) is used to interpret a loss of chromosomal material (DIM      �      diminished). CGH results are displayed in 
the so-called copy number karyotype.  Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    

 FIGURE 10.9          Comparative genomic hybridization of DNA extracted from ovarian cancer tissue.  A.  Metaphase spread hybridized with normal control 
DNA (red), tumor DNA (green), and counterstained with DAPI. A high number of fluorescence ratio differences are visible by eye inspection.  B.  Copy-
number karyotype of the same CGH analysis. Nearly all chromosomes are showing full (e.g. chromosome 7) or partial (e.g. chromosome 6) imbalances. 
 Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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 et al. , 1999 ;  Fig. 10.10   ). In 2001, Snijders and coworkers 
established a microarray using 2,400 BAC inserts covering 
nearly the whole human genome for the detection of gains 
and losses in diploid, polyploid, and heterogeneous back-
grounds. Veltman and coworkers (2002) described a DNA 
micro array spotted with a set of 77 human chromosome 
specific subtelomeric probes as a target for array-based 
CGH. The dynamic range of the signal ratios obtained by 
these non-cytogenetic assays is up to five times higher for 
matrix CGH in comparison to conventional CGH, allowing 
for better quantitative assessments of genetic imbalances 
( Wessendorf  et al. , 2002 ). Amplifications and deletions of 
small genomic regions not detectable by chromosome ana 
lyses or CGH can be recognized with high resolution 
directly depending on the number of human DNA  fragments 
spotted on the chip. By the use of 3,500 inserts, a resolu-
tion of 1       Mb can easily be obtained ( Coe  et al. , 2007 ). The 
robustness and simplicity of these microarrays make them 
highly suited for routine diagnostic use ( Veltman, 2006 ; 
 Vermeesch  et al. , 2007 ). 

 However  , BAC inserts are typically large (80 – 200       kb) 
and therefore single-copy number aberrations smaller than 
50       kb are not detectable with certainty. Shorter targets in 
higher numbers can be achieved by using oligonucleotides 
as targets (25 – 80       bp). Oligonucleotides synthesized directly 
onto the matrix offers the possibility to hybridize on 
244,000 or 385,000 targets, depending on the company from 
which the array is ordered. Next generation oligonucleotide 
arrays have up to 2.1 or 4.2 million targets. Using custom-
designed oligonucleotide arrays, an almost nucleotide-level 
resolution can be achieved by synthesizing overlapping oli-
gonucleotides with single base-pair shifts. Other platforms 
have been constructed initially for single nucleotide poly-
morphism (SNP) studies. SNP arrays have been developed 
with 20 matched and mismatched probe pairs for each SNP 
allele. Hybridizations of test DNA with reduced complex-
ity due to restriction enzyme digestion and adapter-liga-
tion PCR are performed. SNP arrays allow an overview of 
chromosomal imbalances as well as loss of heterozygos-
ity (LOH) and uniparental disomies (UPD) to be obtained. 
The signal intensities of the matched probes are compared 
to  in silico  data sets. A current 500k GeneChip shows 
a median spacing of 2.5       kb. Other arrays, using 50       bp 
oligonucleotides are based on 650,000 different oligo-
nucleotides with a median spacing of 2       kb. However, the 
targets of SNP arrays are not uniformly distributed across 
the genome, in comparison to commercial oligonucleotide 
CGH arrays.  

    10.11       CONCLUSIONS AND PERSPECTIVES 

 Conventional   and molecular cytogenetic approaches are 
important to characterize chromosomal aberrations deeply, 
and can distinguish between a simple gain or loss of genetic 

material and more complex aberrations as insertions and 
cryptic abnormalities. The cytogenetic knowledge based 
on chromosomes and parts thereof has important impact 
on genetic counseling and further clinical management. 
Therefore, both conventional and molecular cytogenetics 
will have important functions in the future of medical diag- 
nostics. Recent advances, such as improved hybridization 
protocols and strategies, novel commercial and non-com-
mercial probe sets, coupled with hardware development 
such as image analysis software and specific filter sets for 
newly established fluorochromes, facilitate the collection 
of new important data for the understanding and diagnosis 
of genetic diseases. 

 Recently  , whole genome array techniques have emerged 
that give the opportunity to investigate the whole genome 
with high resolution in one experiment. Initially extremely 
expensive, this technique will eventually oust other molec-
ular cytogenetic approaches due to its cost effectiveness 

 FIGURE 10.10          Schematic illustration of the matrix-comparative 
genomic hybridization procedure. Cloned DNAs reflecting the human 
genome or parts thereof are printed on a CGH microarray and serve as a 
target for labeled control and test DNAs. After hybridization, the result-
ing relative fluorescence intensities are measured by computer-supported 
scanning. DNA loss in the test DNA results in red spots, gains in green 
spots.  Note : The e-book for this title, including full-color images, is avail-
able for purchase at www.elsevierdirect.com.    
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and wider acceptability. Directly transmitted imbalanced 
euchromatic variants without phenotypic effects have 
been detected by conventional cytogenetics and molecular 
cytogenetic methods for several years (for an overview see 
 Barber, 2005 ). Using array platforms, a significant fraction 
of the genome has been identified to vary in copy number 
between apparently healthy individuals ( Sebat  et al. , 2004 ; 
 Iafrate  et al. , 2004 ;  Redon  et al. , 2006 ). Current and near 
future challenges are to interpret these imbalances with cau-
tion, using several arguments including parental genotype, 
verification methods (mostly molecular cytogenetic meth-
ods or PCR-based approaches) and last but not least the 
patients ’  phenotype. Furthermore, one has to consider that 
a chromosomal abnormality may also be of clinical signifi-
cance even though it has been inherited from a healthy par-
ent because more complex mechanisms such as phenotypic 
variation, incomplete penetrance, imprinting, position effect 
or even point mutation of a recessive gene may be invol-
ved. The amount of data mined today by different high-
resolution molecular cytogenetic techniques requires a 
close interaction between the clinician, the genetic coun-
selor and last, but not least, the cytogeneticist using this 
palette of techniques. However, molecular cytogenetics has 
not been able to replace conventional cytogenetics  –  there-
fore the new microarray-based techniques are expected not 
to completely replace molecular cytogenetics in the near 
future of modern molecular diagnostics.   
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 Chapter 11 

    11.1       INTRODUCTION 

 The   availability of fast sequencing protocols is at the base 
of an ongoing genetic diagnostics revolution. It is now 
possible to scan at least the coding sequences of any gene 
for pathological variation. While identifying mutations 
that produce amino acid changes, stop codons or frame 
shift of the reading frame is straightforward, the identifi-
cation of DNA variations that cause aberrant splicing is 
not as simple. The unexpected complexity of the splicing 
process, which correctly selects the coding sequences, the 
exons, from the more abundant non-coding sequences, the 
introns, has revealed in the past few years the existence of 
new splicing regulatory elements difficult to identify exclu-
sively by sequence inspection. Variations in these new ele-
ments both in coding and non-coding regions may result in 
an unexpected deleterious effect on the pre-mRNA splic-
ing. The result is that distinguishing between benign and 
disease-causing sequence substitutions is a challenge for 
medical geneticists, as well as identifying the nature of 
the splicing regulatory elements involved. In this chapter, 
we will describe the hybrid minigenes assay as a tool for 
the study and characterization of the effect of human DNA 
variations on the pre-mRNA splicing process. We will also 
illustrate how the hybrid minigenes in combination with 
other RNA-based methods such as ribozymes and RNA 
interference can be used to map splicing regulatory ele-
ments and study splicing factors interacting with them.  

    11.2       BASIC PRE-mRNA SPLICING PROCESS 
AND ALTERNATIVE SPLICING 

 Pre  -mRNA splicing is a fundamental process in gene 
expression and in the generation of proteome diversity. 

In the nucleus, the splicing process acts on the precur-
sor (pre-) mRNA, recognizing the protein coding exonic 
sequences from the more abundant intronic ones, and joins 
them together to form the mature mRNA that is then trans-
ported to the cytoplasm and translated into a protein. The 
correct splicing process needs intact  cis  acting elements 
such as: the 5 �  and 3 �  splice sites, the polypyrimidine tract 
and the branch site ( Fig. 11.1   ). The 5 �  splice site marks the 
exon/intron junction at the 5 �  end on the intron and its hall-
mark is the invariant GU dinucleotide. At the other end of 
the exon, the 3 �  splice site region has three conserved ele-
ments: the branch site, the polypyrimidine tract, followed 

 FIGURE 11.1          The splicing process requires two transesterification reac-
tions. Essential splicing signals are the GU/AG dinucleotides at the exon/
intron and intron/exon junctions (5�and 3 �  splice sites), respectively, the 
polypyrimidine tract (Py) and the A nucleotide of the branch site. Splicing 
takes places in two transesterification steps. In the first step the 2 � -
hydroxyl group of the A residue at the branch site attacks the phosphate at 
the GU 5 �  splice site. This leads to cleavage of the 5 �  exon from the intron 
and the formation of lariat intermediate. In the following step the two 
exons are ligated by a second transesterification reaction that involves the 
phosphate at the 3 �  end of the intron and the 3 �  hydroxyl of the detached 
exon. This releases the intron, still in the form of a lariat.    
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by the terminal conserved AG dinucleotide ( Fig. 11.1 ). The 
splicing cut-and-paste catalytic reaction consists of two 
transesterification steps ( Fig. 11.1 ) 

 The   multicomponent splicing complex, known as spli-
ceosome, that operates the splicing reaction is composed 
by five small ribonucleoproteins (snRNP) and more than 
100 proteins ( Fig. 11.2a   ). The essential splicing signals 
on transcribed pre-mRNA are rather short and degenerate 
sequences at the intron/exon border ( Fig. 11.2a ). The first 
event in the splicing reaction is the correct recognition of 
these classical splicing signals from the abundance and 
never used pseudo-splice sites. For a detail account of the 
splicing process see  Burge et al. (1999) . 

 In   a typical gene, the majority of exons are constitutive, 
which means they are always included in the final mRNAs. 
However, alternative usage of different splice sites is a 
common event in human cells. It may occur in different 
manners, such as usage of alternative splice sites or mutu-
ally exclusive exons, exon skipping/inclusion or intron 
retention ( Caceres and Kornblihtt, 2002 ;  Black, 2003 ). The 
resulting mRNA variable segments in the mature transcript 
can insert or remove amino acids, shift the reading frame 
or introduce a termination codon or even modify regula-
tory elements for translation or mRNA stability or locali-
zation. Alternative splicing results in the production of 
multiple isoforms from the same transcription unit and is 
responsible for a substantial part of the complexity of the 
proteome. It has been estimated that up of 59% of human 
genes generates multiple mRNAs, an observation that can 
explain the low unexpected number of genes found in the 
human genome. A large fraction of alternative spliced tran-
scripts has a restricted developmental and/or cell-type reg-
ulation or responds to a variety of external stimuli and this 

complexity cannot be explained simply by considering the 
composition of classical splicing signals.  

    11.3       NOVEL  CIS -ACTING ELEMENTS 
INVOLVED IN SPLICING REGULATION 

 The   correct splice site differentiation from the abundance 
of pseudo-splice sites and the fine-tuning regulation of the 
alternative splicing process requires auxiliary  cis -acting 
elements on the pre-mRNA that assist the spliceosome in 
the selection of the splice sites. These elements, based on 
their effect on splicing, have been schematically divided in 
enhancers and silencers ( Cartegni et al., 2002b ). Enhancers 
and silencers act respectively by stimulating or inhibiting 
the splicing reactions and can be located either directly in 
the exons (ESE and ESS), and thus overlap with the selec-
tion of the amino acid sequence and codon usage, or in 
introns (ISE and ISS) even at a very long distance from the 
splice sites ( Fig. 11.2a ). 

 Enhancers   and silencers are involved both in constitu-
tive and alternative splicing and in the majority of cases 
they lack a well-defined consensus sequence. Furthermore, 
these elements are not always univocally defined and their 
functions may overlap. In fact in some systems it may be 
more appropriate to talk about composite exonic regula-
tory elements of splicing (CERES) as it has been described 
for CFTR exons 9 and 12 ( Pagani et al., 2003a, b ). Several 
 trans -acting splicing factors can interact with enhancers 
and silencers and accordingly they have been divided into 
two major groups: members of the serine/arginine-rich 
(SR) proteins and heterogeneous nuclear ribonucleopro-
teins (hnRNPs) ( Fig. 11.2a ). In general, but not exclusively, 

 FIGURE 11.2          Regulatory elements in pre-mRNA splicing and mutations that can affect them. A. The essential splicing signals that define the exon 
boundaries are relatively short and poorly conserved sequences. Only the GU and the AG dinucleotides that directly flank the exon (at the 3 �  and 5 �  
ends, respectively) and the branch point adenosine (all in red) are always conserved. In most cases there is also a polypyrimidine tract of variable length 
(a pyrimidine base, cytosine, or thymine is represented by the consensus symbol  ‘  ‘ y ’  ’ ) upstream of the 3 �  splice site. The 5 �  splice site binds to the U1 
RNA by complementarity. The branch point is typically located 18 – 40 nucleotides upstream from the polypyrimidine tract. Additional enhancer and 
silencer elements in the exons (ESE; ESS) and/or introns (ISE; ISS) allow the correct splice sites to be distinguished from the many cryptic splice sites 
that have identical signal sequences.  Trans -acting splicing factors can interact with enhancers and silencers and can accordingly be subdivided into two 
major groups: members of the serine arginine (SR) family of proteins and heterogeneous nuclear ribonuclear particles (hnRNPs). In general, but not 
exclusively, SR protein binding at ESE facilitates the exon recognition whereas hnRNPs are inhibitory. B. Mutations can result in aberrant splicing by 
affecting different splicing regulatory elements. Exonic variations in ESE or ESS can either change the amino acid or result in synonymous substitutions. 
Mutations in the intron might occur at the splice sites or deep in the introns.  Note : The e-book for this title, including full-color images, is available for 
purchase at www.elsevierdirect.com.    
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SR protein binding at ESE facilitates the exon recognition 
whereas hnRNPs are inhibitory. These proteins, in common 
with the majority of RNA-binding proteins, have a modu-
lar structure, which consists of one or more RNA-binding 
domains associated to an auxiliary domain that is often 
involved in protein – protein interactions.  

    11.4       HUMAN GENETIC DEFECTS 
INVOLVING PRE-mRNA SPLICING 

 Genome   sequences from different individuals may reveal 
sequence variations. A difficult task is to correctly distin-
guish between benign polymorphisms from disease-causing 
variations. The identification of disease-causing mutations 
is based primarily on linkage of the mutation with the dis-
ease phenotype and on the effect of the mutations on gene 
expression. This effect is generally assumed to depend on 
the location of the nucleotide variants. In several cases, the 
correct interpretation of the molecular nature of the substi-
tution may not be immediately evident ( Fig. 11.3   ). 

 The   deleterious effect on gene expression of large dele-
tions, nucleotide changes at the consensus GU/AG splice 
sites, exonic variations that produce stop codons or radical 
amino acid changes and significant promoter variations are 
relatively easy to predict. Variations in nucleotides flank-
ing the canonical GU/AG dinucleotides may be more dif-
ficult to assess, because the consensus of these regions 
shows some variability ( Zhang, 1998 ). Exonic sequence 
variations overlap with coding sequences and for this rea-
son they are frequently considered only for their effect at 
the protein function level. Missense mutations modify the 
amino acid composition and synonymous variations are 
largely ignored as potentially deleterious. In the same way, 
deep intronic variations are not evaluated for their potential 
effect on splicing. Recent evidence from many laboratories 
have now indicated that the primary mechanism of disease 

in a significant fraction of disease-causing mutations is 
catastrophic splicing abnormalities that disrupt previously 
unrecognized splicing regulatory elements ( Cartegni et al., 
2002b ;  Faustino and Cooper, 2003 ;  Pagani and Baralle, 
2004 ;  Wang and Cooper, 2007 ). Given the abundance of 
 cis - and  trans -acting factors involved in the splicing proc-
ess, it was not completely surprising that a great propor-
tion of human defects have something to do with the 
splicing process. Genetic analysis in  NF1  and  ATM  genes 
has shown that, in about 50% of the affected patients, 
mutations that caused splicing alterations were involved 
( Teraoka et al., 1999 ;  Ars et al., 2000 ). Of these mutations, 
13% and 11%, respectively, would have been erroneously 
classified as frameshift, missense or nonsense mutations, 
if the analysis had been limited to genomic sequences. 
Studies on the mRNA are disclosing that many of them are 
really exon skipping mutations. Interestingly, most of the 
splicing mutations identified in these genes did not involve 
the conserved essential splice sites. So in most studies 
attempting to identify disease-causing mutations from the 
DNA sequence alone, SNPs such as these would be over-
looked or not correctly classified as producing splicing 
errors. These sequence variations may affect those auxil-
iary enhancer and silencer elements which, having a very 
loose consensus sequence and in several cases overlap with 
coding regions, are difficult to identify. Several computer-
assisted tools have been proposed to evaluate the effect of 
SNPs on splicing ( Table 11.1   ). 

 Practically  , visual inspection alone can be used in the 
case of mutations at the invariant canonical splice sites. 
These cases will also be easily picked up by the programs 
designed to identify 5 �  and 3 �  splice sites. These programs 
provide a score that is variable in each program and if the 
score is above a threshold the site is considered authentic. 
In several cases though the scores only partially correlate 
with the splicing changes ( Baralle et al., 2003 ;  Buratti 
et al., 2007 ) and the current programs cannot predict if the 

 FIGURE 11.3          Functional genomics and pre-mRNA processing alterations.    
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mutation will result in exon skipping, activation of cryptic 
splice sites or intron retention. On the other hand, with 
the increasing number of splicing mutations reported it is 
possible to try a  ‘  ‘ reverse ’  ’  approach which starts from the 
study of the splicing affecting mutations to explore possible 
common rules involved. Currently, this line has been inves-
tigated for mutations at the relatively  ‘  ‘ simple ’  ’  splice sites 
and in particular at the donor site consensus. A database 
of aberrant splice sites in human disease genes is currently 
freely available at  http://www.dbass.org.uk  and contains 
625 records of aberrant 3 �  and 5 �  splice sites generated by 
682 different mutations in 235 genes ( Buratti et al., 2007 ). 
Each data can be searched by phenotype, gene, mutation, 
location of aberrant splice sites in introns and exons, their 
distance from authentic counterparts, and by bibliographic 
references. 

 Bioinformatic   approaches present serious limitations 
for more degenerated splicing regulatory elements like 
exonic or intronic regulatory sequences. In general, com-
puter-based approaches identify splicing regulatory ele-
ments on a statistical basis providing a large number of 
consensus sequences. For example, programs that identify 
putative ESEs are based either on the assumption that ESE 
sequences are more represented in exons than in introns or 
on sequences known to be  in vitro  binding targets of posi-
tive splicing factors such as SR proteins ( Fairbrother et al., 
2002 ;  Cartegni et al., 2003 ;  Zhang and Chasin, 2004 ). As 
a consequence, an obvious approach is first to check for a 
given SNP disrupt or create an ESE in which case a poten-
tially pathogenic defect may arise. However, at the moment 
computer-assisted analysis can suggest only if an SNP has 
some probability of affecting a splicing regulatory element: 
clarification of its real pathogenetic role requires transcript 
analysis in patients ’  derived cells or in the minigene splic-
ing assay. With the increasing number of disease-causing 

mutations reported in exonic splicing regulatory elements 
it would be possible to apply a similar  ‘  ‘ reverse ’  ’  approach 
as the one described above for 5 �  and 3 �  splice sites to 
improve the ESE recognition programs. 

 The   direct analysis of the processed transcript, mainly 
in the affected tissue, is the best way to establish with 
certainty if a particular DNA substitution affects splic-
ing. However, samples obtained for clinical diagnosis are 
almost always leukocytes from which DNA is prepared; 
RNA samples from the affected individuals are not always 
available or not available at all for some tissue-specific 
expressed genes, such as brain- or heart-specific genes. 
The development of functional splicing assay is of utmost 
importance to determine if a particular sequence variation 
represents a benign polymorphism or a disease-causing 
mutation and to study the mechanism involved in normal 
and aberrant splicing.  

    11.5       GENERAL STRATEGY OF THE 
HYBRID MINIGENE ASSAY FOR THE 
IDENTIFICATION OF SPLICING DEFECTS 

 The   basic principle of hybrid minigene splicing assay is 
shown in  Fig. 11.4   . Any genomic region of interest (i.e. 
exon and short intronic flanking regions), which is sus-
pected of causing a splicing defect because it contains an 
 ‘  ‘ orphan ’  ’  mutation, can be amplified from normal and 
affected individuals and cloned into the minigene. The 
minigene plasmid is then transiently transfected in the 
appropriate cell line where it will be transcribed by RNA 
polymerase II and the resulting pre-mRNA processed to 
obtain a mature mRNA. The mRNA splicing pattern is 
analyzed mainly by RT-PCR with primers specifically 
designed to amplify processed transcripts derived from 
the minigene to distinguish from endogenous transcripts. 
The use of RT-PCR does not allow an exact quantification 
of the amount of each processed transcript but of relative 
proportion of each splicing variant. To better quantify the 
absolute amounts of splicing variants other methods should 
be used such as RNase protection assay, real-time PCR (see 
also Chapter 7)   or Northern blot analysis. 

 The   length and exon/intron composition of the gene 
portion to be cloned in the minigene have to be selected 
carefully and depend on the location of the presumed 
defect. Given the number and diversity of regulatory splic-
ing signals, it is worth evaluating the gene structure as 
completely as possible. However, for practical reasons, in 
the majority of cases, sequence substitutions in constitutive 
included exons are analyzed for exon skipping and require 
at minimum the cloning of the exon itself along with a por-
tion of the flanking introns. The same approach can be 
used for testing variations near the splice sites which can 
induce exon skipping or/and activation of cryptic splice 
sites. However, in the presence of short introns, it is better 

 TABLE 11.1          Useful websites to identify 5 ’  and 3 ’  splice 
sites, exonic regulatory elements, ESE and ESS.  

   Useful websites to identify 5 ’  and 3 ’  splice sites 

      1.       http://www.uni-duesseldorf.de/rna/html/hbond_score.php   
  2.      http://www.fruitfly.org/seq_tools/splice.html   
  3.       http://genes.mit.edu/burgelab/maxent/Xmaxentscan_

scoreseq_acc.html   
  4.      http://ast.bioinfo.tau.ac.il/SpliceSiteFrame.htm     

   Useful programs to identify exonic regulatory elements, ESE and 
ESS 

      1.       http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.
cgi?process     �     home   

  2.      http://genes.mit.edu/exonscan   
  3.      http://ast.bioinfo.tau.ac.il   
  4.      http://cubweb.biology.columbia.edu/pesx     
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to include them along with the nearby exons in the mini-
gene as in these cases intron retention may be the observed 
splicing defect. In some cases, the presence of multiple 
exons may be necessary (see section 11.6.3, below), and if 
the introns are too long, they can be internally deleted. In 
any case, comparison between transcripts derived from nor-
mal and mutated minigene is always necessary to identify 
the disease-causing role of  ‘  ‘ orphan ’  ’  splicing variations. 

 To   get more insight on the basic mechanism involved 
and in particular to identify elements required for regulation 
by a specific  trans -acting splicing factor, the hybrid mini-
genes assay can be performed in cells in which a particular 

splicing factor is overexpressed or depleted. Overexpression 
is obtained by transient expression of the protein of inter-
est, which is normally distinguished from the endogenous 
by epitope tagging. A potential drawback of this method is 
represented by the fact that the overexpressed protein may 
exert an unspecific effect on splicing or may be present in 
the cells at maximum levels. Thus siRNA-mediated silenc-
ing of the splicing factor represents a complementary pow-
erful approach to identify elements required for regulation 
by a specific  trans -acting splicing factor. In this case, the 
cells are treated in advance with the siRNAs, typically syn-
thetic double-stranded RNAs, followed by transfection with 
the minigenes. The efficiency of silencing can be moni-
tored at the level of mRNA by RT-PCR or at the level of 
the protein. The protein depletion is monitored by Western 
blotting and analysis of the splicing pattern evaluated by 
the RNA splicing assay. A detailed technical description 
of the hybrid minigene splicing assay and siRNA-mediated 
depletion of splicing factors can be found in Ayala and 
coworkers (2006) and Goina and coworkers (2008). 

 An   alternative method useful for studying splicing 
which will not be described in detail here is the  in vitro  
splicing assay. In  in vitro  splicing assay, labeled pre-formed 
RNA molecules transcribed with bacterial polymerases are 
incubated in the presence of nuclear extracts and the result-
ing spliced products resolved on polyacrylamide denatur-
ing gel. With this assay the intermediates of the splicing 
reactions, such as the lariat formation, can be evaluated. 
However, the most used  in vitro  assays do not take into 
account the fact that transcription and splicing are inti-
mately connected in the cell. For a description of the mech-
anisms that couple transcription and pre-mRNA processing 
see recent reviews ( Caceres and Kornblihtt, 2002 ;  Maniatis 
and Reed, 2002 ). To overcome this problem some  in vitro  
systems have been recently explored. These systems are 
capable of transcribing and splicing hybrid minigenes in 
a test tube (       Das et al., 2006, 2007 ). However, also in this 
 in vitro  splicing assay only relatively short sequences, fre-
quently containing a reduced single intron, can be evalu-
ated. The rest of the chapter will be dedicated to specific 
examples that will illustrate the analysis of splicing affect-
ing mutations.  

    11.6.       APPLICATIONS OF THE HYBRID 
MINIGENE ASSAY 

    11.6.1       3 ’  Splice Site Variations 

 Cystic   fibrosis is caused by mutations in the CF transmem-
brane regulator (CFTR) gene and is characterized by path-
ological features of variable severity at the level of lungs, 
pancreas, sweat glands, testis, ovaries, and intestine. Some 
patients have evidence of a clinical disease in only a sub-
group of the organ systems. These non-classical CF forms 

 FIGURE 11.4          The hybrid minigene splicing assay. Study of human vari-
ations involved in aberrant splicing using the hybrid minigene. A typical 
hybrid minigene is a plasmid that contains a  ‘  ‘ simplified ’  ’  version of the 
gene that will be evaluated for pre-mRNA splicing. It contains at the 5 �  
end promoter/enhancer sequences indicated by a long arrow, to allow 
polymerase II transcription in the transfected cell lines. This is followed 
by a series of exonic and intronic sequences (indicated as boxes and lines, 
respectively) that may derive from a reported gene or from the gene con-
text itself. In this case the reporter gene is composed by  α -globin (black 
boxes) and fibronectin exons (dashed boxes). The genomic DNA region 
of interest that contains a putative  ‘  ‘ orphan ’  ’  splicing mutation is intro-
duced in the minigene (thick line represents intronic sequences and white 
dashed box the presumed exonic sequences). The minigenes (normal 
and mutated) are transfected in cell lines, followed by RNA extraction, 
RT-PCR, and gel electrophoresis. In the example, the analysis of the tran-
script derived from the WT minigene shows the correct inclusion of an 
exon. Mut1 shows an aberrant spliced form whose identity can be verified 
by sequence analysis. The Mut2 causes significant exon skipping. In this 
case, co-transfection of a positive regulatory splicing factor or siRNA-
mediated inhibition of a negative splicing factor induces exon inclusion 
restoring normal splicing.    
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include late-onset pulmonary disease, male sterility due 
to congenital bilateral absence of vas deference (CBAVD) 
and idiopathic pancreatitis. These non-classical forms have 
been found associated with a peculiar allele at the poly-
morphic CFTR intron 8/exon 9 junction. At this locus a 
variable number of dinucleotide UG repeats (from 9 to 13) 
followed by a U repeat (U5, U7 or U9) can be found in the 
normal population. The U5 allele is considered a disease 
mutation with incomplete penetrance as it can be found 
both in normal individuals and in affected ones. The patho-
logic effect of the U5 allele has been associated with the 
alternative splicing of the CFTR exon 9. This exon encodes 
part of the functionally important first nucleotide-binding 
domain and its skipping produces a non-functional CFTR 
protein. The UG13U3 allele has been found in an individ-
ual with classical CF ( Buratti et al., 2001 ). 

 The   hybrid minigene experiments shown in  Fig. 11.5    
indicate the importance of the UGmUn polymorphism in 
determining the amount of transcripts that contain exon 
9 and explore some of the key splicing factors involved. 
Exon 9 sequences, along with part of flanking introns, were 
introduced in hybrid minigenes, and different polymorphic 

variants were studied. Transfection experiments showed that 
the UG11U7 allele found in normal individuals produced 
about 85% of normal exon 9 plus mRNAs. The UG11U5 
allele, variably associated to non-classical CF, reduces 
the amount of normal transcript to about 65% while the 
UG13U3 allele induces significant exon skipping (only 15% 
include the exon;  Fig. 11.5b ). The residual amount of normal 
exon 9 inclusion correlates with the severity of the pheno-
type.  In vitro  analysis with naked RNAs containing the UG 
sequence showed that this particular repeat binds efficiently 
to a novel splicing factor TDP43 ( Buratti et al., 2001 ). To 
prove the functional role of TDP43 in the CFTR exon 9 reg-
ulation, its silencing was performed. The cells were treated 
with synthetic siRNAs oligonucleotides followed by trans-
fection with the CFTR hybrid minigene. TDP43 protein 
concentration, monitored by Western blotting, showed a sig-
nificant reduction after siRNA whereas the internal control 
tubulin was not affected ( Fig. 11.5c ). Analysis of the splic-
ing pattern showed that silencing of TDP43 induced a con-
sistent rescue of the splicing pattern ( Ayala et al., 2006 ). In 
the transfected UG13U3 minigene, the percentage of exon 
inclusion increased from 15% to 80% ( Fig. 11.5d ).  

 FIGURE 11.5          3 �  splice site variations. The example illustrates the use of the minigene approach to study a polymorphic region near the 3 �  splice site in 
CFTR that causes aberrant exon 9 skipping. A. The polymorphic UGmUn locus at the end of CFTR intron 9 contains a variable number of dinucleotide 
UG repeats (from 9 to 13) followed by a U repeat (U3, U5, U7, or U9) variably present in the human population. Variants at the locus (mainly the U5 
allele) have been associated to phenotypes of different severity, ranging from classical to non-classical forms of CF, and in some cases found also in 
normal individuals. The UG13U3 is found in classical form of CF. In the figure, three representative alleles are shown. The three variant minigenes that 
contain the indicated number of UG and U near the AG 3 �  splice site (underlined) were analyzed in splicing assay, and the results are shown in panel b. 
B. Hybrid minigene transient transfection assay showing the effect of the polymorphic variants. The variations induce variable skipping of exon 9 that 
correlates with the severity of the phenotype. Two processed transcripts are evident in the agarose gel, a normal one that contains the exon 9, and an 
aberrant one without the exon. Several splicing factors modulate the amount of aberrant exon 9 skipping (not shown), thus possibly influencing the phe-
notypic expression ( Pagani et al., 2000 ;  Buratti et al., 2001 ). C. siRNA-mediated silencing of the splicing factor TDP43, which was found to bind to UG 
repeats  in vitro . The Western blotting shows the effect of siRNA against TDP43 on the protein levels in comparison to the control tubulin. D. Effect of 
the siRNA-mediated silencing of the splicing factor TDP43 on the UG13U3 minigene. The siRNA ( � ) induces rescue of aberrant splicing.    
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    11.6.2       Nucleotide Substitutions in Exonic 
Regulatory Elements Involving Splicing 

    11.6.2.1       Missense and Silent Mutations in 
Composite Exonic Regulatory Element of 
Splicing 

 Skipping   of exon 12 removes a highly conserved region 
encoding part of the first nucleotide-binding fold of CFTR ren-
dering the protein non-functional. In this exon, some nucleo-
tide substitutions that cause a change in coding sequence did 
not show a clear association with loss of protein functionality 
or disease phenotype. This is the case for two interesting and 
enigmatic missense mutations, D565G and G576A (the latter 
having previously considered a neutral polymorphism;  Fig. 
11.6a   ). We have analyzed the splicing defects associated with 
exon 12 D565G and G576A variations. 

 Using   the hybrid minigene, shown in  Fig. 11.6b , the 
natural mutations D565G and G576A induce a variable 
extent of exon 12 skipping that leads to reduced levels of 
normal transcripts. Interestingly, other missense mutations, 
Y577F, that have been reported in a patient with severe CF, 
did not cause exon skipping but on the contrary increased 
the amount of transcript with the exon ( Fig. 11.6c ). 
This study was reinforced by the opportunity to study 

the splicing pattern found in patients ’  derived cells ( Fig. 
11.6d ). This analysis showed a perfect concordance 
between the pattern observed with the minigene system and 
the one observed in the cells harboring the natural mutation 
as can be seen by comparing  Figs 11.6c and 11.6d . 

 To   study the nature of the exonic regulatory elements 
involved, a systematic site-directed mutagenesis near the 
natural substitutions was performed ( Pagani et al., 2003b ). 
These experiments clearly showed an overlapping enhancer 
and silencer functions ( Fig. 11.7a   ). In fact, nearby muta-
tions or even variations at the same position may result 
in an enhancing or silencing effect. Due to their peculiar 
behavior, these elements were named composite exonic 
regulatory element of splicing (CERES) ( Pagani et al., 
2003b ). Interestingly, some site-directed mutants that affect 
splicing ( Fig. 11.7a  underlined) are at the third position of 
codons and do not modify the amino acid code. 

 The   effect on splicing of synonymous substitutions was 
systematically studied in the human CFTR exon 12 where 
the synonymous nucleotides between positions 13 and 52 
were individually substituted and the resulting minigenes 
evaluated for splicing efficiency ( Pagani et al., 2005 ). 
Compared with the normal human exon that generated 
about 80% of transcript containing exon 12 ( Fig. 11.7c , wt), 

 FIGURE 11.6          Missense mutations in composite regulatory elements of splicing (CERES) in CFTR exon 12. A. Nucleotide sequence of the CFTR exon 
12 showing the position of the two composite exonic regulatory elements of splicing (CERES) (boxed) and natural missense variations. B. Schematic 
representation of the three hybrid minigenes analyzed. These minigenes contain normal exon 12 (WTex12) or the natural mutations. C. Hybrid mini-
genes transient transfection assay showing the effect of natural CFTR exon 12 mutants. The two bands correspond to inclusion (upper) or exclusion 
(lower) of CFTR exon 12 in final transcripts. WT exon 12 shows incomplete exon inclusion as found  in vivo . D565G and G576A induce significant exon 
skipping. On the contrary, Y577F increases the percentage of exon 12 inclusion. D. Allele specific RT-PCR on RNA extracted from nasal epithelial cells 
from patient 1 (heterozygote for D565G) and patient 2 (heterozygote for G576A). The RNAs were amplified with allele-specific primers that can detect 
the alleles with the missense variations (D565G or G576A) or the other allele (N). Note the perfect correlation between the natural amount of exon inclu-
sion (panel d) and the one obtained with the minigene system (panel c).    
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most mutations produced a small increase in exon inclu-
sion while surprisingly six changes, 19A, 25A, 40C, 49G, 
49T and 52T, induced exon skipping ( Fig. 11.7c ). In two 
positions, 19 and 40, the effect on splicing was depend-
ent on the nucleotide substitution: 19A and 40C caused 
an increase in exon skipping whereas 19G, 19C, 40G, and 
40A increased the exon inclusion. 

 These   synonymous changes in CFTR exon 12 that cause 
exon skipping would be labeled as neutral variations, if 
found in a classical genome scanning analysis. Interestingly, 
this systematic analysis indicates the high probability of 
synonymous substitutions in CFTR exon 12 in inducing 
exon skipping (about one of three).  ‘  ‘ Neutral ’  ’  variations 
frequently considered not to have pathological consequences 
may on the contrary induce a severe splicing defect. An 
interesting case of a splicing regulatory synonymous varia-
tion with therapeutic implication in the degenerative neuro-
logical disorder spinal muscular atrophy is described below.  

    11.6.2.2       The Importance of the Genomic 
Context when Assessing Minigene Analysis: 
The example of NF1 Exon 37 

 Neurofibromatosis   type 1 (NF1) is a common autosomal 
dominant genetic disorder with a prevalence of  � 1 in 3,000 

individuals and is one of the most common single gene disor-
ders influencing neurological function in humans. The NF1 
gene maps to chromosome 17q11.2 and is thought to be a 
tumor suppressor gene because loss of heterozygosity is asso-
ciated with the occurrence of benign and malignant tumors 
in neural crest-derived tissues as well as myeloid malignan-
cies. It spans a region of about 350       kb of genomic DNA and 
contains 60 exons. The NF1 gene transcribes several mRNAs 
in the size range 11 – 13       kb; these are markedly expressed in 
neurons, oligodendrocytes, and non-myelinating Schwann 
cells. The most common transcript codes for a polypeptide 
of 2,818 amino acids called neurofibromin. About 50% of 
the mutations identified result in aberrant splicing, and most 
of these defects did not involve the conserved dinucleotides 
at the splice sites ( Ars et al., 2000 ). The literature describes 
a very interesting set of mutations that introduce stop codons 
in exon 37 and may produce significant alteration of the 
splicing patterns ( Hoffmeyer et al., 1998 ). 

 One   of these nonsense mutations, a C to A substitu-
tion, was studied in detail in different minigene contexts 
( Fig. 11.8   ) and gave interesting information on the regula-
tory exonic sequences involved. In exon 37, substitutions 
at the same position may code for a stop codon (TAA and 
TAG) or are synonymous (TAT). The three substitutions 
induced the same aberrant splicing pattern in the minigenes 

 FIGURE 11.7          Exonic variations in composite exonic regulatory element of splicing (CERES) in CFTR exon 12 and role of synonymous mutations. 
A. Nucleotide sequence of the composite exonic regulatory element of splicing 1 (CERES) in CFTR exon 12 and side-directed variations. The site-directed 
mutants at the third position of the codon usage that do not change the amino acid code are underlined. The different site-directed mutant minigenes were 
transfected in cells in culture and the percentage of exon 12 inclusion analyzed by RT-PCR. B. Hybrid minigenes transient transfection assay showing 
the effect of natural CFTR exon 12 mutants. Agarose gel electrophoresis of RT-PCR products from splicing assay from the site-directed mutants in the 
AAGATGC CERES showing the exon 12 �  and exon 12 �  transcripts. C. Synonymous mutations in human CFTR exon 12 induce exon skipping. The upper 
panel shows the nucleotide and amino acid composition (in one letter code) of part of the human CFTR exon 12 (hCF). Third nucleotide positions are num-
bered according to their location in the exon. The lower panel shows the RT-PCR products from splicing assay from 19 out of 22 possible single synony-
mous changes between positions 13 and 52 of the human CFTR exon 12. Above each lane is indicated the position and the nucleotide substitution analyzed. 
The percentages of exon inclusion are reported at the bottom of each lane. The six synonymous substitutions that induce significant exon skipping are boxed.    
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causing multiple exon skipping, indicating that this aber-
rant splicing was not necessarily linked to the presence of a 
stop codon ( Fig. 11.8c ). In addition, this experiment high-
lights the importance of the appropriate genomic context in 
determining the effect of the DNA variations on splicing. If 
only exon 37 and part of its flanking introns is introduced 
in the minigene, even the wild-type exon 37 is not fully 
recognized by the splicing machinery ( Fig. 11.8b , lane 
C). These data indicate that additional genomic sequences 
extending beyond the flanking introns are necessary for 
correct processing of this exon. Indeed, the minigene that 
contains the entire normal genomic sequences from exon 
34 to exon 38 showed the complete inclusion of wild-type 
exon 37 ( Fig. 11.8c , lane C). Interestingly, in this mini-
gene, the substitutions induced a complex splicing defect 
that extended beyond the recognition of exon 37. In fact, 
exon 37 mutants induced not only its skipping but some 
transcripts lack both exon 36 and 37 ( Fig. 11.8c , lane T). 

 Thus  , to study appropriately the effect of human DNA 
variations on splicing, the first step is to ensure that there 
is a good correlation between the wild-type splicing pattern 

deriving from the chromosomal gene and the minigene 
construct. If this correlation does not exist the context of 
the minigene should be appropriately modified.  

    11.6.2.3       A Silent Mutation in SMN2 

 Spinal   muscular atrophy is a pediatric neurodegenerative 
disorder caused by homozygous loss of function of the 
survival motor neuron 1 ( SMN1 ) gene.  SMN1  is duplicated 
in the human genome and its highly homologous copy is 
called  SMN2  and both genes are transcribed. The  SMN2  
gene is present in all the patients but is not able to compen-
sate for the  SMN1  gene defect.  SMN2  differs from  SMN1  
by five nucleotides. These variations, either intronic or 
exonic, are translationally silent. One of these variations, 
a translationally silent C      �      T substitution in exon 7, six 
nucleotides downstream the 3’ss, has been shown ( Lorson 
et al., 1999 ;  Lorson and Androphy, 2000 ) to be the cause of 
the inability of  SMN2  to compensate for  SMN1.  Two mini-
genes were prepared, SMN1 and SMN2, that differ only 
for the C to T variant. Genomic SMN1 and SMN2 DNAs 

 FIGURE 11.8          The genomic context may influence the splice site selection: the example of NF1. A. Nucleotide sequence of part of the NF1 exon 37 
showing the three different variants at the same position. The natural C to A and C to G mutants are nonsense substitutions. The site-directed C to T 
substitution is a silent mutation maintaining a tyrosine codon. The normal and mutant exon 37 variants were introduced in two different minigene con-
texts. In panel b exon 37 is flanked only by nearby intronic sequences; in panel c exon 37 variants are embedded in the entire genomic region from exon 
34 to 38. B. The upper part shows a schematic view of the hybrid minigene containing only the NF1 exon 37 and part of flanking introns. In the lower 
panel, the resulting pattern of splicing is evident with the exon 37 inclusion and exclusion bands. It is important to note that in the normal C minigene, 
only a low amount of the transcripts contains exon 37 and this differs from the natural context where exon 37 is constitutively included. The three vari-
ants induce complete exon skipping. C. The upper part shows the hybrid minigene that contains the genomic region of NF1 from exon 34 to 38. Lower 
panel shows the processed transcripts. Contrary to results shown in panel b, the wild-type C construct is normally processed as in the natural context and 
includes all the five NF1 exons present in the minigene. The three variations induce two aberrant spliced forms: one with skipping of exon 37 alone and 
one where both exon 36 and 37 are missing. This example shows clearly the importance of the context and the message is that the minigene system can 
be used only when the wild-type sequence gives the same splicing pattern as the chromosomal gene (see CFTR exon 12 example, Fig. 11.6c and 11.6d).    
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including exons 6 – 8 were cloned into a mammalian expres-
sion plasmid, downstream of the constitutively expressing 
cytomegalovirus promoter. In SMN2, the synonymous sub-
stitution causes alternative splicing with skipping of exon 7 
in the majority of transcripts ( Lorson et al., 1999 ;  Lorson 
and Androphy, 2000 ) ( Fig. 11.9   ). 

 The   truncated transcripts skipping exon 7 encode a pro-
tein lacking the 16 C-terminal residues, which is unstable 
and non-functional. Surprisingly, the exact mechanism by 
which this silent substitution causes exon skipping is not 
yet clear. Two models have been proposed to explain the 
effect of this substitution: one suggests that it causes the 
inactivation of an ESE binding the SR protein SF2/ASF 
( Cartegni and Krainer, 2002a ;  Cartegni et al., 2006 ) and the 
other that it creates a new ESS binding hnRNPA1 ( Kashima 
and Manley, 2003 ;  Kashima et al., 2007 ). Some novel 
insight comes from the analysis of a similar exon skipping 
mutation in  BRCA1  exon 18 ( Kashima et al., 2007 ;  Goina 
et al., 2008 ). A natural G to T mutation at position  � 6 of 
 BRCA1  exon 18 presents common features with the SMN 
system as it occurs at the same exonic position of  SMN2 , 
creates a similar sequence, and induces exon skipping. 
In this case, exon skipping has been recently associated 
with binding of additional splicing factors with silencer 
properties ( Goina et al., 2008 ). The elucidation of the 
basic mechanisms is important for the spinal muscular 
atrophy as the splicing reactivation of the dormant  SMN2  
paralog might represent a new strategic therapy in affected 
patients (see comments in  Buratti et al., 2003 ;  Khoo et al., 
2003 ).   

    11.6.3       Variations at the 5 ’  Splice Site 

 The   effect of variations near the invariant AG/GU dinucle-
otides at the splice sites are not always easy to evaluate. An 
exon 3  �  5G      �      C substitution in neurofibromatosis type 1 
gene (NF1) identified during an NF1 genomic sequence 
clinical screen represents a diagnostic challenge ( Baralle 
et al., 2003 ). The proximity of the substitution to the 5 �  
splice site suggests that it may interfere with splicing ( Fig. 
11.10a   ). However, there are examples of wild-type 5 �  splice 
sites similar to the exon 3      �      5G      �      C, in which the corre-
sponding exon is spliced efficiently. For example, in normal 
 NF-1 , introns 1 and 7 share identical  � 1 to  � 5 sequence 
with the mutated intron 3 and intron 37 carries a T instead 
of a G at the  � 5 position ( Fig. 11.10a ). It is obvious that 
sequence analysis alone cannot predict if the nucleotide 
substitution is pathogenic and like in most clinical genetics 
situations RNA was not available for diagnosis. A region 
comprising exon 3 and its flanking intronic sequences ( Fig. 
11.10b ) of the potentially abnormal  NF-1  gene was ampli-
fied from the available genomic DNA and was inserted 
into the hybrid minigene constructs. Following transfection 
and expression of the construct in Hep3B cells, the mRNA 
produced by the cells was analyzed for splicing pattern by 
RT-PCR. As shown in  Fig. 11.10c , the exon 3  �  5G      �      C 
mutation dramatically affected pre-mRNA processing, caus-
ing exon 3 to be completely skipped. One of the splicing 
factors that could be involved in the pathogenesis of this 
defect is U1 snRNP. This ribonucleoprotein particle con-
tains several proteins and a unique RNA, the U1 snRNA. 

 FIGURE 11.9          A silent variation in SMN2 causes exon skipping. A. Nucleotide sequence of the exon 7 of SMN genes showing the position of the syn-
onymous C to T substitution. In exon 7, the SMN1 gene contains a C whereas SMN2 contains a T. B. Two minigenes were prepared, SMN1 and SMN2, 
that differ only for the C to T variant. Genomic SMN1 and SMN2 DNAs including exons 6 – 8 were cloned into a mammalian expression plasmid, down-
stream of the constitutively expressing cytomegalovirus promoter. The indicated hybrid minigenes were used to demonstrate that the T variant in SMN2 
induce exon skipping resulting in a non-functional protein. C. Percentage of exon 7 inclusion derived from transient transfection experiments. Data are 
from  Lorson and Androphy (2000) .    
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 The   U1 snRNA is involved in the recognition of the 
5 �  splice site by base pair complementarity. The substitu-
tion of the guanosine by a cytidine in position  � 5 of IVS 
3 lessens the degree of U1-snRNA base pairing with the 
5 �  splice site ( Fig. 11.10d ) although not to an extent that 
would render the 5 �  splice site non-functional as shown by 
the sequences compared in  Fig. 11.10a . To demonstrate that 
U1 is involved in the splicing defect, a modified version of 
U1 snRNA was prepared in which the complementary cyti-
dine to guanosine in the U1 snRNA restores normal base 
pairing with the mutant ( Fig. 11.10d ). Co-expression of this 
modified U1 snRNA with the minigene carrying the muta-
tion resulted in rescue of exon 3 splicing ( Fig. 11.10c ). 
This experiment proves that the exon 3  � 5G      �      C variation 
is a disease-causing mutation that induces aberrant skip-
ping of exon 3 by interfering with the recognition of the 5 �  
splice site that in this context is sensitive to a shortening of 
the complementary region.  

    11.6.4       Identification of Deep Intronic 
Mutations: The Example of the ATM Gene 

 In   the Ataxia telengectasia (ATM) gene a novel type of 
genetic mutation causes a splicing processing defect affecting 

an intronic element, which is important for correct intron 
removal ( Pagani et al., 2002 ). 

 This   last example illustrates the importance of intronic 
sequences in the splicing process, even if they are located 
far away from the 5 �  and 3 �  splice sites. In the affected 
patient, sequence analysis revealed in genomic DNA a 4       bp 
deletion (GTAA) in intron 20, about 3       kb from exon 20 and 
0.8       kb from exon 21 ( Fig. 11.11a   ). To test if this deletion 
was a benign polymorphism or a disease causing mutation, 
two hybrid minigenes were constructed, one containing the 
normal ATM intron 20 and the other containing the intron 
deleted ( Fig. 11.11b ). Transfection experiments showed 
that normal ATM sequences were properly recognized as an 
intron by the splicing machinery and accordingly excluded 
in the mature transcript. On the contrary, the GTAA deletion 
caused the activation of a 65 nucleotide cryptic exon ( Fig. 
11.11c ). Cryptic or pseudo exons are normally activated by 
intronic mutations that create or strengthen splice sites or 
create a new branch site. Interestingly, the GTAA deletion 
did not involve directly the splice sites of the cryptic exon 
( Fig. 11.11a ). To study the mechanism involved in this new 
pathogenetic mutation, extensive site-directed mutagenesis 
was performed leading to the identification of an intronic 
regulatory sequence that was named intronic splicing 
processing element (ISPE). The ISPE is complementary to 

 FIGURE 11.10          Identification of 5 �  splice site variation in NF1 and correction with U1 snRNA interaction. A. Nucleotide sequence of the 5 �  splice 
sites in WT and mutant exon 3 compared to the consensus and with the 5 �  splice site of other NF1 exons. The G to C substitution in position  � 5 in 
exon 3 deviated from the consensus. However, also the normal 5 �  splice site of exons 7, 37 and 1 deviates from the consensus at the same position, but 
are normally spliced  in vivo . B. Hybrid minigenes containing normal and mutated NF1 exon 37 sequences. C. Hybrid minigenes transient transfection 
assay showing the effect of the exon 3 mutant and the effect of co-transfection of modified U1 snRNAs. The two bands correspond to inclusion (upper) 
or exclusion (lower) of NF1 exon 3 in the final transcripts. WT exon 3 is completely included in the mRNA while the exon 3 G to C substitution causes 
complete exon skipping. Co-transfection of WT-U1 has no effect on the splicing pattern of mutant exon 3. On the contrary, co-transfection of C      �      G-U1 
induces inclusion of exon 3, indicating that the aberrant splicing defect is corrected in the presence of complementary U1 snRNA. D. Base pairing 
homology between the 5 �  end of normal (WT-U1) and modified (C      �      G-U1) U1 snRNAs and the exon 3 5 �  splice site sequences. The position of the 
G to C change is indicated. In the upper panel the G to C substitution disrupts the complementarity to normal U1. In the lower panel the modified U1 
restores the base pair complementarity with the mutant. In other contexts such as the exons 1, 7 and 37 (panel a) such an extensive complementarity with 
U1 sn RNA seems not to be necessary, which highlights the difficulties found in predicting the effect of this type of mutation and the importance of func-
tional assays.    
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U1 snRNA, which was directly related to the activation of 
the cryptic exon ( Fig. 11.11d ). A clear functional interaction 
between U1 snRNP and the ISPE was obtained by comple-
mentation experiments with mutant U1 snRNAs engineered 
to bind specifically at  Δ ISPE ( Fig. 11.11e ). Co-transfection 
with increasing amounts of  Δ -U1 snRNAs with pATM Δ  
showed the progressive disappearance of the cryptic exon, 
restoring normal intron processivity ( Fig. 11.11e ). These 
results indicate that the strength of the complementarity of 
the ISPE to U1 snRNA is functionally related to the splic-
ing defect and modulates the efficiency of intron removal. 
Thus a new type of intronic U1 snRNP binding site (ISPE) 
performs an essential function for accurate intron removal. 
The function of the U1 snRNP-ISPE interaction is appar-
ently quite different from the well-established interaction 
for the 5 �  splice site initial recognition. Deletion of this 

sequence is directly involved in a splicing processing defect 
in a human disease that again could not have been predicted 
from simple DNA sequence inspection.  

    11.6.5       Mapping Intronic Splicing Regulatory 
Elements Using Ribozymes 

 Hybrid   minigenes are also useful tools to identify in a 
particular disease gene splicing regulatory elements and 
to evaluate their contribution in aberrant splicing events. 
For example, the pathological effect of the polymorphic 
GUmUn allele described above in the CFTR exon 9 has 
been shown to be modulated by a downstream intronic 
splicing silencer, which unexpectedly bind to SR proteins 
( Pagani et al., 2000 ). The classical way to identify these 

 FIGURE 11.11          A splicing processing defect in ATM intron 20 affects a new intronic splicing processing element (ISPE). A. Identification of the splic-
ing defect in the affected patient. A deletion was identified by DNA sequence analysis of the ATM gene and of the mRNA containing the cryptic exon 
shown in panel a. The sequence of the cryptic exon is shown in uppercase, intronic sequences in lowercase and the splice sites used are underlined. The 
5 �  splice site did not have the almost universal GU donor site but its weak GC variant. The mutated sequences detected in patients ’  cDNA and genomic 
DNA result from the deletion of the four intraexonic bases GTAA (boxed). B. The 4       bp deletion causes aberrant cryptic exon inclusion in hybrid mini-
gene experiments. The hybrid minigenes contain WT intronic sequences and the ATM variant with the GTAA deletion Mut Δ  contains the patient’s 
genomic sequences with the 4 nucleotide deletion. The primers used in the RT-PCR assay are shown as superimposed arrows. C. Hybrid minigenes were 
transfected in Hep3B cells and the splicing products analyzed with the specific primers. The agarose gel electrophoresis shows the processed transcripts 
that correspond to complete intron removal (WT) or inclusion of the 65       bp long cryptic exon (ins65). D. Base pairing homology between ATM ISPE and 
the 5 �  end of wild-type U1 snRNA. It is clear that the ATM ISPE base pairing to U1 snRNA regulates intron splicing processivity. We introduced single 
point mutations, one at time, in the ATM minigenes at the ISPE in the entire U1 snRNA complementarity region between positions 1 and 11 (panel 
d). Hybrid minigene experiments with the different site-directed mutants showed that mutations between positions 4 and 9 induced cryptic exon inclu-
sion. Interestingly, mutations 7G and 8G did not induce the aberrant splicing products while 7C and 8C did. This is because these variants preserve the 
complementarity to U1 by G:U  ‘  ‘ wobble ’  ’  base pairing. E. Restoring U1 snRNAs-ISPE complementarity induces  in vivo  normal intron processivity. We 
evaluated the effect of mutant U1 complementary to Mut Δ  variant ( Δ -U1) on the cryptic exon inclusion. The upper panel shows the base pairing homol-
ogy between the 5 �  end of the mutant U1 snRNA and the Mut Δ  minigene. The position of the deletion ( Δ ) in the ATM mRNAs is indicated. Lower 
panel shows Mut Δ  minigene variant co-transfected with increasing amounts of the indicated  Δ -U1 snRNA. The aberrant splicing defect is corrected in 
the presence of complementary U1.    
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elements is by making deletions or mutagenesis in the 
minigene and then evaluating the resulting splicing pattern. 
Comparison between percentages of exon inclusion derived 
from the normal and the mutant minigenes can identify if 
the sequence behaves like an enhancer or a silencer (i.e. if 
there is exon skipping, the target element is an enhancer; 
if there is exon inclusion, the sequence is a silencer). In 
general, deletion analysis is performed first, followed by 
an accurate mapping with point substitutions. In the case 
of intronic splicing regulatory elements, which can be far 
away from the exons, they can be identified using a novel 
approach that, through the insertion into the minigene of 
a ribozyme, break off the nascent transcript. Due to the 
exon tethering activity of the polymerase II this cleavage 
does not preclude splicing of the nascent transcript ( Dye 
et al., 2006 ). Once transcribed, the ribozyme of about 80       bp 
undergo rapid autocatalytic cleavage thus interrupting the 
continuity of the intronic nascent RNA ( Fig. 11.12a   ). In 
this manner, any intronic sequences present on the nascent 
RNA cannot exert its regulatory effect resulting in changes 
of the splicing pattern. This system has been successfully 
used in the study of alternative splicing of the fibronectin 
EDA exon ( Gromak et al., 2008 ) ( Fig. 11.12 ). 

 In   the fibronectin EDA minigene, the alternatively spliced 
EDA exon is skipped to an 80% level. The engineered 

N117 hammerhead ribozyme (88       bp long) and its cata-
lytically inactive mutant (14A to G) was inserted in two 
intronic positions at the indicated  Nco I and  Nde I sites 
downstream of the alternatively spliced EDA exon ( Fig. 
11.12b ). The resulting constructs were transiently trans-
fected into Hep3b cells and the EDA alternative splicing 
pattern was evaluated by RT-PCR analysis. Positioning of 
the active ribozyme, but not the mutant one at the  Nco I site, 
induced a major decrease in the percentage of EDA exon 
skipping as compared to the parent pEDA (WT) construct. 
In contrast, the percentage of EDA exon skipping was 
unaffected in the Nde RZ constructs. The position- specific 
effect of RZ at the  Nco I site on EDA skipping is due to the 
presence of a nearby negative downstream regulatory element 
(DRE), which cannot interact with the polymerase II teth-
ered exon when the nascent transcript is co-transcriptionally 
cleaved. This DRE with silencing activity was identified 
also by classical deletion analysis. The invDRE and  Δ DRE 
minigenes where the potential DRE between the  Nco I and 
 Nde I sites was either inverted or deleted showed a lower 
percentage of EDA exon skipping, similar to that seen in 
the Nco RZ construct ( Fig. 11.12c ). 

 These   experiments suggest that positioning of the 
ribozyme at the  Nco I site interferes with pre-mRNA 
processing by preventing negative interactions between 

 FIGURE 11.12          Identification of an intronic splicing regulatory element using a ribozyme. A. The ribozyme inserted in the intron of a minigene induces 
co-transcriptional cleavage of the nascent transcript, which may influence the splicing pattern according to the presence of a nearby splicing regulatory 
element. A mutant inactive ribozyme (RZmut) contains a single nucleotide substitution and is not self-cleaved (not shown). B. Diagram of the fibronec-
tin EDA minigene. Fibronectin exons are boxed and introns are lines. The unique restriction sites in the EDA downstream intron, used for RZ inser-
tion, are shown. C. RT-PCR analysis of total RNA from cells expressing each minigene. Minigenes transfected into Hep3B cells and RT-PCR products 
resolved on 1.5% agarose gels. RZ and RZmut are the 88       bp active and inactive hammerhead ribozymes. EDA exon inclusion and exclusion forms are 
indicated.  Δ DRE and invDRE minigenes contain the deleted and inverted DRE sequences. Lane M, 1       kb-ladder size marker.    
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the EDA exon and the downstream DRE on the nascent 
transcript.   

    11.7       CONCLUSIONS 

 The   genomic diversity and genomic pathology data cur-
rently available has revealed the extent of ignorance of the 
basic molecular mechanisms underlying the pre-mRNA 
splicing process ( Teraoka et al., 1999 ;  Ars et al., 2000 ; 
 Cartegni et al., 2002b ). Even more worrying is the fact 
that a lot of clinically relevant mutations may be slipping 
through the net because their effect on the splicing process 
is not even considered. An increasing amount of evidence 
indicates that single nucleotide substitutions in both cod-
ing and non-coding sequences might have unexpected del-
eterious effects on the splicing of the gene transcript ( Ars 
et al., 2000 ;  Cartegni et al., 2002b ;            Pagani et al., 2002, 
2003a, b, 2005 ; Fernandez-Cadenas et al., 2003  ;  Kashima 
and Manley, 2003 ). The hybrid minigenes assay described 
in this chapter represents a useful tool both for the diagno-
sis of human splicing defects and for the identification of 
new basic splicing mechanisms. In fact, in the diagnostic 
field, the hybrid minigene assay can be used to distinguish 
between benign polymorphisms from disease-associated 
splicing mutations. Furthermore, human splicing errors 
identified by hybrid minigene assays represent a flag put 
on new splicing regulatory elements; this knowledge gives 
important insight into the basic molecular mechanism of 
pre-mRNA splicing.   
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 Chapter 12 

    12.1       INTRODUCTION 

 Gene   and chromosome duplications have been implicated 
as fundamental evolutionary mechanisms ( Ohno et al.,1968 ; 
 Li and Gojobori, 1983 ;  Schughart et al., 1989 ). For the pur-
pose of this chapter, duplications and deletions are defined 
as those too large to be routinely detected by sequencing or 
simple PCR-based methods ( � 100       bp), but too small to be 
detected by conventional cytogenetic metaphase analysis 
( 	 106       kb). Unlike other types of rearrangement, for exam-
ple LINE insertions or balanced translocations, a duplica-
tion or deletion will be associated with a direct change in 
gene dosage. This four-order size range includes small frag-
ments of genes, exons, entire genes, and multiple genes, 
and the same methods can, of course, be used to measure 
changes in chromosome count. 

 Historically  , supernumerary chromosomes are the earli-
est  ‘  ‘ gene ’  ’  duplications reported, revealed by cytogenetic 
techniques ( Lejeune, 1960 ;  Patau et al., 1961 ). Soon after-
ward, evidence for pathogenic  α -globin gene deletions was 
reported ( Ose and Bush, 1962 ), although more than 10 years 
elapsed before direct confirmation was achieved ( Ottolenghi 
et al., 1974 ).  β -Globin gene deletions were reported soon 
afterward ( Kan et al., 1975 ), followed by gene deletions 
in other hemoglobinopathies and culminating in the use of 
Southern blotting for the prenatal diagnosis of globin dele-
tions ( Orkin et al., 1978 ). Gene dosage changes were next 
reported in the immunoglobulin genes ( Rabbitts et al., 1980 ; 
van  Loghem et al., 1980 ) and the first deletion of a tumor 
suppressor gene (in retinoblastoma) was reported soon 
afterward ( Junien et al., 1982 ). The identification of repeti-
tive DNA associated with a gene deletion was described 
in a form of hereditary persistence of fetal hemoglobin 
( Jagadeeswaran et al., 1982 ). A pathogenic role was attrib-
uted to repetitive DNA elements by Hess and coworkers 

(1983), who suggested that DNA insertion elements may 
disrupt gene correction processes in the two duplication 
units containing  HBA2  and  HBA1  genes. Although the 
widespread use of Southern blotting ( Southern, 1975 ) from 
the mid-1970s until the late 1980s may have facilitated the 
detection of deletions and duplications, the application of 
the polymerase chain reaction (PCR;  Mullis et al., 1986 ) 
may unintentionally have produced an ascertainment bias 
away from them, the analysis of dystrophin gene deletions 
in males being a notable exception ( Beggs et al., 1990 ). 
This is because a typical PCR is not designed for quantita-
tive analysis, but for optimal purity and yield. However, the 
observation of germ-line deletions in a wide range of genetic 
conditions has required the development of techniques that 
can detect gene dosage changes in hemizygotes. These tech-
niques include Southern blotting and PCR modifications, as 
well as newer methods. Techniques that measure gene dos-
age can also be adapted to quantify the somatic mosaicism 
and PCR failure (allele dropout, see also Chapter 33)  .  

    12.2       MECHANISMS 

 Deletions   and duplications can be mediated by homolo-
gous recombination involving recombinogenic elements, 
for example  PMP22  ( Inoue et al., 2001 ); or gene duplica-
tions, for example the type IV collagen genes  COL4A5  and 
 COL4A6 , paired head to head on chromosome Xq22 dele-
tions in X-linked Alport syndrome.  BRCA1  gene deletions 
involving a head-to-head of a partial pseudogene have been 
reported ( Brown et al., 2002 ), as well as  Alu -mediated intra-
genic deletions ( Puget et al., 1997 ;  Rohlfs et al., 2000 ). A 
26       bp core sequence in two out of five  α  0 -thalassemia dele-
tions has been reported ( Harteveld et al., 1997 ), supporting 
the idea that  Alu  repeats stimulate recombination events not 
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only by homologous pairing, but also by providing bind-
ing sites for recombinogenic proteins. Deletion of subtelo-
meric repeats has been implicated in facioscapulohumeral 
muscular dystrophy (FSHD) where a remnant fragment, the 
result of a deletion of tandemly arrayed 3.3       kb repeat units 
(D4Z4) on 4q35 can be detected ( Lemmers et al., 1998 ). 
Non-homologous recombination also has been implicated 
in gene deletions ( Hu and Worton, 1992 ;  Suminaga et al., 
2000 ).  

    12.3       PATHOLOGICAL CONSEQUENCES 

    12.3.1       Supernumerary Chromosomes 

 In   practice, when considering alterations in autosomal 
chromosome copy number, only supernumerary chromo-
somes need to be addressed, as autosomal monosomy is not 
compatible with life (unless the individual has monosomy 
mosaicism). Monosomy of the X chromosome can occur 
(Turner syndrome), although it is estimated that only 1 in 
300 conceptuses with monosomy X survive ( Kajii et al., 
1980 ). Triploidy and trisomies of other autosomes are also 
a common cause of spontaneous abortion. From a clini-
cal perspective, prenatal detection of triploidy and triso-
mies 13 and 18 are important as fetuses may survive until 
birth, but most die soon after due to congenital malforma-
tions. Trisomies that have less severe consequences are 
trisomy 21 (Down syndrome), trisomy X (rarely show any 
physical abnormalities), and Klinefelter syndrome (XXY). 
Supernumerary chromosomes are readily detectable by 
conventional cytogenetics (see also Chapter 10)  ; however, 
molecular techniques may be faster and less expensive.  

    12.3.2       Microdeletions 

 Pathogenic   partial deletions and duplications have been widely 
reported for all chromosomes, and cause a range of symp-
toms. Some deletions are easily detectable by conventional 
cytogenetics, others are smaller (microdeletions) and can be 
difficult or impossible to detect by conventional cytogenetics, 
and other cytogenetic techniques such as FISH or molecular 
techniques are required. Some of the more common microde-
letions with associated syndromes (summarized in  Table 12.1   ) 
are 22q11.2 (Di George syndrome), 15q11.2/q12 (Prader-Willi 
and Angelman syndromes), 17p (Miller-Dieker and Smith-
Magenis syndromes), 4p16.3 (Wolf-Hirschhorn syndrome), 
and 5p15 (Cri du chat syndrome).  

    12.3.3       Subtelomeric Deletions 

 Several   syndromes that are caused by microscopically 
visible chromosomal deletions and duplications, includ-
ing the subtelomeric region, have been known to cause 
idiopathic mental retardation ( Flint et al., 1995 ;  Knight 

et al., 1999) (e.g . 1p, 4p, 5p, 9p). Despite their clinical 
relevance, screening for more cryptic alterations in the 
subtelomeres cannot be readily observed by G-banding 
analysis since most terminal bands are G-band negative. 
More recent studies using molecular methods such as 
detection of loss of hypervariable DNA polymorphisms 
or microsatellite markers and multiprobe FISH that detect 
submicroscopic subtelomeric deletions have shown that 
these can account for up to 5% of cases with mental retar-
dation ( Flint et al., 1995 ;  Knight et al., 1999 ;  Rio et al., 
2002 ). Subtelomeric deletion analysis of all chromosomes 
can be performed rapidly and cost effectively using new 
molecular techniques such as MAPH ( Sismani et al., 
2001 ), MLPA ( Rooms et al., 2006 ;  Palomares et al., 
2006 ), and array CGH (de  Vries et al., 2005 ).  

    12.3.4       Gene Deletions or Duplications 

 A   proportion of some types of cancers are caused by 
inherited germ-line mutations in tumor suppressor genes, 
and full or partial gene deletions account for a significant 
number of these mutations. There are a range of other sin-
gle gene disorders where deletion or duplication of part 
or all of the gene accounts for a significant proportion of 
detected mutations, such as Duchenne muscular dystrophy, 
spinal muscular atrophy, Charcot-Marie-Tooth disease, 

 TABLE 12.1          Proportion (%) of mutations due to 
deletions or insertions in various genes.  

   Gene  Disorder  Deletions or 
duplications 
(%) 

 References 

     Familial breast 
cancer 

 4 – 27   Puget et al. 
(1999) ;  Gad 
et al. (2002) ; 
 Hogervorst 
et al. (2003)  

   VHL  Von Hippel- 
Lindau disease 

 20 – 47   Shuin et al. 
(1995) ; 
 Vortmeyer 
et al. (2002)  

   DMD  Duchenne 
muscular 
dystrophy 

 60   Koenig et al. 
(1989)  

   MSH2/MLH1  Hereditary 
non-polyposis 
colorectal 
cancer 

 27 – 54.8   Wijnen et al. 
(1998) ;  Gille 
et al. (2002) ; 
 Wagner 
et al. (2002)  

   RB1  Retinoblastoma  14   Richter et al. 
(2003)  
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Fanconi anemia, congenital adrenal hyperplasia, and rare 
metabolic disorders such as non-ketotic hyperglycinemia. 
Some examples of genes for which an estimate has been 
obtained for the proportion of germ-line mutations that are 
deletions or duplications are shown in  Table 12.1 . 

 Since   the majority of mutations identified in the tumor 
suppressor genes lead to the production of a truncated prod-
uct ( Couch and Weber, 1996 ), until recently most studies 
performed mutation analysis on genomic DNA using PCR-
based techniques such as sequencing, heteroduplex analy-
sis (Chapter 4)  , or the protein truncation test (PTT; Chapter 
19)  . Deletions ( Petrij-Bosch et al., 1997 ;  Puget et al., 
1997 ;  Swensen et al., 1997 ) or duplications ( Puget et al., 
1999 ) within the  BRCA1  gene, for example, would have 
been missed by conventional PCR-based methods and were 
detected by either reverse transcriptase PCR (RT-PCR) or 
Southern blotting. Although both PCR and Southern blot-
ting have been adapted to provide quantitative data, PCR 
has become the method of choice for genetic testing. 
Estimates of gene dosage typically have been based on 
comparisons with a reference standard. Other approaches, 
including the study of junction fragments or microsatellite 
inheritance and more recently long-range PCR ( Coulter-
Mackie et al., 1998 ), FISH (Voskova-Goldman  et al ., 
1997) and array-CGH ( Bruder et al., 2001 ), have also been 
employed. 

 The   overall contribution of deletions and duplications 
recorded in the May 2000 Human Gene Mutation data-
base was 5.5% of reported mutations. As of March 2008 
the proportion had increased to 22.7%, comprising 16% 
deletions and 6.5% duplications ( http://www.hgmd.cf.ac.
uk ;  Stenson et al., 2003 ). Given the greater technical dif-
ficulties in identifying deletions and duplications, this is 
still likely to be an underestimate. This emphasizes the 
importance of including the measurement of gene dosage 
in any comprehensive mutation scan. Numerous polymor-
phisms have been described involving deletion or duplica-
tion of large chromosomal segments, sometimes involving 
entire genes; for example, the common deletion polymor-
phisms of the cytochrome P450 gene  CYP2D6  ( Meyer and 
Zanger, 1997 ), the theta-class glutathione S-transferase 
gene  GSTT1  ( Wiencke et al., 1995 ), and the mu-type gene 
 GSTM1  ( Brockmoller et al., 1992 ). 

 Regions   close to telomeres are especially prone to inter-
chromosomal rearrangements that can lead to different forms 
of presence/absence polymorphism, including the multi-
allelic variation in the structure of the 16p telomere ( Wilkie 
et al., 1991 ), and the deletion polymorphism near the 12q tel-
omere ( Baird et al., 2000 ). The assembly of the human genome 
sequence is complicated by the presence of duplication/deletion 
polymorphisms, either because only one form of a region of 
variable structure is recorded in the sequenced chromosome 
( Siniscalco et al., 2000 ) or because the presence of unsus-
pected polymorphism for tandem duplication can lead to 
missassembly (       Bailey et al., 2001, 2002 ).   

    12.4       DIAGNOSTIC TECHNIQUES 

 Classical   cytogenetic genetic techniques have been valu-
able in identifying supernumerary chromosomes and large 
deletions. However, the resolution of these methods is lim-
ited to several megabases and they would miss many known 
submicroscopic deletions. Fluoresence  in situ  hybridization 
(FISH) techniques have greatly expanded the capabilities 
of cytogenetics (see also Chapter 10)  ; single copy probes 
allow detection of microdeletions, which would be impos-
sible to detect by conventional cytogenetics; however, due 
to the specialized equipment and expertise required and the 
low throughput, detection of submicroscopic deletions has 
largely become the realm of specialized molecular genetic 
diagnostics. The detection of submicroscopic duplications by 
cytogenetics remains a challenge; the use of interphase FISH 
together with image analysis is being used increasingly. 

    12.4.1       Southern Blotting 

 Southern   blotting still has a role in a comprehensive diagnos-
tic service, both for gene dosage measurement and for the 
measurement of allele expansions. Southern blots can detect 
deletions or duplications by the identification of novel restric-
tion fragments created by the rearrangement or by measure-
ment of band intensity compared to a control fragment. 

 Fragment   size changes are seen because the region of 
genomic DNA created by a deletion or duplication may 
have gained or lost restriction enzyme sites. In those cases, 
a Southern blot of a genomic digest using an appropriate 
restriction enzyme will detect novel fragments. There is a 
risk that some altered fragment sizes may simply be due 
to restriction fragment length polymorphisms, although the 
risk can be reduced by performing separate digestions with 
a different enzyme. Direct visualization of fragment sizes 
has long been used for detecting  α -globin duplications and 
deletions ( Orkin et al., 1978 ), and the increased size range 
available in pulse field gel electrophoresis (PFGE) allows 
detection of deletions and duplications even in genes as 
large as the dystrophin gene ( Kenwrick et al., 1987 ). 

 Estimation   of gene dosage by measuring the intensity of 
probe hybridization (usually in comparison with a control) 
has identified several instances of gene deletions ( Bonifas 
and Epstein, 1990 ), though few studies report details of the 
dose – response curve (such as its linear range) and inter-
nal controls are often lacking. Dystrophin deletion carrier 
testing is possible by assessing relative band intensity (van 
 Essen et al., 1997 ). Accurate measurement of band inten-
sity requires a phosphoimager, which gives a linear dose 
response over a wider range than film emulsion.  Figure 
12.1    shows the application of Southern blotting to measure 
the relative gene dosage of  CYP21A  and  CYP21B , which 
can be deleted in congenital adrenal hyperplasia. The risk 
of inaccuracies introduced by uneven transfer of DNA to 
the membrane or incomplete washing of the probe requires 
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that an additional probe for a control locus should be 
included as a standard.  

    12.4.2       Microsatellites and SNPs 

 Microsatellites   have been used to detect supernumerary 
chromosomes ( Mansfield, 1993 ) and large deletions or 
duplications ( Brice et al., 1992 ). This approach is limited 
by the fact that semi-quantitative PCR methods do not work 
well using microsatellites, so only cases in which the allele 
lengths of the microsatellites differ over chromosomal region 
of interest can be interpreted unambiguously. Peak heights 
or areas of microsatellites can be hard to interpret because 
of preferential amplification of the smaller allele and the 
stuttering effect that produces a series of minor peaks imme-
diately adjacent to the major peak. The difficulties with mul-
tiplex quantitative fluorescent PCR (QF-PCR) are reduced 
by selection of tetranucleotide repeat markers and is finding 
increasing use in the rapid diagnosis of common aneuploi-
dies ( Donaghue et al., 2003 ). Loss of heterozygosity of sin-
gle nucleotide polymorphisms (SNPs) using high-throughput 
Affymetrix human SNP arrays has been proposed as a rapid 
means of identifying allele imbalance caused by genomic 
deletions in tumor cells ( Hoque et al., 2003 ).  

    12.4.3       Polymerase Chain Reaction 

 Neubauer   and colleagues (1990) described the co-amplification 
of two amplicons followed by quantitation on the basis of 
staining intensity as a means of estimating gene dosage. 

Differential PCR-based methods are semi-quantitative: 
they determine relative concentrations of two amplicons, 
but not absolute molar amounts. Taking advantage of the 
increased sensitivity of fluorescent detection methods Yau 
and coworkers (1996) described a multiplex fluorescent 
PCR that was able to detect female carriers of deletions or 
duplications in the dystrophin gene. Using peak areas, they 
were able to give statistical estimates of their assay, likely 
to be essential for diagnostic applications. Similar meth-
ods have been used for testing for hereditary motor and 
sensory neuropathy (HMSN) duplications ( Rowland et al., 
2001 ) and APC deletions ( Flintoff et al., 2001 ). Casilli and 
coworkers (2002) refined the basic multiplex fluorescent 
PCR method by selecting shorter fragments, tagging the 
primers with common tags of 16 nucleotides, and using a 
modified PCR buffer containing DMSO. The method was 
termed quantitative multiplex PCR of short fluorescent frag-
ments (QMSFPCR) and enables rapid design of amplicons to 
fine-map the limits of a deletion or duplication ( Casilli et al., 
2002 ). Although differential PCR methods offer high orders 
of multiplicity (e.g. 8 – 15 amplicons per reaction), end-point 
multiplex PCR assays rely on the equivalence of amplifica-
tion of each fragment in the multiplex in the test sample as 
well as a control sample. This equivalence may be lost if the 
starting template DNA concentration is too variable, since 
different fragments within the multiplex may be amplified 
with different efficiencies. In some situations it may be nec-
essary to choose a more robust, lower order multiplex base 
on real-time PCR. Real-time PCR (also known as quantita-
tive PCR; qPCR) provides a means for continuous detection 
and quantification of product throughout the amplification 
process, and as such can dispense with a gel separation 
stage and operate in a closed system (see also Chapter 7)  . 
The accumulation of PCR product is monitored by stain-
ing using interchelating dyes (e.g.  SYBR  Green) or by dual-
labeled probes such as TaqMan ( Laurendeau et al., 1999 ), 
molecular beacons ( Tyagi and Kramer, 1996 ), or other 
fluorescent detection systems. Real-time PCR is becom-
ing widely used as a method for measuring gene dosage 
( Feldkotter et al., 2002 ;  Bertin et al., 2003 ;  Covault et al., 
2003 ;  Gaikovitch et al., 2003 ;  Kim et al., 2003 ). Real-time 
quantitative PCR has been used for screening large gene 
and chromosomal rearrangements ( Ariani et al., 2004 ). 
Additionally, real-time PCR can increase the sensitivity of 
mutation detection especially in double-copy genes such 
as X-linked methyl-CpG-binding protein 2 ( MECP2 ) gene, 
where current mutation scanning techniques such as DGGE, 
SSCP, DHPLC and direct sequencing are prone to miss gross 
rearrangements.  

    12.4.4       MAPH and MLPA 

 The   multiplex amplifiable probe hybridization (MAPH) 
method for copy-number measurement ( Armour et al., 
2000 ) combines hybridization as the primary step to detect 
copy number with end-point multiplex PCR to amplify the 

 FIGURE 12.1          Gene dosage in 21 hydroxylase by Southern blotting. The 
Southern blot shows four major bands: C4A (7       kb), C4B (6 or 5.4       kb), 
21-hydroxylase (3.7       kb), and 21-hydroxylase pseudogene (indicated by an 
asterisk). Sample 1 has a homozygous deletion of 21-OH, sample 2 has 
equal gene dosage at all four loci. Samples 3 and 4 each have deletions 
of the 21-hydroxylase pseudogene and C4A, and sample 5 has a deletion 
of 21-hydroxylase and C4B. (Image courtesy of Dr. Kieran Bransfield, 
Leeds Institute of Molecular Medicine, Leeds.)    
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hybridized probes. Sets of short probes corresponding to 
the segments to be tested, each flanked by the same primer-
binding sites, are hybridized with the test genomic DNA 
immobilized on a solid support. After washing, each spe-
cifically bound probe will be present in an amount propor-
tional to its copy number. All probes can then be amplified 
simultaneously with a single primer pair, and quantified 
after electrophoretic separation. This study demonstrated 
the simultaneous assessment of copy number in a set of 
40 human loci, including detection of deletions causing 
Duchenne muscular dystrophy and Prader-Willi/Angelman 
syndromes. The high order multiplex achieved may be lim-
ited only by the need to have probes of varying size for 
electrophoretic separation. MAPH probes are generated by 
cloning the target sequences into a plasmid vector, amplify-
ing the cloned sequence using primers directed to the vec-
tor with the result that all probes are then flanked with the 
same sequence. Probes that are intended to be multiplexed 
must be of sufficient size difference to be resolved by elec-
trophoresis. The membranes are then washed rigorously 
to remove unbound probe, and the remaining specifically 
bound probe will be present in an amount proportional to 
its target copy number. The probes are then stripped from 
the membrane by boiling, and amplified simultaneously 
with the universal primer pair. Products are then sepa-
rated by electrophoresis, and a relative comparison is made 
between the peak heights. Reduced peak heights compared 
to internal control probes indicate a reduction in gene copy 
number (deletion) and an increase in gene copy number 
(duplication) produces increased peak heights. The assay 
can be completed in two to three days, requiring one over-
night hybridization followed by membrane washing, a PCR 
step, and a product detection step. The system works well, 
but the manipulation of small nylon filters presents some 
difficulties in sample handling and labeling. 

 A   similar technique called multiplex ligatable probe 
amplification (MLPA) avoids the use of filters by using 
single-stranded ligatable probes and a thermo-stable DNA 
ligase to produce the amplifiable target ( Schouten et al., 
2002 ; see also Chapter 13)  . In the MLPA technique, 
genomic DNA is hybridized in solution to probe sets, each of 
which consists of two halves. One half consists of a target-
specific sequence (20 – 30 nucleotides) flanked by a universal 
primer sequence, and can be generated synthetically. The 
other half also has a target-specific sequence at one end 
(25 – 43 nucleotides) and a universal primer sequence at the 
other, but has a variable length stuffer fragment in between 
(19 – 370 nucleotides) to generate the size differences 
necessary in the probes to allow electrophoretic resolu-
tion. This larger probe part is generated by cloning the 
target-specific sequence into M13 derived vectors that 
already contain the variable length fragments; single-stranded 
DNA is then purified from the phage particles and made 
double stranded at two sites by annealing short oligonucle-
otides in order that the desired probe fragment be liberated 
by restriction enzyme digestion. The two probe halves are 

designed such that the target-specific sequences bind adja-
cently to the target DNA, and can then be joined by use 
of a ligase. This generates a contiguous probe flanked by 
universal primer binding sites that can then be amplified by 
PCR, whereas unbound probe halves cannot be amplified, 
and hence eliminates the need for removal of excess probe 
by washing. The amounts of ligated probe produced will 
be proportional to the target copy number, and after PCR 
amplification the relative peak heights indicate deletion or 
duplication of target sequence. 

 In   diagnostic use, applications of these high order mul-
tiplex methods include the detection of aneuploidies, unbal-
anced cryptic translocations, and whole or partial gene 
duplications or deletions. Commercial kits based on MAPH 
and MLPA are available ( http://www.mrc-holland.com ). 
The high multiplicity of MAPH and MLPA, plus their use 
of standard genetic laboratory apparatus, make it highly 
likely that these techniques will become widely used. Both 
techniques offer a rapid means of scanning up to 40 loci for 
gene dosage, and are likely to be used widely in research 
and diagnostic settings. MAPH represents a conceptual 
breakthrough for the analysis of gene dosage, but the han-
dling of small filter discs is difficult and could pose sample 
tracking problems in routine medium throughput settings. 
The liquid-phase solution to sample handling offered by 
MLPA and the ready availability of robust commercial 
kits has led to rapid acceptance by diagnostic laboratories 
worldwide. MLPA uses M13 (single-stranded) probes that 
are more technically challenging to construct than MAPH 
probes, which can be made from PCR products. 

 There   is an ever-growing range of MLPA probe sets and 
kits supplied by MRC-Holland. However, it is also possible 
to construct additional probes to enable fine mapping and 
identification of the junction fragments/deletion breakpoints 
by designing your own synthetic MLPA probes. The advan-
tage of synthetic probes, as compared to the phage M13-
derived probes made by MRC-Holland, is that the cloning 
step is omitted, so they are available sooner, but disadvan-
tages are that fewer probes can be used in a single MLPA 
reaction, approximately 11 bespoke probes can be added to 
a probemix. Protocols assisting design of synthetic probes 
are available from the MRC-Holland website or using 
AlleleID probe design software ( http://www.premierbiosoft.
com/datafiles/alleleIDWin.exe ). Alternatively, additional loci 
could be examined by adapting MLPA to an array detection 
setting, so that fragments were identified by sequence rather 
than size. This would enable all MLPA probes to be chemi-
cally synthesized. Array adaptations of both MAPH and 
MLPA might enable much higher order multiplexes than are 
currently possible. However, even 40-plex assays represent 
a substantial gain in the multiplex order typically available 
in PCR. MAPH or MLPA could provide competition for the 
array-based CGH approaches: a 96-well array of 40 probes 
could interrogate over 3,000 loci, representing a better than 
1       cM coverage of the entire human genome or much higher 
single chromosome resolution. Two color MLPA kits are 
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available increasing the number of loci examined to some 
extent by including two probe sets which are amplified by 
two sets of primers: one labeled with FAM and the other 
with HEX. An example is the MLPA kit to detect deletions 
and duplications in the  CBP  (Crebb binding protein) gene. 
In all, this kit has synthetic probes for 20 out of 32 exons 
of  CBP , and also five control probes for unlinked loci. The 
probes span the  CBP  gene from exons 2 to 32 (the coding 
region of the gene) and, due to the number of probes, is able 
to detect deletions and duplications in CBP in cases with 
Rubinstein-Taybi syndrome previously undetectable by 
FISH ( Roelfsema et al., 2005 ).  

    12.4.5       Long-range PCR 

 Long  -range PCR ( Barnes, 1992 ) is a modified PCR protocol 
that includes a proof-reading polymerase and short denatur-
ation times to enable the size of amplicons to be increased 
from 3 – 5       kb to beyond 30       kb. This opens the possibility of 
screening for deletions of this scale by direct PCR, with the 
advantage of producing the junction fragment for further 
analysis. Long-range PCR has been used successfully to 
identify deletions including mitochondrial DNA ( Fromenty 
et al., 1996 ), C4 gene deletions in the MHC complex ( Grant 
et al., 2000 ), the CYP2D6 deletion allele, and LDL dele-
tions ( Kim et al., 1999 ). Despite the simplicity in principle 
of a long-range PCR approach, in practice it is often dif-
ficult to design a robust assay. Direct detection of duplica-
tions by amplification of entire duplicated regions is likely 
to prove difficult in diploid genomes since the unduplicated 
allele will have a significant advantage during the amplifi-
cation process. However, full characterization of a deletion 
or duplication requires the sequence of the junction frag-
ments. This can be achieved either by using long-range 
PCR or by fine mapping, for example using QMSF-PCR 
followed by conventional PCR and sequencing.  

    12.4.6       Array-Based CGH 

 Microarrays   have become widely used tools for gene 
expression studies, and now encouraging developments are 
taking place in array-based comparative genome hybridiza-
tion (Array-CGH) as a tool for measuring gene duplications 
and deletions. Comparative genomic hybridization origi-
nally used metaphase chromosomes as targets for differen-
tially labeled probes (e.g. Cy5, Cy3) from control and test 
samples. Gene dosage changes could be detected by varia-
tion of the relative intensity of the two labels ( Kallioniemi 
et al., 1992 ). By replacing the metaphase spread with 
microarrayed BAC DNA, Pinkel and colleagues (1998) 
reported the use of array-based CGH analysis to investigate 
chromosome 20 gene dosage alterations in breast cancer. 
DNA purified from BAC clones spaced at approximately 
3       Mb intervals along the entire chromosome together with 

some X chromosome controls were arrayed on nitrocel-
lulose membranes as 200 – 400 micron spots in duplicate. 
Test DNA from breast cancer cell-lines was labeled by nick 
translation with fluorescein, control DNA with Texas Red, 
and the spots were counterstained with DAPI. Scanning 
used custom-built mercury-arc illumination and CCD 
detection. Other studies have used different dyes (with 
Cy3/Cy5 being a popular choice) and omitted counterstain-
ing. Many detection systems use confocal laser scanners, 
which, although more restricted in fluorochrome options, 
are brighter and have fewer problems with light scattering. 

 Growing   high numbers ( � 104) of cloned DNA are 
expensive and labor intensive. To circumvent large-scale 
cultures and DNA purifications, array features have been 
made using degenerate oligonucleotide PCR (DOP-PCR) 
of BAC templates using 5 �  amine-linked primers ( Hodgson 
et al., 2001 ). Fiegler and coworkers (2003) improved the 
standard DOP-PCR to reduce non-specific host and vec-
tor amplicons from BAC clones, improving the signal-to-
noise ratio. A ligation-mediated PCR BAC labeling method 
has also been reported that improved signal-to-noise ratios 
( Snijders et al., 2001 ). Array CGH is still in development 
(see also Chapters 10 and 12)  , but strong commercial 
and academic interest are likely to result in an increase 
in research and diagnostic applications in the near future. 
The supply of robust competitor (Cot1) DNA has been a 
major problem reported by many array-CGH users ( Carter 
et al., 2002 ). Cot1 DNA is used to block the hybridization 
of repetitive DNA in BAC-derived amplicons. Buckley and 
coworkers (2002) constructed a comprehensive microarray 
representing a human chromosome for analysis of DNA 
copy-number variation. The chromosome 22 microarray 
covered 34.7       Mb with an average resolution of 75       kb using 
a sequence-defined, repeat-free, and non-redundant strat-
egy for array preparation. This enabled an increase in array 
resolution and eliminated the need for Cot1 DNA. Array 
targets were made using phi29 DNA polymerase synthesis. 

 As   the technology becomes more widely used, com-
mercial suppliers are starting to emerge; for example, the 
Cytochip array from BlueGnome ( http://www.cytochip.
com ) is designed for diagnostic use. This is a BAC micro-
array with an average genome coverage of approximately 
565       kb, with median coverage of 250       kb in subtelomeric 
regions and an average resolution of 100       kb in 90 known 
clinically relevant regions (microdeletion/duplication syn-
dromes). Higher resolution oligonucleotide-based microar-
rays for the detection of copy-number changes are becoming 
increasingly popular allowing genome-wide analysis which 
can map chromosomal imbalance breakpoints at exon 
level resolution, including imbalances that are single copy-
number genomic alterations ( Selzer et al., 2005 ). Commercial 
suppliers of oligonucleotide-based arrays include Agilent 
Technologies Inc. ( http://www.agilent.com ). Several Agilent 
array CGH platforms exist including arrays with 44,000 
60-mer oligonucleotide probes covering both coding and 
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non-coding human sequences with an average genome res-
olution of 50       kb through to 244,000 probes with a mediam 
probe spacing of 9       kb. Other suppliers of high-resolution 
oligonucleotide-based arrays to detect gene dosage changes 
include Illumina ( http://www.illumina.com ) and Affymetrix 
( http://www.affymetrix.com ). Additionally, genome centers, 
for example, Leiden University in Holland and the Sanger 
Centre in the UK, are using their resources to manufacture 
genome- or chromosome-specific arrays. 

 Since   array-CGH enables high-resolution detection 
of structural variation, this technique is moving from a 
research tool into diagnostic service provision. Confirmation 
of the array CGH results are often needed prior to issu-
ing a diagnostic report. Several copy number/dosage tech-
niques confirm array CGH results, including FISH, MLPA, 
STR analysis, real-time PCR/qPCR, long-range PCR, and, 
ultimately, DNA sequencing. The choice of confirmation 
method will depend upon several factors, including the size 
of the region involved, the precise location of the abnormal-
ity, availability of FISH or MLPA probes, the density of 
STRs, the material available from the proband and the par-
ents (DNA, metaphase spreads, etc.), and access to equip-
ment. Often there is an interplay between several techniques 
to determine copy-number variation per case ( Fig. 12.2   ). 

 One   of the findings of using higher-resolution array CGH 
for genomic-wide copy-number changes is the awareness 
of the significant degree of natural copy-number variation 
in the genome. At 100       kb array CGH resolution Redon and 
coworkers (2006) reported an average of 70 polymorphisms 
per patient and a total of 1,116 unique polymorphisms on 
over 270 patients. Similarly, de Vries and coworkers (2005) 
reported 4 – 9 copy-number variants per patient in a cohort of 
mental retardation patients, where 96% of these variations 
were found to be inherited polymorphisms.   

    12.5     NOMENCLATURE 

 Recently  , the Human Genome Variation Society ( http://www.
hgvs.org ) has taken on the responsibility of establishing a 
standardized mutation nomenclature that includes deletions 
and duplications. A nomenclature reference is maintained 
at this site by Dr. Johan Den Dunnen, Leiden University 
Medical Centre. The current recommendation for exon or 
multi-exon deletion nomenclature varies, depending on 
whether or not the breakpoint has been identified. If the 
breakpoints are not sequenced (e.g. detected on Southern 
blot or by MLPA), exonic deletions are described as c.88-?_
923   �   ?del, indicating a deletion starting at an unknown posi-
tion in the intron 5 �  of cDNA nucleotide 88 and ending at an 
unknown position in the intron 3 �  of cDNA nucleotide 923. A 
genomic or cDNA reference (e.g. Genbank, EMBL, DDJB) 
should be cited, including the version number. If the junc-
tion fragments are known, then the form g.390_1458del or 
(g.390_1458del1069) should be used for a genomic reference 

sequence or c.13-23_301-143del (c.13-23_301-143del1069) 
for a cDNA reference sequence.  

    12.6       GENE DOSAGE APPLICATIONS IN 
TUMOR PROFILING 

 Partial   chromosomal losses occur relatively frequently in a 
large number of tumor types, and this is readily detectable by 
demonstrating loss of heterozygosity (LOH) of polymorphic 

 FIGURE 12.2          Detection of a duplication of 16qter in a patient with 
unexplained learning difficulties using: A. A 1       Mb BAC array from 
BlueGnome. B. The MLPA subtelomere kit from MRC-Holland confirms 
the duplication, and C. Interphase FISH using a Vysis subtelomeric 
probe. Duplication of 16qter is shown by three copies of the red signal as 
indicated by arrows.  Note : The e-book for this title, including full-color 
images, is available for purchase at www.elsevierdirect.com.    
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microsatellite markers. Such techniques have been widely 
employed to investigate various aspects of tumor development: 

    1.     Clonality. Loss of chromosomal regions is essentially 
an irreversible event in tumor cell development, and 
all subsequent subclones would be expected to demon-
strate the same deletions, and may have accumulated 
more. LOH analysis of multiple tumors from the same 
patient can be used to determine whether tumors, either 
synchronous or metachronous, are clonal in origin, and 
in the latter case may be used to determine whether 
subsequent tumors are recurrences or metastases 
of previous tumors or independent primary tumors. 
For example, in patients with multiple synchronous 
lung tumors it is important for treatment decisions to 
discriminate multicentric lung cancers from intrapul-
monary metastases, and this can be aided by clonality 
studies ( Shimizu et al., 2000 ).  

    2.     Identification of tumor suppressor genes. It is hypoth-
esized that the reason that tumors frequently undergo 
LOH, and that LOH of particular regions is commonly 
associated with specific tumor types, is that the regions 
lost harbor tumor suppressor genes. Identification of 
such tumor suppressor genes may provide useful tools 
for diagnosis, prognosis, and possible therapies. Hence, 
numerous studies have been undertaken to identify 
regions of LOH specific to individual tumor types and 
the genes present in these regions. For example, chro-
mosome 9 is the most frequently deleted chromosome in 
transitional cell carcinoma of the bladder, and candidate 
genes have been identified in three of the four regions 
of minimal deletion ( Knowles, 1999 ). In prostate can-
cer, gains at Xq and 18q are among the most common 
chromosomal alterations, and amplification of the AR 
(Xq12), MYC (8q24), and EIF3S3 (8q23) genes have 
been found in a large fraction of hormone-refractory 
prostate cancers ( Nupponen and Visakorpi, 2000 ).  

    3.     Diagnosis. LOH analysis has been employed both in 
detection of the presence of a tumor, as well as dif-
ferential diagnosis and typing of tumors. For example, 
LOH has been reliably demonstrated in DNA extracted 
from urine sediments in bladder cancer patients, and 
may have a role in the non-invasive diagnosis of blad-
der cancer ( Linn et al., 1997 ;  Berger et al., 2002 ). 
Differential diagnosis between renal oncocytomas and 
renal cell carcinomas can be difficult due to morpho-
logical similarities, but is important due to their differ-
ent prognoses. LOH analysis has shown that they can 
be differentiated on the basis of spectrum of chromo-
somal loss ( Herbers et al., 1998 ). LOH analysis has 
also been used to characterize the aggressive intraductal 
carcinoma of the prostate, to differentiate it from the 
less aggressive high-grade dysplasia (prostatic intraepi-
thelial neoplasia, PIN), and to provide evidence that it 
does not represent invasion of Gleason grade 3 cancers 
into the ductal/acinar system ( Dawkins et al., 2000 ).  

    4.     Prognosis. In several tumor types, LOH of specific 
regions have been hypothesized to be key events in tumor 
evolution and progression. LOH analysis of tumor speci-
mens has been used to determine their value as prognostic 
markers. It has been found in colorectal cancers that high 
level LOH correlated with earlier onset and lymphatic 
invasion, and hence a poorer prognosis, and low level 
LOH was more common in earlier stage disease and pre-
dicted a more favorable outcome ( Choi et al., 2002 ). In 
breast cancers, specific chromosomal regions have been 
identified for which LOH is a significant predictor of 
lymph-node metastasis and hence may serve as a negative 
prognostic indicator ( Nagahata et al., 2002 ).     

    12.7       SUMMARY AND FUTURE 
DEVELOPMENTS 

 Gene   dosage is a significant contributor to the overall bur-
den of the germ-line and somatic mutations in man. Any 
comprehensive mutation screen therefore should include 
measurement of gene dosage. The permeation of genomics 
into medical practice will increase the demand for mutation 
screening with applications in diagnosis, predictive testing, 
and treatment. This, in turn, will encourage the develop-
ment of more highly automated approaches, the introduc-
tion of robust statistical analysis, and quality control of 
results that may be used in a diagnostic context. Those 
techniques are most easily adaptable to robust laboratory 
processes and automated data handling will have a com-
petitive advantage. Ease of handling, hence more robust 
results, perhaps explains the greater uptake of MLPA com-
pared with MAPH. Both MAPH and MLPA produce data 
using automated DNA sequencers that are spreadsheet-
ready. Statistical parameters may then be easily applied as 
quality measures ( Taylor et al., 2003 ). The same is true of 
array scanner output and real-time PCR systems, in con-
trast to classical genetic techniques like Southern blotting 
or cytogenetics. Whereas MLPA, real-time PCR, QMSF-
PCR, and MAPH approaches are focused around relatively 
low numbers of targets, the array methods offer very high 
orders of multiplicity, the so-called  ‘  ‘ hypothesis-free ’  ’  
approach. It seems likely that the two approaches will 
converge as arrays become increasingly targeted toward 
regions or functional clusters of interest and the PCR-based 
approaches move toward an array-like format, either in 
capillary arrays or high density microtiter arrays. 

 Finally  , as clonal sequencing technology matures it may 
displace the current generation of array technology. This 
reflects advantages in the clonal/digital nature of the out-
put in contrast to the analog output from arrays, the unbi-
ased readout, not dictated by what has been arrayed, and the 
ability to read 30 – 400 base strings of DNA sequence rather 
than infer sequence results from hybridization to arrayed 
sequence of 20 to 80 bases. Structural variations, including 
copy-number variants, can be readily detected using paired 
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reads, although the sensitivity and specificity of this method 
has not yet been established. Campbell and coworkers (2008) 
characterized 306 germ-line structural variants and 103 
somatic rearrangements to the base-pair level of resolution.   
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  MRC-Holland BV, Amsterdam, The Netherlands   

 Chapter 13 

    13.1       INTRODUCTION 

 Multiplex   ligation-dependent probe amplification (MLPA) 
is a high-throughput and sensitive polymerase chain 
reaction (PCR)-based technique detecting copy-number 
changes in DNA or RNA. MLPA can quantify up to 50 
nucleic acid sequences in one simple reaction, with a 
 resolution down to the single nucleotide level ( Schouten 
 et al. , 2002 ). Since its introduction in 2002, over 500 
peer-reviewed articles describing its use have been pub-
lished, including several reviews of the technique itself 
( Sellner and Taylor, 2004 ;  den Dunnen and White, 2006 ; 
 Chou  et al. , 2008 ). Some MLPA variants, such as methyl-
ation-specific MLPA (MS-MLPA) ( Nygren  et al. , 2005 ), 
that have been developed more recently are now also in 
widespread use. 

 The   first and still most common application of MLPA is 
the detection of small genomic rearrangements which are a 
frequent cause of disease (see also Chapter 12)  . Although 
in the majority of genes, the deletion or duplication of one 
or more complete exons accounts for less than 10% of all 
disease-causing mutations, for many others this percentage 
can be as high as 10–30% ( Taylor  et al. , 2003 ;  Kluwe  et al. , 
2005 ;  Michils  et al. , 2005 ;  Aldred  et al. , 2006 ;  Aretz  et al. , 
2007 ;  Kanno  et al. , 2007 ;  Redeker  et al. , 2008 ) or higher 
still ( Beetz  et al. , 2006 ;  Depienne  et al. , 2007 ). In case 
of the very long dystrophin gene, involved in Duchenne 
muscular dystrophy, exon deletions and duplications even 
account for 65 – 70% of all mutations ( Schwartz and Dun ø , 
2004 ;  Janssen  et al. , 2005 ). 

 Since   most methods which are used to detect point 
mutations, like DNA sequencing and denaturing high-
 performance liquid chromatography (DHPLC)  , generally 
fail to detect copy-number changes, the inclusion of MLPA 
in clinical test algorithms has increased the detection rate 
of many genetic disorders. One reason why MLPA has 
rapidly gained acceptance as the method of choice for the 
detection of small genomic anomalies is that the method 
is simple to perform and that all equipment required is 
already present in most DNA diagnostic laboratories: a 
thermocycler for performing the MLPA reaction and a cap-
illary sequencer for the detection of MLPA amplification 
products. 

 Since   MLPA is able to distinguish sequences  differing 
in a single nucleotide, it is widely used for the analysis of 
complicated genomic areas such as the  CYP21A2 / CAH  
region and the  SMN1 / SMN2  genes involved in spinal 
 muscular atrophy (SMA), where pseudogenes and gene 
conversion complicate DNA analysis ( Arkblad  et al. , 2006 ; 
 Scarciolla  et al. , 2006 ;  Huang  et al. , 2007 ). The relatively 
low cost and high throughput of MLPA enables  large-scale 
carrier screening for diseases like SMA, in which hetero-
zygous healthy carriers have a relatively high  frequency 
in the general population ( Scarciolla  et al. , 2006 ). As the 
multiplex capacity facilitates the detection of copy-number 
changes of all well-described microdeletion  syndromes 
(Kirchhoff  et al. , 2007;  Ahn  et al. , 2008 ;  Peppink  et al. , 
2008 ), all subtelomeric regions ( Monfort  et al ., 2006 ; 
 Rooms  et al. , 2006 ;  Bruno  et al. , 2006 ;  Stegmann  et al ., 
2007 ;  Ahn  et al. , 2007 ), or all centromeric regions in 
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a  single reaction, MLPA is now also routinely used in 
molecular cytogenetics where it has often replaced FISH. 
For almost all subtelomeric and microdeletion syndrome 
regions, high-density MLPA probe sets are available that 
can also reveal many smaller, atypical, deletions ( Sutton 
 et al. , 2004 ;  Warshawsky  et al. , 2006 ;  Jalali  et al. , 2007 ; 
 van Hagen  et al. , 2007 ). Applications of MLPA in other 
fields including tumor diagnostics ( Jeuken  et al. , 2006 ; 
 Moerland  et al. , 2006 ;  Holtkamp  et al. , 2008 ;  Damato 
 et al. , 2008 ;  Bremmer  et al. , 2008 ), pharmacogenetics and 
the detection and subtyping of microorganisms ( Bergval 
 et al. , 2008 ;  Reijans  et al. , 2008 ) are emerging. 

 As   compared to FISH, MLPA has the advantage of 
being a multiplex technique in which very small (50 – 70       nt) 
sequences are detected. Most aberrations disrupting a  single 
gene are too small to be detected by FISH. Moreover, 
MLPA can be used on purified DNA. Compared to array-
based comparative genomic hybridization (CGH; see also 
Chapters 10 and 12)  , MLPA is a low cost and technically 
uncomplicated technique. Although MLPA is not suitable 
for genome-wide research screening, it is a good alterna-
tive to array-based techniques for many routine diagnostic 
applications. The approximately 300 probe sets now com-
mercially available are dedicated to applications ranging 
from the relatively common (Duchenne, DiGeorge syn-
drome, SMA) to the very rare (hereditary pancreatitis, anti-
thrombin deficiency, Birt-Hogg-Dube syndrome). 

 For   routine applications in which traditionally the copy 
number of only a single gene is measured, such as Her2-neu 
( ERBB2 ) testing in breast tumors, MLPA has advantages 
over tests like FISH and real-time PCR (see also Chapter 7)  , 
as it can provide, in a single reaction, more information on 
both the extent of the amplified region(s) and on other rear-
rangements which may have implications for treatment, 
such as amplification of the  EGFR  gene or deletion of 
the  BRCA1  or  BRCA2  genes in the tumor cells ( Moerland 
 et al. , 2006 ;  Holtkamp  et al. , 2008 ;  Damato  et al. , 2008 ). 
Although the limited dynamic range of MLPA places some 
restrictions on its usefulness in detecting very large changes 
in copy number ( � ten-fold), such as may be found in 
mRNA profiling or the detection of pathogenic microorgan-
isms, MLPA has been described as being cheaper and far 
more accurate and precise than real-time PCR for applica-
tions involving the detection of small copy-number changes 
of multiple DNA sequences ( Damgaard  et al. , 2005 ). 

 Methylation  -specific MLPA (MS-MLPA), which com-
bines MLPA with the use of methylation-sensitive restric-
tion endonucleases ( Nygren  et al. , 2005 ), has proven to be 
a very useful method for the detection of aberrant meth-
ylation patterns in imprinted regions that cause diseases 
like Prader-Willi/Angelman syndrome (Bittel  et al. , 2007; 
 Procter  et al. , 2006 ;  Dikow  et al. , 2007 ) and Beckwith-
Wiedemann syndrome ( Eggermann  et al. , 2007 ;  Scott 
 et al ., 2008 ;  Priolo  et al. , 2008 ). The MS-MLPA method 
can also be used for the analysis of aberrant methylation 

of CpG islands in tumor samples ( Jeuken  et al. , 2007 ;  Hess 
 et al. , 2008 ), using, e.g., DNA derived from formalin-fixed, 
paraffin-embedded tissues. 

 This   chapter reviews the use of MLPA in the quanti-
fication of genomic copy-number changes, detection of 
specific point mutations, mRNA profiling, and the detec-
tion of methylation changes. Although the emphasis is on 
the detection of MLPA amplification products by capillary 
electrophoresis, alternative detection methods such as bead 
and array hybridization are also discussed. Procedures 
for the design and use of  ‘  ‘ home-made ’  ’  synthetic MLPA 
probes for temporary research applications are described.  

    13.2       PRINCIPLE OF MLPA 

 In   MLPA, a multiplex oligonucleotide ligation assay is 
combined with a PCR reaction in which all ligation prod-
ucts are amplified with the use of a single PCR primer 
pair. Each of the up to 50 different ligation products has 
a unique length and all PCR amplification products of a 
single MLPA reaction can be separated and quantified by 
capillary electrophoresis. In contrast to most PCR-based 
techniques, it is not the actual sample nucleic acids that are 
amplified in the MLPA PCR reaction, but the probes that 
are added to the sample. First, sample DNA is denatured 
and incubated overnight with a mixture of probes. Each 
probe consists of two oligonucleotides which hybridize to 
immediately adjacent target sequences ( Fig. 13.1   , step 1). 
One of these two oligonucleotides contains the forward 
PCR primer sequence, the other the reverse PCR primer 
sequence. Only when both oligonucleotides are hybridized 
to the template DNA can they be ligated ( Fig. 13.1 , step 2), 
permitting subsequent exponential PCR amplification ( Fig. 
13.1 , step 3). Generation of a probe amplification product 
is thus dependent on the presence in the sample DNA of a 
small (50 – 80 nt) sequence that is detected by that particu-
lar probe. The large excess of probe oligonucleotides that 
are not ligated do not have to be removed, as they contain 
only one of the two PCR primer sequences and can there-
fore not be amplified exponentially. Furthermore, it is this 
prerequisite of a ligation reaction in MLPA which provides 
the possibility of discriminating a single nucleotide differ-
ence, since most types of mismatch at the ligation site will 
effectively prevent ligation. 

 Most   commercially available MLPA probe sets result 
in fluorescent amplification products with a length between 
90 and 500       nt. The output of the capillary electrophoresis 
(CE) quantification, a file with peak lengths, peak heights, 
and peak areas (see also Chapter 5)  , can be analyzed by any 
spreadsheet software. The peak pattern obtained in MLPA 
reactions is very reproducible and differences in relative peak 
height between samples reflect differences in copy number of 
the probe target sequence (with some exceptions, see section 
13.4). The presence of an average of 0, 1, 2, 3, or 4 copies of 
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a given sequence per cell can be readily distinguished. Since 
only relative copy numbers are determined, it is not possible 
to distinguish female diploid from triploid or tetraploid cells. 
Most aberrant copy-number changes causing disease are, 
however, readily detected by comparing the peak profiles of 
a patient sample with that of a reference sample ( Fig. 13.2   ). 

 What   makes the MLPA reaction more robust than many 
other PCR-based multiplex assays? First of all, as previ-
ously mentioned, all amplification products are generated 
with a single PCR primer pair. Second, the complete proto-
col is simple and the number of steps is limited ( Fig. 13.3   ). 
Third, each of the three separate steps of the MLPA reac-
tion  –  probe hybridization, ligation of probe oligonucle-
otides, and PCR amplification of ligation products  –  goes 
to completion. This fact means that small changes in reac-
tion times, reaction temperatures, DNA concentration, and 
several other parameters have very little influence on the 
quantitative aspect of the MLPA reaction. 

 During   the MLPA hybridization reaction, approxi-
mately one femtomol (600,000,000 copies) of each probe 
oligonucleotide is present. This is a large excess compared 
to the amount of sample DNA, since a human DNA sam-
ple of, e.g., 60       ng, contains only 20,000 haploid genomes. 
After incubation for 16       h in a small volume (8        μ l) at 60 ° C, 
nearly all probe target sequences are covered with probe 
oligonucleotides. Small changes in volume (6 – 10        μ l), tem-
perature (55 – 62 ° C) or duration of the incubation (12 – 24       h) 
therefore have very little effect. 

 For   the subsequent ligation step, the 8        μ l reaction is 
diluted to 40        μ l by adding a mixture of Mg  �  �   ions, the 
ligase enzyme, and the ligase cofactor NAD, thereby reduc-
ing the salt concentration. The ligation reaction is typically 
performed for 15 minutes. However, the exact duration 
of the ligation reaction has little influence: for properly 
designed probes, no change in results can be observed 
between reactions that are ligated for 5 or 30 minutes, 
because ligation is already  � 90% complete within 2 min-
utes. The ligation is performed at a slightly lower tempera-
ture than the hybridization reaction (54 ° C instead of 60 ° C), 
as the effective melting temperature ( T  m ) of the probe-
sample hybrids is lower at the reduced salt concentration 
present during the ligation reaction. The ligase enzyme 
used, Ligase-65, is heat inactivated after the ligation reac-
tion. Because the non-ligated probe oligonucleotides do 
not have to be removed and since the ionic conditions 
during the ligation reaction resemble those of an ordinary 
1      �      PCR buffer, the PCR reaction can be initiated imme-
diately by adding the necessary PCR primers, polymerase, 
and dNTPs. Usually, however, only part of the ligation 
reaction is used for the subsequent PCR, as this slightly 
improves the results for some probe mixes. 

 The   PCR reaction in MLPA is more robust than other 
multiplex PCR reactions, primarily because a single PCR 
primer pair is used for amplification of all ligated probes. 
Differences in primer annealing efficiency play no role in 
MLPA. Another advantage is that the PCR conditions for 
all MLPA applications are identical. Finally, the amount of 
each individual amplification product at the end of the PCR 
is limited, making MLPA less sensitive to differences in 
PCR conditions. In almost all other PCR types (real-time, 
multiplex and conventional PCR), only a small amount 
of the PCR primers is used. PCR amplification comes to 
a halt as a result of rapid reannealing of complementary 
amplicon strands, inhibiting further primer binding and 
elongation. For a standard multiplex PCR, this means that 
the relative amounts of the amplification products can still 
change in the last cycles, as different amplicons may reach 
this point at difference times. Small changes in tempera-
ture, PCR conditions, number of cycles or the amount of 
sample DNA can thus easily affect the final peak pattern. 
In contrast, in MLPA, it is primer depletion which (after 
 � 30 cycles) results in the termination of the PCR reaction. 
The majority of the PCR primers are consumed before 

 FIGURE 13. 1          Outline of the MLPA technique. 1. The sample DNA is 
denatured and incubated with a mixture of MLPA probes. Each probe 
consists of two oligonucleotides: the left probe oligonucleotide (LPO) and 
the 5 �  phosphorylated right probe oligonucleotide (RPO), which hybrid-
ize to directly adjacent target sequences. 2. LPOs and RPOs hybridized to 
their adjacent targets are ligated. 3. Each probe has a ligation product of 
a unique length, which is amplified exponentially by PCR, using a single 
primer pair which recognizes the PCR primer sequences included in the 
LPO and RPO. 4. The resulting peak pattern of the sample is analyzed by 
comparing it to that of the reference samples.    
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 FIGURE 13.2          Detection of copy-number changes by MLPA. MLPA easily allows for the distinction between normal reference samples (b) and samples 
carrying (a) homozygous or (c) heterozygous deletions. In case of a homozygous loss of the complete  ASPA  gene (a), the six MLPA probes for the  ASPA  
gene (arrows) do not generate any signal as there are no target sequences present in the sample. The other probes are on other chromosomes and remain 
unchanged. Comparison of a heterozygous carrier of a complete  ASPA  gene deletion (c) with a reference sample (b) shows an approximately 50% 
reduced signal for each of the six  ASPA  probes.    
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any probe  amplification product reaches a concentration 
at which reannealing of complementary strands influences 
primer binding and elongation. Although the absolute 
amount of each amplification product increases slightly 
in the last PCR cycles, the relative amount of each ampli-
fication product (i.e. the peak pattern observed) remains 
unchanged between 30 and 40 PCR cycles. As a conse-
quence, peak patterns obtained on small (20       ng) or large 
(400       ng) amounts of pure sample DNA are also almost 
identical and there is thus no need to use equal amounts of 
DNA in each reaction.  

    13.3       DETECTION METHODS FOR MLPA 
AMPLIFICATION PRODUCTS 

    13.3.1       Capillary Electrophoresis 

 By   far the most common method for analysis of MLPA 
amplification products is size separation of the different 
probe amplification products using capillary electrophoresis. 
In the PCR reaction, one of the two primers is fluorescently 
labeled and the MLPA PCR products only have to be dena-
tured before being injected into the capillaries. Advantages 
of capillary electrophoresis are its ease of use and the direct 
detection and quantification of all amplification products. 
Main disadvantages are the high cost of the instrument and 
the limited number of amplification products that can be 
separated. For proper quantification, probe amplification 
products should have a length difference of at least 3       nt and 
preferably 4 – 6       nt between consecutive fragments. 

 Chemically   synthesized oligonucleotides longer than 
approximately 60 – 80       nt are often of low quality. Their use 
as MLPA probes can result in lower peaks and/or the gen-
eration of by-products, i.e. peaks that are one or more nt 
shorter than the main peak. The reliable amplicon range 
for chemically synthesized MLPA probe sets is therefore 
usually between 90 and 150       nt. Using differences of 4       nt 
between probes, the maximum number of MLPA probes 
that can be included in a single reaction is limited to 
approximately 15 synthetic probes. In order to increase the 

quality of the probes and the number of probes per reaction, 
the most commonly used MLPA probe sets (produced by 
the Dutch company MRC-Holland;  http://www.mlpa.com ) 
consist of one short (40 – 55       nt) synthetic oligonucleotide, 
and one long (70 – 450       nt) oligonucleotide derived from the 
single-stranded DNA of an M13 phage-derived clone. For 
each probe, a separate clone is prepared. This way, good 
quality probe oligonucleotides with a length of hundreds of 
nucleotides can be produced, allowing the use of up to 50 
MLPA probes in a single reaction with length differences 
of 5 – 9       nt. Unfortunately, preparation of these long M13-
derived probes is time consuming and expensive, and hence 
less suitable for more experimental research applications.  

    13.3.2       Microfluidics 

 Fragment   separation by microfluidics (e.g. Agilent 2100) 
has not often been described in combination with MLPA, 
but its rapid progress in resolution opens many possibilities 
for its use in combination with MLPA. Major advantages 
of microfluidics include the use of disposable devices and 
more compact, low cost instruments. In addition, micro-
fluidics avoids the electrokinetic injection procedure of 
capillary electrophoresis instruments, which results in pref-
erential injection of smaller PCR amplification products. 
For laboratories that do not perform DNA sequencing, the 
use of a microfluidics apparatus would therefore provide 
an excellent alternative for the expensive capillary electro-
phoresis equipment.  

    13.3.3       Bead-Arrays and Micro-Arrays 

 Several   articles have described the detection of MLPA 
amplification products by hybridization to oligonucleotides 
which are immobilized onto arrays ( Berry  et al. , 2007 ; 
Zeng   et al.  , 2008) or on Luminex beads ( Lundquist  et al. , 
2005 ). In contrast to electrophoresis-based detection, such 
platforms permit the use of synthetic probes with amplifi-
cation products of identical lengths and could thus consid-
erably increase the number of different probes per reaction. 
The incorporation of sequence tags in the probes is par-
ticularly interesting, as it allows the use of a universal set 
of oligonucleotides coupled to the beads or arrays (Zeng 
 et al. , 2008). 

 Although   the use of array or bead detection is an attrac-
tive alternative to electrophoresis, no commercial MLPA 
tests are yet available for these detection platforms. This is 
partly due to the higher cost of arrays and beads as well as 
the lower number of labs that have access to such instru-
ments. Another reason may be the higher standard devia-
tion of individual probes, this is due to the fact that the 
detection of the probe amplification products requires an 
extra hybridization step compared to the direct detection 
by capillary electrophoresis. Furthermore, the reannealing 

1. DNA denaturation: heat 5 minutes at 98°C

2. Hybridization: add SALSA probemix and MLPA buffer.
 Incubate 1 minute at 95°C, hybridize for 16 h at 60°C

3. Ligation: add ligase mix and incubate 15 minutes at 54°C
 Heat inactivate the ligase for 5 minutes at 98°C

4. Add primers, dNTPs and polymerase and start PCR

5. Capillary electrophoresis: export fragment lengths and peak
 areas to analysis software or spreadsheet. Analyze results

 FIGURE 13.3          The MLPA protocol in a nutshell.    
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of the two complementary strands of each probe  amplicon 
will compete with the binding of the labeled strand to the 
beads or arrays, possibly resulting in a higher  variability. 
The use of exonuclease digestion which exclusively 
removes the unlabeled PCR strands might solve this, but 
has not yet been described in conjunction with MLPA. 

 Increasing   the number of probes per reaction is also 
likely to increase the undesirable occurrence of aspecific 
amplification products due to interprobe interactions. As 
said, in order to reach almost complete hybridization of 
probes to their target sequence, an MLPA reaction contains 
approximately 1 femtomol, or 6      �      10 8  copies, of each probe 
oligonucleotide. Since each probe oligonucleotide already 
contains a perfect copy of one of the two PCR primer 
sequences, minor sequence homology between different 
probes (8 – 10 nucleotides) can easily result in the forma-
tion of aspecific products that are exponentially amplified. 
Although this occurs only sporadically when less than 
50 different probes are present, the number of potential 
probe interactions increases exponentially with an increas-
ing number of probes. Finally, the linear amplification 
of one of the probe oligonucleotides which always occurs 
in an MLPA reaction can also start causing problems with 
increased numbers of probes, due to its consumption of the 
unlabeled PCR primer. Since each right probe oligonucle-
otide (RPO,  Fig. 13.1 ) contains the perfect complement of 
the reverse (unlabeled) PCR primer, these oligonucleotides 
will be copied (linear amplification) in each PCR cycle, 
thereby consuming around 1       fMol of the unlabeled primer 
per cycle for each of the probes present. The presence of a 
large number of probes thus results in a rapid depletion of 
the reverse PCR primer pool, which will interfere with the 
exponential amplification of ligated probes. 

 An   attractive alternative for applications requiring a 
large number of probes could be the combination of array-
based detection with the closely related multiple amplifi-
able probe hybridization (MAPH) technique (section 13.8; 
 Armour  et al. , 2000 ), in which the non-hybridized probe 
oligonucleotides are removed from the hybridized probes 
( Gibbons  et al. , 2006 ;  Kousoulidou  et al. , 2008 ). This cir-
cumvents several of the technical bottlenecks mentioned 
above, but the MAPH technique requires the complicated 
extra steps of immobilizing sample DNA and the removal 
of non-hybridized probes before the PCR reaction.   

    13.4       ANALYSIS OF MLPA RESULTS 

 The   analysis of MLPA results is facilitated by the fact 
that it is not the sample nucleic acids that are amplified 
and quantified in an MLPA reaction, but the probes that 
are added to the samples. An advantage of this approach 
is that the amplification products always have the same 
length, regardless of the existence of sequence variants 
in the probe binding region in the sample DNA. After the 

 different probe amplification products of a single MLPA 
reaction have been identified and their distinct lengths 
entered in fragment analysis software ( ‘  ‘ binning ’  ’ ), all sub-
sequent analysis steps can be automated. Different Excel 
sheets and dedicated software packages for analysis of 
MLPA results are available free of charge or at relatively 
low cost (see  www.mlpa.com ). 

 It   is not possible to draw any conclusions on the basis 
of absolute peak areas or heights obtained in an MLPA 
experiment, as these values depend on many factors, 
including the number of probes in the MLPA probe mix, 
bleaching of the fluorescent label, alignment of the laser 
on each capillary, and the efficiency of the electrokinetic 
injection in each capillary. The first step in the analysis of 
MLPA results is therefore always an intra-sample normali-
zation, resulting in relative peak areas or peak heights. The 
majority of users analyze peak areas, but in some cases, 
e.g. when the fragment analysis software erroneously sepa-
rates peaks into a main peak and a shoulder peak, the use 
of peak heights can have advantages. 

 Different   MLPA applications require slightly different 
analysis methods. For most applications, intra-sample nor-
malization is performed by dividing the peak area (or height) 
of each amplicon by either (a) the combined area of only the 
reference probes (block normalization) or (b) the combined 
probe area of all peaks in that sample (population normali-
zation). Block normalization is used for instance in MLPA 
probe sets which target only one or a small number of 
genes, in which a complete gene deletion (affecting numer-
ous probes) could easily skew up the analysis if all probes 
were used for normalization. Since reference probes are 
selected for their location in various genomic regions that are 
expected to be stable in the application studied, they form a 
genomic yardstick against which changes of the application-
specific genes can be easily detected. In contrast, population 
analysis is the method of choice for probe sets detecting a 
wide range of genomic regions. The use of reference probes 
is often not necessary for these applications. A good example 
is the MLPA subtelomeric screening for mental retardation. 
Since these subtelomeric probe sets contain one probe for 
each of the 46 chromosome arms, the one or two probes that 
may be aberrant in a single sample will be easily detected 
when using population normalization. The analysis of MLPA 
results in tumor diagnostics, where chromosomal aberrations 
are widespread and unpredictable, is more complicated. 
The genetic instability of tumor cells means that reference 
probes, despite their careful selection, can also be subject to 
copy-number changes. For this reason, the analysis of tumor 
samples requires more complicated analysis programs ( Coffa 
 et al. , 2008 ) which can exclude outlier reference probes from 
the normalization process by first comparing each target-
 specific probe to each reference probe separately. 

 After   intra-sample normalization of probe signals, the 
results obtained on a sample can be compared to the results 
obtained on one or (preferably) more reference samples. 
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In most cases, probe ratios below 0.7 or above 1.3 are 
regarded as indicative of a heterozygous deletion (copy-
number change from two to one) or duplication (copy-
number change from two to three), respectively. For a 
correct interpretation of results, probes should be arranged 
according to chromosomal location as this may reveal 
more subtle changes, such as those observed in mosaicism. 
For instance, the SALSA MLPA P095 probemix (MRC-
Holland) that is routinely used for the detection of trisomy 
13, 18, or 21 in amniotic fluid samples was able to detect 
a mosaic sample with only 26% trisomic cells for chromo-
some 18, since a ratio of 1.1 was found for all eight probes 
present for that chromosome (van  Opstal  et al. , 2008 ). 

 It   should be kept in mind that next to a true copy-
number change, a reduced probe signal can also be due 
to a mismatch between the target sequence and the probe, 
for instance due to a (single nucleotide) polymorphism. 
Sequence changes immediately adjacent to the ligation 
site can influence probe signals by preventing ligation of 
the two probe oligonucleotides. Furthermore, sequence 
alterations at longer distance, even at 15       nt from the liga-
tion site, can result in a reduced probe signal when the 
mismatch between sample DNA and probe oligonucle-
otide destabilizes the binding of the probe. Copy-number 
changes detected by MLPA therefore always require con-
firmation by other methods, especially when a single probe 
is affected. Often, DNA sequencing is used to determine 
whether a mutation or polymorphism is present in the 
probe’s recognition site. Techniques like (long-range) PCR 
and qPCR are often used to confirm single exon deletions 
detected by MLPA ( Vaughn  et al. , 2008 ).  

    13.5       METHYLATION QUANTIFICATION 
BY MS-MLPA 

 A   simple modification of the original MLPA technique, 
methylation-specific MLPA (MS-MLPA,  Nygren  et al. , 
2005 ) is now widely used for the detection of changes in 
cytosine methylation in specific genomic areas. A major 
application of MS-MLPA is the detection of aberrant meth-
ylation of the imprinting regions involved in Prader-Willi/
Angelman syndrome (Bittel  et al. , 2005; Dikow  et al. , 
2006;  Procter  et al. , 2006 ) and Beckwith-Wiedemann/RSS 
syndrome ( Eggermann  et al. , 2007 ; Scott  et al. , 2007; 
 Priolo  et al. , 2008 ). A second major application lies in 
the detection of methylation changes of CpG islands that 
are located near the promoter regions of tumor suppres-
sor genes in DNA derived from tumor cells ( Jeuken  et al. , 
2007 ;  Hess  et al. , 2008 ). 

 MS  -MLPA probes are identical to standard MLPA 
probes except for the presence of a recognition site of a 
restriction endonuclease, such as  HpaII  or  HhaI . These 
restriction enzymes are sensitive to cytosine methyla-
tion of a CpG dinucleotide in their recognition site: they 

can only digest double-stranded DNA in which their rec-
ognition sequence is unmethylated in both strands. In 
MS-MLPA, the ligation of MLPA probe oligonucleotides 
that are hybridized to the sample DNA is combined with 
digestion by a methylation-sensitive endonuclease. In case 
the CpG site of the sample DNA is methylated, digestion 
is effectively prevented and hence a normal MLPA probe 
signal will be detected. If the CpG site is not methylated, 
however, the DNA – probe complex will be digested by the 
endonuclease and no amplification product is formed. 

 During   the development of MS-MLPA, two different 
approaches were tested. In the first, endonuclease digestion 
of sample DNA was followed by a normal MLPA reaction. 
In the second, the ligation of the probes and the digestion 
of the sample DNA – probe hybrid were performed simul-
taneously. As the latter method produced good results and 
was easier to perform, it became the method of choice ( Fig. 
13.4   ). By dividing the reaction in two parts after probe 
hybridization, one part being ligated and digested simulta-
neously, while the other part is ligated only, just like a nor-
mal MLPA, a single MS-MLPA reaction is able to provide 
information on both copy number and methylation changes. 
In addition, a very important advantage of digesting the 
sample DNA – probe hybrids rather than sample DNA itself 
is that this allows the use of DNA from formaldehyde-
fixed, paraffin-embedded (FFPE) tissues. DNA extracted 
from FFPE tissues is often not completely digested by 
restriction endonucleases, presumably because the genomic 
DNA is (partially) denatured during paraffin embedding. 
Since the probe – DNA hybridization makes the DNA dou-
ble stranded, this problem is evaded by MS-MLPA. 

 An   important advantage of MS-MLPA as compared 
to other techniques like methylation-specific PCR is that 
the difficult-to-standardize bisulfite conversion of sam-
ple DNA is circumvented. In addition, both copy numbers 
and methylation are quantified in a multiplex fashion, as in 
MS-MLPA too it is possible to quantify up to 50 different 
sequences per reaction. A disadvantage is the lower sen-
sitivity compared to some other techniques. For example, 
when a CpG site is methylated in one allele and in only 
5 – 10% of the sample cells, detection by MS-MLPA is dif-
ficult due to the low probe signals. A second disadvantage 
is that probe design requires the presence of a recognition 
site of a suitable restriction endonuclease (e.g.  HhaI  or 
 HpaII ) in the probe hybridization sequence. Finally, sin-
gle-stranded genomic DNA from CpG islands usually has 
a strong secondary structure, resulting in slower hybridi-
zation of probes. As a consequence, a larger percentage 
of probes fail or larger quantities of probe oligonucle-
otides have to be added as compared to ordinary MLPA, in 
which probe sequences typically contain only 40 – 60% GC 
nucleotides. 

    Figure 13.5    shows the use of MS-MLPA in detect-
ing copy-number and methylation changes of the 15q11 
region, both of which can result in either Prader-Willi 
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(PWS) or Angelman syndrome (AS). This 4       Mb region is 
subject to imprinting: normal individuals inherit one meth-
ylated copy from their mother and one unmethylated copy 
from their father. Inheritance of two chromosome 15 copies 
from a single parent (uniparental disomy) results in either 

Prader-Willi syndrome (two maternal, methylated copies) 
or Angelman syndrome (two paternal, unmethylated cop-
ies). Deletions, too, can be pathogenic: a loss of the paternal 
copy causes PWS, whereas losing the maternal allele results 
in AS. Chromosomal deletions can be easily identified by 
comparing the 15q11 probes with reference probes between 
different samples ( Fig. 13.5 : top row), while methylation 
changes can be detected by comparing the peak profiles of 
different samples after  HhaI  digestion ( Fig. 13.5 : bottom 
row). For instance, when examining the MS-MLPA probe 
for the  SNRPN  gene (peak 5 in all undigested samples), this 
peak is halved after digestion with the  HhaI  enzyme in a 
healthy reference sample. Conversely, the probe signal is not 
reduced by  HhaI  digestion in PWS patients (both PWS dele-
tion and PWS disomy): the peak signal is the same in undi-
gested and digested samples because all copies present are 
methylated. In contrast, since in AS all copies (both in the 
case of AS disomy and AS deletion) are unmethylated and 
hence digested, no signal is generated by this probe when 
testing Angelman patients. The complete ME028 probe set 
for PWS/AS contains more than 25 probes in this 15q11 
region (several of which indicating methylation changes), 
making it also suitable for the detection of atypical smaller 
deletions. In addition, the set contains several digestion con-
trol probes (confirming complete endonuclease digestion) 
and several reference probes on other chromosomes.  

    13.6       RT-MLPA FOR mRNA PROFILING 

 Reverse   transcriptase MLPA (RT-MLPA) ( Eldering  et al. , 
2003 ) is another adaptation of the MLPA technique which 
can be used for mRNA profiling as an alternative to real-
time PCR and micro-arrays. There are two main differences 
between the MLPA protocol for RNA and the original 
MLPA method developed for DNA. First, RT-MLPA starts 
with the conversion of mRNA into cDNA. To this end, a 
reverse transcriptase enzyme and a special RT primer 
mix are added to the RNA sample. This primer mix con-
tains one RT primer for each of the MLPA probes. The RT 
primers are located just downstream from the probe’s tar-
get sequences. The probes that are used in the subsequent 
MLPA reaction are thus complementary to the cDNA, not 
to the mRNA. The conversion into cDNA is essential as 
NAD-dependent ligases, such as the Ligase-65 enzyme 
used in MLPA, cannot ligate DNA probe oligonucleotides 
that are hybridized to RNA. 

 The   second difference is that, whenever possible, RT-
MLPA probes are designed with an exon boundary within 
their target sequence. For instance, one part of an RT-
MLPA probe may hybridize to the last 25 nucleotides of 
exon 1, while the other part hybridizes to the first 35 nucle-
otides of exon 2. Such an  ‘  ‘ intron spanning ’  ’  design pre-
vents the probe from generating a signal on contaminating 
(genomic) DNA that is often present in RNA samples. 

 FIGURE 13.4          Outline of the MS-MLPA technique. 1. Sample DNA is 
denatured. Each MLPA probe consists of two oligonucleotides, hybrid-
izing to directly adjacent target sequences, which can be either methylated 
or unmethylated. MS-MLPA probes contain a recognition site of a meth-
ylation-sensitive restriction endonuclease (e.g.  HhaI  or  HpaII ); reference 
probes do not. 2. After hybridization, the reaction is divided in two parts. 
In one tube, LPOs and RPOs that are hybridized to their adjacent targets 
are ligated. In the other (shown here), ligation and endonuclease digestion 
take place simultaneously; unmethylated sample DNA – probe hybrids are 
digested. 3. Each non-digested probe has a ligation product of a unique 
length, which is amplified exponentially by PCR using a single primer 
pair recognizing the primer sequences included in each LPO and RPO. 
4. For each sample, two peak patterns are produced: one from the liga-
tion-only reaction (for determining copy-number changes (not shown)), 
and one from the ligation and digestion reaction (for methylation profiling 
(shown)). The peak patterns are analyzed by comparing them to those 
obtained on reference samples. Left peak pattern: Ligation and digestion 
reaction of a healthy control showing only the 13 reference probes not 
containing a  HhaI  restriction site. The other 26 probes included in this mix 
all detect a sequence containing a  HhaI  restriction site which is unmethyl-
ated in normal blood-derived DNA. The probe – sample hybrids are thus 
digested and hence the MS-MLPA probes are not visible in this sample. 
Right peak pattern: Ligation and digestion reaction of a tumor sample. The 
extra four peaks visible here are due to the fact that some of the sequences 
detected by the MS-MLPA were methylated in this tumor-derived DNA, 
saving the probe – DNA hybrid from endonuclease digestion.    
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 When   comparing RT-MLPA to mRNA profiling by 
micro-arrays, RT-MLPA assays are more labor intensive 
to develop, have a much lower multiplexing capacity, and 
a smaller dynamic range. Advantages of RT-MLPA over 
micro-arrays are its ease of use, the much lower costs per 
sample and the lower standard deviation of individual 
probes. Furthermore, in RT-MLPA there is no need to per-
form a sample labeling reaction; it offers higher throughput 
capabilities and the ability to distinguish sequences differ-
ing in a single nucleotide. In a clinical setting, RT-MLPA 
has been demonstrated to be a good alternative to micro-
arrays, as it can quantify up to 50 different transcripts in a 
single-tube assay, while showing excellent conformity with 
real-time PCR and micro-array results (       Hess  et al. , 2004, 
2007 ;  Lok  et al. , 2006 ;  Cillessen  et al. , 2007 ). 

 The   variability in RNA expression levels combined 
with the rather low dynamic range of RT-MLPA means that 
a probe set which performs well on RNA samples derived 
from a given tissue may require adjustments when used 
on another tissue. The level of RNA expression can vary 
so greatly that peak signals of highly expressed genes may 
get off scale. The inclusion of so-called competitor oligo-
nucleotides in the probe mix allows for tissue-specific fine-
tuning of RT-MLPA assays. These competitors compete 
with a given probe because they are designed to recognize 
the same target sequence as one of the two probe oligonu-
cleotides. Although the competitor will bind to the target 
sequence and may even be ligated to the second probe oli-
gonucleotide, the resulting product will never be ampli-
fied because the competitor, unlike the real probe, lacks 

 FIGURE 13.5          Copy-number and methylation changes in 15q11 detected by MS-MLPA in Prader-Willi and Angelman syndrome patients. Partial peak 
patterns (eight out of 48 probes shown) of the ME028 probemix (MRC-Holland) used on one reference and various patient samples.  Top:  Detection 
of copy-number changes (ligation only).  Bottom:  Detection of methylation changes (ligation and digestion with  HhaI  restriction endonuclease).  R:  
Reference probe on other chromosome not affected by  HhaI  digestion (probes 3, 4, 6).  Probe 1:  Detects  SNRPN  gene, no  HhaI  site;  2:  Detects  UBE3A  
gene, no  HhaI  site;  5:  Detects  SNRPN  gene, contains  HhaI  site;  7:  Detects 15q26, contains  HhaI  site, sequence completely unmethylated in normal 
blood-derived DNA;  8:  Detects  UBE3A  gene, no  HhaI  site.  Arrow:  Probes showing aberrations as compared to the reference sample  SNRPN  and 
 UBE3A  genes are located in the 15q11 PWS/AS region. Probes 5 and 7 are MS-MLPA probes containing an  HhaI  site: when the target sequence is 
unmethylated and  HhaI  digestion is performed (bottom row), they are digested: no probe signal. Probe 5 detects methylation changes of a sequence 
on the 15q11 region; a normal reference thus has one copy remaining upon digestion. Probe 7 is a digestion control detecting a 15q26sequence that is 
unmethylated in blood-derived DNA; this probe controls for complete endonuclease digestion.    
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the complete PCR primer sequence. As a consequence, the 
competition between competitor and probe for the limited 
target sites reduces the signal of the probe’s peak signal. 
The simple inclusion of one or more of these competitors 
allows  ‘  ‘ dampening ’  ’  of specific peak signals, thereby mak-
ing it possible to quantify them again. 

 An   important advantage of RT-MLPA is the possibility 
of using highly degraded RNA, such as RNA derived from 
FFPE tissues. At MRC-Holland, encouraging results have 
been obtained on RNA samples from slides that had been 
stored at room temperature for many years. Small stretches 
of cDNA are sufficient to generate RT-MLPA probe sig-
nals, since the probe-specific RT primers which are sup-
plied with an RT-MLPA probe set can partly overlap with 
their corresponding probe and have to be elongated by only 
50 nucleotides. Also, the use of one dedicated RT primer 
for each probe equalizes the efficiency of the mRNA-to-
cDNA conversion, making it less dependent on the GC 
content and the degree of RNA breakdown as compared to 
the use of hexamers or oligo-dT.  

    13.7       DESIGN OF MLPA PROBE SETS 

 The   majority of MLPA reactions performed worldwide 
use MLPA probe mixes and reagents developed by MRC-
Holland ( http://www.mlpa.com ). Most MLPA probes man-
ufactured by this company consist of one synthetic and one 
M13 phage-derived probe oligo. The advantage of M13-
derived oligonucleotides over their synthetic counterparts 
is that the former can be much longer as their production 
process is more reliable. In every cycle of chemical oli-
gonucleotide production, one new dNTP is added to the 
growing oligo. Approximately 1% of these additions fail, 
meaning the quality of synthetic oligos decreases consider-
ably with increased length. By making one of the probe oli-
gos phage M13 derived, it is possible to use a much larger 
range in probe length. A typical MRC-Holland probe set 
contains up to 50 probes with an amplicon range between 
120 and 500 nucleotides. 

 Preparation   of these M13-derived oligonucleotides is 
costly and time consuming and therefore less suitable for 
temporary research applications. For each probe, one M13 
clone is prepared containing a target-specific hybridization 
sequence of 25 – 50       nt, a stuffer sequence of variable length 
and the reverse PCR primer sequence. Single-stranded 
DNA of each clone is produced and the probe part is subse-
quently cut out from the bulk of the M13 DNA by restric-
tion endonuclease digestion. For research applications, 
many laboratories develop their own fully synthetic probe 
sets ( Stern  et al. , 2004 ;  Harteveld  et al. , 2005 ;  Ehlert  et al. , 
2007 ) or add a small number of synthetic probes to an 
MRC-Holland probe mix ( Scott  et al. , 2008 ). Because of 
the low quality of long synthetic probes, the amplification 
products of synthetic probe sets generally range between 

90 and 150 nucleotides, with a typical length difference of 
3 or 4 nucleotides between probes. In order to increase the 
number of probes per MLPA reaction, the use of multiple 
probe sets, each amplified by primers labeled with a differ-
ent fluorescent dye, has been described ( White  et al. , 2004 ; 
 Harteveld  et al. , 2005 ). However, since such probe sets 
are more difficult to develop, most laboratories use home-
made probe sets consisting of less than 20 probes for their 
research applications. Guidelines for the design of syn-
thetic MLPA probes are described in detail on  http://www.
mlpa.com . The most important rules are: 

    1.     Each probe consists of two oligonucleotides: one con-
taining the sequence of the fluorescent forward PCR 
primer at its 5 �  end and the hybridizing sequence at its 
3 �  end (left probe oligonucleotide or LPO), the other 
having the hybridizing sequence at its (phosphorylated) 
5 �  end and the reverse-complement sequence of the 
unlabeled reverse PCR primer at its 3 �  end (right probe 
oligonucleotide or RPO).  

    2.     The hybridizing sequences of the LPO and RPO should 
be directly adjacent, allowing the two oligonucleotides 
to be ligated when both are hybridized to their target 
sequence.  

    3.     Different probes should not overlap as they will com-
pete for the same target sequence. In addition, non-
specific amplification products can be generated 
even with relatively small homologous regions (ten 
nucleotides) if probes are not properly designed.  

    4.     Both LPO and RPO should have a hybridizing 
sequence that allows a stable binding to the target 
sequence at the temperature and salt concentrations 
used during hybridization and ligation. In practice, a 
minimum melting temperature of 68  ° C at 100       mM salt 
is used, as calculated using RAW software (available 
on  http://www.mlpa.com ). RAW uses an average of 
several published formulas to calculate the  T  m . There is 
no upper limit for the  T  m  and it is thus possible to use 
long hybridizing sequences. The use of a non-hybrid-
izing stuffer sequence, derived from, e.g. T7 or  λ -phage 
sequences, may have advantages, however; for instance 
when the target sequence is very GC rich.  

    5.     When electrophoresis is used for separation and quantifi-
cation of probe amplification products, each probe should 
generate an amplification product of unique length.  

    6.     The nucleotide at the 3 �  end of the LPO is the most dis-
criminative site for distinguishing related sequences such 
as pseudogenes. A mismatch between probe and sample 
DNA at this position is usually sufficient to prevent the 
generation of a probe signal. However, as thymine and 
guanine are also capable of forming hydrogen bonds, 
probes that only have a G/T mismatch when bound to the 
sample DNA will still generate a ligation product, even 
when this mismatch is located at the 3 �  end of the LPO. 
In that case, a probe can usually be designed detecting the 
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sequence on the complementary strand. When properly 
designed, the probe signal on the sequence with a mis-
match at the 3 �  end of the LPO will be less than 2% of 
that of the sequence without mismatch under the condi-
tions recommended by MRC-Holland.  

    7.     The first nucleotide after the PCR primer sequence has a 
considerable influence on the height of the probe signal 
obtained. When the first nucleotide with which the for-
ward (fluorescent) PCR primer is elongated is an adenine, 
a much lower signal is obtained as compared to a cyto-
sine. The probe signal increases in the order A, T, G, C.  

    8.     For MS-MLPA probes, the sequence detected by the 
probe should contain the recognition sequence of a 
methylation-sensitive restriction endonuclease such as 
 HhaI  or  HpaII . This recognition sequence should not be 
located at the very start or end of the hybridizing part of 
the probe: on either side of the recognition sequence, at 
least 5       nt should be complementary to the sample DNA.    

 Various   control fragments can be included in the MLPA 
probe set to check the quality of the reaction just performed. 
First, all MRC-Holland probe sets contain four small frag-
ments (the so-called Q-fragments) whose signal is inversely 
related to the amount of sample DNA used. These control 
fragments are used as indicators of insufficient amounts 
of DNA. As these Q-fragments already contain both PCR 
primer sequences in a single DNA fragment, they do not 
require ligation and are thus also amplified in reactions in 
which no sample DNA was present. As little as approxi-
mately 1,000 molecules of each Q-fragment are present 
in an MLPA reaction. Peak signals of these Q-fragments 
are relatively high when very low amounts of sample DNA 
are used (less than 20       ng DNA, corresponding to 6,000 
haploid genomes or 3,000 cells). In contrast, when work-
ing with larger amounts of DNA, the amplification of the 
more numerous target-specific, ligation-dependent MLPA 
probes will outcompete that of the Q-fragments and hence 
their peak signals will dwarf those of the latter. In the auto-
matic analysis of MLPA results by the Coffalyser software, 
reactions with high Q-fragment signals are flagged as less 
reliable because of the low sample DNA input. 

 In   addition, MRC-Holland probe mixes contain two 
small control fragments, termed D-fragments, as indica-
tors for poor DNA denaturation, something which can 
also result in unreliable results. As these D-fragments are 
located in strong CpG islands, a low signal as compared to 
a third control probe, detecting a more AT-rich region, is an 
indication of incomplete DNA denaturation. Third, MRC-
Holland probe mixes contain one chromosome X- and one 
chromosome Y-specific probe.  

    13.8       RELATED TECHNIQUES 

 Several   techniques resembling MLPA have been described. The 
MAPH technique ( Armour  et al. , 2000 ; see also Chapter 12)  , 

developed prior to MLPA, is very similar to MLPA as it also 
ends with a multiplex PCR in which all probes are amplified 
with a single PCR primer pair. However, MAPH does not 
use the ligation reaction that allows MLPA to distinguish 
even closely related sequences. In MAPH, complete probes 
containing both PCR primer sequences are hybridized to 
the sample DNA. As there is a large excess of probes com-
pared to the number of target sequences in the sample, all 
non-hybridized probe oligonucleotides have to be removed 
as they are inherently amplifiable. This is accomplished by 
using immobilized sample DNA. The extra steps involved 
in MAPH for immobilization of sample DNA and removal 
of non-hybridized probes have precluded its widespread 
use. For reasons mentioned in section 13.3.3, MAPH might, 
however, have advantages over MLPA when combined 
with probes sets containing a very large number of probes 
and an array-based detection of the amplification products 
( Kousoulidou  et al. , 2008 ). Extension-MLPA, or e-MLPA, 
is a recently described variation of MLPA ( Leonhard  et al. , 
2008 ) in which the two probe oligonucleotides are not 
binding to adjacent, but to nearby sequences of the sample 
DNA. One of the probe oligonucleotides is elongated by 
polymerase activity until it reaches the second probe oligo-
nucleotide and can be ligated. Application of e-MLPA could 
include the detection of variable number of tandem repeats. 
Interpretation of e-MLPA results is more complicated than 
that of MLPA, as the length of amplification product of each 
probe is not fixed. 

 MLGA   is a recently described method ( Isaksson  et al. , 
2007 ) in which selectively circularized genomic fragments 
are amplified. In contrast to MLPA, the genomic DNA 
itself is amplified rather than the probe oligonucleotides. 
Small deletions or insertions (indels) will therefore result 
in differently sized amplification products, complicating 
analysis of results. Although MLGA reactions can be per-
formed in a shorter time than MLPA, a larger number of 
different enzymes are used and the hands-on time is longer 
than for MLPA. 

 No   commercial assays based on MAPH, e-MLPA, or 
MLGA are available at this moment.  

    13.9       PITFALLS OF MLPA REACTIONS 

 Variability   of results with particular MLPA probes can have 
many different causes, including improper probe design, 
poor sample quality, insufficient amounts of sample DNA, 
differential polymerase sensitivity of probes, and secondary 
structure of the genomic DNA to which the probe binds. 

    13.9.1       Probe Design 

 Improper   probe design can include the use of probe oligo-
nucleotides that cannot form a (sufficiently) stable binding 
with their target, for instance due to a polymorphism within 
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the detected sequence or because of having an insufficiently 
long hybridizing sequence. When designing probes, it 
should be kept in mind that a polymorphism or mutation in 
the middle of the hybridizing sequence can have a stronger 
effect on probe stability and signal than one located just 3 
or 4       nt from the ligation site. Moreover, sequence variations 
within two nucleotides of the probe ligation site can result 
in a reduced probe signal by hampering the ligation of the 
two probe oligonucleotides. 

 Once   bound, the chance of a probe leaving its target dur-
ing the remaining part of the 16 hours of hybridization reac-
tion should be very low. In case the binding of one of the 
probe oligonucleotides to the DNA template is not sufficiently 
stable, an equilibrium will be reached between probe binding 
and probe  ‘  ‘ denaturation ’  ’  which is extremely sensitive to 
incubation temperature and probe and salt concentrations. In 
that case, small differences in evaporation between different 
samples can also have a strong effect on the MLPA results. 

 When   designing probes, it should be kept in mind 
that the secondary structure of the (single-stranded) sam-
ple DNA can affect the performance of certain probes. 
Dependent on the genomic DNA sequence, a strong second-
ary structure can be formed immediately after reducing the 
temperature following the DNA denaturation step, which 
may prevent probes from binding to their target. This sec-
ondary structure can depend on the degree of sample DNA 
fragmentation; results obtained with some probes might 
therefore depend on sample DNA integrity. Unfortunately, 
the secondary structure of sample DNA is very difficult to 
predict. The MLPA reaction starts with a 5 minute incuba-
tion at 98  ° C which is intended to both denature and par-
tially fragment the sample DNA. In MS-MLPA reactions, 
in which many probes are used that detect sequences in 
CpG islands, this 98  ° C incubation is increased to 10 min-
utes in order to obtain even shorter DNA fragments.  

    13.9.2       Sample Quantity 

 Insufficient   amounts of sample DNA result in an increased 
variability of probe signals. At present, a minimum of 
20       ng human DNA ( � 3,000 cells) is required to obtain 
good results with MLPA. Using an optical density meas-
urement to determine DNA concentration has its shortcom-
ings, as the presence of RNA or other impurities can easily 
lead to overestimation of the sample DNA concentration. 
However, the use of insufficient amounts of sample DNA is 
easily detected by the aforementioned Q-control fragments 
included in each MRC-Holland probe set (1.7). Very high 
sample amounts ( � 500       ng) can also result in more vari-
able results, perhaps due to increased viscosity leading to 
slower probe hybridization. For very small sample quanti-
ties, the combination of MLPA with whole genome ampli-
fication methods has been described ( Chou  et al. , 2008 ) 
but this is less reliable due to the uneven amplification of 
the genomic DNA ( Pugh  et al. , 2008 ). Recently, new PCR 

primers and PCR conditions have been developed at MRC-
Holland that provide good MLPA results on samples con-
taining only 5       ng of sample DNA without the introduction 
of extra steps in the MLPA protocol. This may allow the 
use of DNA extracted from a small punch of a Guthrie card 
and will increase the possibilities of using DNA purified 
from amniotic fluid samples for MLPA reactions.  

    13.9.3       Incomplete Sample DNA 
Denaturation 

 Long   genomic DNA strands are more difficult to dena-
ture than shorter fragments. However, as the 5 – 10 minute 
98  ° C heat treatment which initiates the MLPA reaction 
both denatures and fragments the sample DNA, this usu-
ally does not pose many problems. Apart from affecting the 
PCR reaction, the presence of certain ions such as Mg  �  �   
or Fe  �  �   in the sample can in some cases prevent complete 
DNA denaturation, in particular of regions with a high GC 
content, such as CpG islands. A concentration of as little 
as 0.1       mM MgCl 2  in the sample can already increase the 
denaturation temperature ( T  m ) by 12  ° C ( Eichhorn, 1962 ). 
Detecting incomplete sample DNA denaturation is impor-
tant, as it can affect the signals of all MLPA probes for 
sequences within or nearby a CpG island. For DNA sam-
ples that have only been partially denatured, the possibility 
of probes binding to their target sequence and generating a 
probe signal will depend on the level of sample DNA deg-
radation and the distance between the probe recognition 
sequence and the nearest CpG island. Incomplete DNA 
denaturation can lead to false positive results which  –  erro-
neously  –  seem reliable as more than one probe is affected. 
Fortunately, a poor denaturation of the sample DNA is usu-
ally detected when the aforementioned denaturation control 
fragments are present (section 13.7). 

 In   this respect, it is important to recall that long 
genomic DNA fragments containing CpG islands are not 
denatured at 95  ° C in 1x PCR buffer. Performing a con-
ventional PCR on such incompletely denatured sample 
DNA will result in weak bands, as there is always a sub-
set of degraded sample DNA that is denatured and can be 
amplified. Real-time PCR reactions in which the genomic 
sample DNA is denatured after mixing with PCR buffer 
can result in unreliable results for CG-rich regions, such as 
CpG islands. As denatured human genomic DNA requires 
many months to renature, it is wise to denature the sample 
DNA by heating to 90 – 95 ° C in TE, or by alkali treatment, 
before addition of PCR buffer and polymerase.  

    13.9.4       Sample Quality 

 As   compared to many other techniques, MLPA is less influ-
enced by DNA and mRNA fragmentation, with the excep-
tion of probes detecting sequences prone to secondary 
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structure formation. This is an advantage when degraded 
nucleic acids that have been derived from, e.g., paraf-
fin embedded tissues, feces, apoptotic cells, or processed 
foods are analyzed ( Ehlert  et al. , 2007 ). MLPA is, however, 
more sensitive to the presence of certain impurities than 
conventional PCR. Ionic impurities, such as iron derived 
from blood cells, can have a particularly strong effect on 
the relative peak patterns obtained in the MLPA PCR reac-
tion, as amplification of some probes is more sensitive to 
such impurities than others. 

 Using   pure DNA samples, it can be shown that some 
MLPA probes are very sensitive to the amount of polymer-
ase enzyme used in the PCR reaction. Approximately 5% 
of the probes have a much lower relative probe signal 
when two-fold higher or lower amounts of polymerase are 
used in the PCR reaction, as a result of certain sequences 
in the amplicon. The effect of particular impurities on 
MLPA results might be a result of faster inactivation of the 
polymerase in the PCR reaction. It is therefore important to 
test probes and select those that are not strongly influenced 
by the amount of polymerase activity in the PCR. 

 Many   types of impurities do not affect MLPA results. 
Crude cell lysates, for instance from amniotic fluid cells, 
can be used with excellent results, provided that the cells 
are not contaminated by blood cells. Proteinase K digests 
from paraffin-embedded tissues also provide good results, 
especially when low molecular weight impurities are first 
removed from the tissue by extensive washing. 

 Differences   in purity between samples can sometimes 
make it difficult to compare results on samples obtained 
from different laboratories or purified by different meth-
ods. In case of problems, an extra purification step usu-
ally helps. In general, it is recommended to use reference 
samples that have been purified by the same method and 
that are derived from the same tissue as the patient sam-
ples. Most published studies have used DNA that was puri-
fied from blood or from paraffin-embedded tissues (van 
 Dijk  et al. , 2005 ;  Takata, 2008 ), although the use of DNA 
derived from, e.g., buccal smears ( Peppink  et al. , 2008 ) in 
MLPA reactions has also been described.  

    13.9.5       Interpretation Problems 

 As   with all genetic testing methods, it should be kept in 
mind that the  ‘  ‘ complete ’  ’  sequence of only a handful of 
individual human genomes is known at this moment and 
that gaps in the sequences still exist. Moreover, individual 
variation in copy number of certain genomic regions is 
larger than previously expected, and many deletions and 
duplications of genomic sequences, even up to several 
Mb in length, have been detected in healthy individuals. 
Copy-number variations (CNVs) and low-frequency single 
nucleotide polymorphisms (SNPs) are constantly being dis-
covered. Not only does this complicate the design of MLPA 
probes, it also makes it difficult at times to draw a firm 

conclusion about the significance of certain MLPA results. 
For example, a complete deletion of exon 16 of the  DMD  
gene has been reported in a healthy adult male ( Schwartz 
 et al. , 2007 ). As the gene sequence remained in-frame, 
this deletion was expected not to lead to Duchenne mus-
cular dystrophy but to the milder Becker muscular dystro-
phy. Surprisingly, however, the deletion of the amino acids 
encoded by exon 16 in this long protein apparently had no 
phenotypic effect. 

 Since   the link between genotype and phenotype is not 
always clear, it is often necessary also to analyze parental 
samples. A good example concerns the use of MLPA for 
finding the cause of mental retardation, in which all sub-
telomeres are screened using a single probe set containing 
one probe per chromosomal arm. Any unusual result found 
with these broad first line screening kits can be further 
investigated with specialized MLPA probe sets containing 
more probes per subtelomere, enabling users to confirm the 
results and to determine the extent of the deletion/duplica-
tion. When the same deletion or duplication is also found 
in a healthy parent, it is unlikely to be the actual cause of 
the mental retardation. In contrast, when the mutation is 
 de novo , the observation that it is indeed causative is more 
plausible. It will require many years of diagnostic testing 
in various ethnic populations before the effect of each vari-
ation in the human genome is known or can be correctly 
predicted.   

    13.10       SUMMARY: ADVANTAGES 
AND LIMITATIONS OF MLPA 

 Major   advantages of MLPA for copy-number detection are: 

    1.     Specificity of probes is very high as demonstrated by 
the complete absence of probe signals of chromosome 
Y-specific probes on female DNA, and the finding of 
the expected ratio of 2:1 for X-specific probes between 
male and female samples. Well-designed probes have 
single nucleotide specificity.  

    2.     The sequence detected by each MLPA probe is only 
50 – 70       nt, allowing the detection of small deletions that 
cannot be detected by FISH or BAC-arrays.  

    3.     MLPA can be performed on purified DNA from a vari-
ety of sources, including degraded DNA extracted from 
formaldehyde-fixed, paraffin-embedded tissues. No 
intact cells are required.  

    4.     MLPA is a relatively low-cost and technically uncom-
plicated method that requires only limited amounts of 
sample. Detection of copy-number changes and known 
point mutations in a single probe set is possible.  

    5.     Identical protocol and PCR conditions for hundreds of 
applications. Results are obtained within 24 hours and 
are easy to analyze, as the length of amplification prod-
uct of each probe is fixed. The instruments required, 
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thermocycler and capillary electrophoresis equipment, 
are available in most laboratories involved in mutation 
screening.  

    6.     MLPA allows the inclusion of control fragments for 
sufficient DNA quantities, proper DNA denaturation, 
presence of DNA contamination in RNA samples, etc.    

 Major   advantages of MLPA for methylation detection 
are: 

    1.     No bisulfite conversion is required.  
    2.     Up to 50 probes can be multiplexed in one reaction.  
    3.     The method is semi-quantitative.    

 Some   limitations of MLPA are: 

    1.     Similarly to real-time PCR and array-based techniques, 
MLPA cannot detect inversions and translocations that 
do not result in relative copy-number changes, unless 
specific probes are available detecting the exact break-
point. Also, most point mutations will not be detected 
by MLPA.  

    2.     Similarly to array-CGH, MLPA cannot distinguish 
female diploid, triploid, or tetraploid cells.  

    3.     Reduced probe signals may not only reflect copy-
number changes, but can also be due to SNPs or point 
mutations in the sequence detected by the probe that 
influence the ligation or destabilize the binding of the 
probe oligonucleotides to the sample DNA. Results 
obtained with a single probe should always be con-
firmed by other techniques.  

    4.     The limited dynamic range of MLPA can complicate 
the development of mRNA-specific probe mixes.  

    5.     The number of probes in a single assay is currently 
limited to approximately 50, making MLPA less suit-
able for genome-wide screening for copy-number 
changes.  

    6.     In contrast to BAC-arrays, whole genome amplification 
methods are difficult to combine with MLPA.  

    7.     Development of MLPA probe mixes is time consuming.     
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 Chapter 14 

    14.1       INTRODUCTION 

 All   cells of a multicellular organism carry the same genetic 
code in their DNA sequence, while cells display broad 
morphological and functional diversity. The heterogene-
ity of cells is caused by differential expression of genes. 
Epigenetics can be defined as the study of mitotically (and 
in some cases meiotically) heritable changes of a pheno-
type, such as the gene expression of specific cell types that 
are not due to changes in the genetic code ( Waddington, 
1942 ). Epigenetic regulation mediates the adaption to an 
environment ultimately contributing to the phenotype. 

 Epigenetic   phenomena are mediated by a variety of 
molecular mechanisms including post-transcriptional his-
tone modifications, histone variants, ATP-dependent chro-
matin remodeling complexes, polycomb/trithorax protein 
complexes, small and other non-coding RNAs including 
siRNA and miRNAs, and DNA methylation ( Tost, 2008 ). 
These diverse molecular mechanisms have all been found 
to be closely intertwined and stabilize each other to ensure 
the faithful propagation of an epigenetic state over time 
and especially through cell division. As the description of 
all methods used for the analysis of the different kinds of 
epigenetic modifications is beyond the scope of this chap-
ter, the authors will concentrate on the DNA methylation 
as the best studied epigenetic biomarker. As such, DNA 
methylation has great potential as a diagnostic and predic-
tive tool as well as therapeutic target. It should nonethe-
less be mentioned that the expression of small RNAs has 
recently been shown to be altered in many diseases ( Boyd, 
2008 ) and miRNA profiles allow not only the detection 
early-stage cancer but also the determination of its tissue 
of origin using blood-based miRNA profiling ( Rosenfeld  
et al. , 2008 ). Further miRNA expression signatures have 

been identified that are associated with relapse and pro-
gression of human cancers ( Yu  et al. , 2008 ). 

 While   this chapter focuses on DNA methylation as a 
covalent DNA modification it should be kept in mind that 
transcription does not occur on unpacked DNA but in the 
context of chromatin which critically influences the acces-
sibility of the DNA to transcription factors and the DNA 
polymerase complexes. Chromatin modulations play a 
central role in shaping the epigenome and delineate a func-
tional chromatin topology which serves as the platform 
forming regulatory circuits in all cells. Open (euchromatin) 
and closed (heterochromatin) chromatin states are control-
led by histone modifications, histone composition, and the 
ATP-dependent chromatin remodeling machinery in close 
crosstalk with the binding of a plethora of non-histone 
proteins ( Fig. 14.1   ). Positioning of the nucleosome at spe-
cific regulatory elements, such as a promoter as well as the 
degree of compaction (i.e. nucleosome spacing) contributes 
to the transcriptional potential of the corresponding gene. 
DNA methylation is highly related to these certain chroma-
tin modifications and enzymes that modify DNA and his-
tones have been shown to directly interact and constitute 
links between local DNA methylation and regional chro-
matin structure ( Geiman and Robertson, 2002 ). 

    14.1.1       The Biology of DNA Methylation 

 DNA   methylation is the only genetically programed DNA 
modification in mammals. This post-replication modi-
fication is almost exclusively found on the 5 position 
of the pyrimidine ring of cytosines in the context of the 
dinucleotide sequence CpG ( Fig. 14.2   ;  Bird, 2002 ). 5-
Methylcytosine accounts for  � 1% of all bases, varying 
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slightly in different tissue types and the majority (75%) of 
CpG dinucleotides throughout mammalian genomes are 
methylated. Other types of methylation, such as methylation 
of cytosines in the context of CpNpG or CpA sequences, 
have been detected in mouse embryonic stem cells and 
plants, but are generally rare in somatic mammalian/human 
tissues. CpGs are underrepresented in the genome, prob-
ably because they are mutational hotspots (deamination 
of methylated CpGs to TpGs). Despite this general trend, 
CpG-rich clusters of approximately 1 – 4       kb in length  –  so-
called CpG islands  –  are found in the promoter region and 
first exons of many genes. CpGs in these islands are mostly 
not methylated which corresponds to the maintenance of an 
open chromatin structure and a potentially active state of 
transcription ( Antequera, 2003 ). There are around 30,000 

CpG islands in the human genome. About three quarters 
of transcription start sites and 88% of active promoters are 
associated with CpG-rich sequences and might be regulated 
by DNA methylation. Cytosine methylation of CpG dinu-
cleotides is found in close proximity to critically important 
 cis -elements within promoters and is often associated with 
a repressed chromatin state and inhibition of transcription. 

 Notably   an unmethylated state of a CpG island does 
not necessarily correlate with the transcriptional activity 
of the gene, but rather with its potential for activation. On 
the other hand, the simple presence of methylation does not 
necessarily induce silencing of nearby genes. Only when a 
specific core region of the promoter becomes hypermeth-
ylated is the expression of the associated gene modified 
( Ushijima, 2005 ). DNA methylation often changes after 
modification of the chromatin structure and is used as a 
molecular mechanism to permanently and thus heritably 
lock the gene in its inactive state ( Bird, 2002 ). Methylation 
can interfere with transcription in several ways. It can 
inhibit the binding of transcriptional activators with their 
cognate DNA recognition sequence such as Sp1 and Myc 
through sterical hindrance. Methyl-CpG-binding domain 
(MBD) proteins and the DNA methyltransferases (DNMTs) 
themselves bind to methylated DNA and thereby prevent 
binding of potentially activating transcription factors. These 
two protein families also recruit additional proteins with 
repressive function such as histone deacetylases (HDACs) 
and chromatin remodeling complexes to the methylated 
DNA to establish a repressive chromatin configuration cre-
ating a self-enforcing mechanism to silence genes.  

 FIGURE 14.1          Simplified representation of euchromatin and heterochromatin. In euchromatin, RNA polymerase II can access the promoter CpG island 
(unfilled stars), which corresponds to a nucleosome-free region and the region is permissive to transcription. Histones are hyperacetylated (circle with 
Ac) including lysine 9 of histone H3 (H3K9) and lysine 4 of H3 (H3K4) is methylated (polygon with Me). In contrast, the DNA and nucleosome struc-
ture is compacted in heterochromatin. H3K4 is demethylated; H3K9, H3K27, and H4K20 are methylated. DNA is hypermethylated and the region is 
transcriptionally silent. For reasons of clarity, only selected histone modifications associated with the chromatin state are shown.    

 FIGURE 14.2          Chemical structure of cytosine and 5-methylcytosine. 
Cytosine is incorporated into the DNA using deoxycytidinetriphos-
phate as building block and methylated after its incorporation by DNA 
methyltransferases.    
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    14.1.2       Dynamics of DNA Methylation 

 During   development and differentiation the mammalian 
organism creates a number of cell-type specific differentially 
marked epigenomes, whose identity is  inter alia  defined by 
their respective DNA methylation patterns. Consequently, 
one genome contains approximately 180 different epi-
genomes. Cytosine methylation is essential for mamma-
lian embryogenesis, which is characterized by two waves 
of genome-wide epigenetic reprograming, in the zygote 
and in the primordial germ cells ( Reik and Walter, 2001 ). 
Incomplete reprograming of these epigenetic patterns is 
one of the reasons for the low success rate of somatic cell 
nuclear transfer, i.e. the fusion of a somatic cell with an 
enucleated oocyte ( ‘  ‘ cloning ’  ’ ) ( Niemann  et al. , 2008 ). 
Modifications in the environment during early development 
can lead to permanent changes in the patterns of epigenetic 
modifications. This modulation of epigenetic patterns  in 
utero  has given rise to the developmental origin of disease 
hypothesis which postulates that the  in utero  environment 
can cause permanent changes to metabolic processes that 
directly affect postnatal phenotype, confers susceptibility to 
multifactorial disease at adult age, and may also be trans-
mitted to subsequent generations ( Tang and Ho, 2007 ). 
Epigenetics also holds the promise to explain at least a part 
of the influences the environment has on a phenotype as 
epigenetic changes are an integral part of aging and cellu-
lar senescence ( Richardson, 2003 ). Studies in monozygotic 
twins demonstrated that epigenetic differences in genetically 
identical humans (monozygotic twins) accumulate with age 
and different environments create different patterns of epi-
genetic modifications ( Fraga  et al. , 2005 ). Chemical and 
environmental toxins have shown to induce changes to DNA 
methylation patterns without altering the genetic sequence 
and leading to epimutations associated phenotypes ( Feil, 
2006 ;  Bollati  et al. , 2007 ). DNA methylation has multiple 
essential roles in mammals. It is critical for imprinting, i.e. 
the asymmetric expression of either the maternal or paternal 
allele in a parent-of-origin-specific manner in somatic cells 
of the offspring ( Reik and Walter, 2001 ) is implicated in X 
chromosome inactivation, the random silencing of one of the 
two X chromosomes in embryonic tissues of female mam-
mals to achieve dosage compensation ( Heard and Disteche, 
2006 ). It is required for the maintenance of genome integrity 
( Eden  et al. , 2003 ) and plays a key role in transcriptional 
silencing of repetitive DNA sequences and endogenous 
transposons ( Yoder  et al. , 1997 ).  

    14.1.3       DNA Methylation and Disease 

 DNA   methylation and chromatin structure are strikingly 
altered in many pathological situations, particularly can-
cer. Although a number of genetic variations associated 
with disease susceptibility have recently been identi-
fied by genome-wide studies ( Easton  et al. , 2007 ;  Hung 

 et al. , 2008 ), they confer only small increases in risk and 
do not report on the onset of disease. Environmental fac-
tors undoubtedly play a large role in the actual occur-
rence of disease. The epigenome constitutes a memory of 
an organism to all the stimuli and influences it has ever 
been exposed to. Aberrant methylation patterns have been 
reported in various neurodevelopmental disorders and 
imprinting anomalies lead to disorders such as Prader-
Willi, Angelman and Beckwith-Wiedemann syndromes 
( Robertson, 2005 ). DNA methylation patterns are globally 
disturbed in autoimmune diseases such as the lupus ery-
thematosus ( Balada  et al. , 2007 ) or rheumatoid arthritis 
( Neidhart  et al. , 2000 ) and it is very probable that epige-
netic changes contribute to the susceptibility and develop-
ment of many complex or multifactorial diseases ( Junien 
and Nathanielsz, 2007 ; van  Vliet  et al. , 2007 ). Epigenetic 
mechanisms are consistent with various non-mendelian fea-
tures of multifactorial diseases such as the relatively high 
degree of discordance in monozygotic twins. To further 
underline the scope of epigenetic alterations in disease, it is 
interesting to point out that monogenetic diseases such as 
 α -thalassemia that have previously been attributed solely to 
genetic alterations can also be caused by epigenetic altera-
tions at the same locus ( Tufarelli  et al. , 2003 ). 

 The   high frequency of DNA methylation changes in 
cancer and the potential diagnostic use of DNA methyla-
tion for diagnostics and prognostics have fueled much of 
the rapid catch-up of technologies for epigenetic analyses 
that we have seen in the past few years and we will devote 
most of the rest of the chapter to describe applications of 
DNA methylation techniques in oncology. 

    14.1.3.1       DNA Methylation Changes in Cancer 

 Cancer   is probably the best studied disease with a strong 
epigenetic component ( Laird, 2005 ;  Jones and Baylin, 
2007 ). In tumors, a global loss of DNA methylation 
(hypomethylation) of the genome is observed ( Feinberg 
and Vogelstein, 1983 ) and has been suggested to initiate 
and propagate oncogenesis by inducing chromosome insta-
bilities and transcriptional activation of oncogenes and pro-
metastatic genes ( Ehrlich, 2002 ). The overall decrease in 
DNA methylation is accompanied by a region- and gene-
specific increase of methylation (hypermethylation) of mul-
tiple CpG islands ( Fig. 14.3   ;  Laird, 2005 ;  Jones and Baylin, 
2007 ). Hypermethylation of CpG islands in the promoter 
region of a tumor suppressor or otherwise cancer-related 
gene is often associated with transcriptional silencing of the 
associated gene. The number of gene-associated promoters 
that are known to become hypermethylated during carcino-
genesis is rapidly growing. Genes of numerous pathways 
involved in signal transduction ( APC ), DNA repair 
( MGMT ,  MLH1 ,  BRCA1 ), detoxification ( GSTP1 ), cell 
cycle regulation ( p15, p16, RB ), differentiation ( MYOD1 ), 
angiogenesis ( THBS1 ,  VHL ), and apoptosis ( Caspases, 
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and neck, breast or testicular tumors show overall low levels 
of methylation some other tumor types such as colon tumors, 
acute myeloid leukemias or gliomas are characterized by 
high levels of methylation, although some heterogeneity is 
observed in almost all tumor types. Methylation patterns can 
be shared by different types of tumors as well as being tumor 
type specific and methylation profiling can therefore identify 
distinct subtypes of human cancers ( Costello  et al. , 2000 ).   

    14.1.4       DNA Methylation as a Biomarker 

 Research   has so far mainly focused on the hypermeth-
ylation of promoter associated CpG islands where hyper-
methylation is inversely correlated to their transcriptional 
activity. Correlation between DNA methylation and gene 
inactivation is a prerequisite for the identification and vali-
dation of novel functionally important genes, namely tumor 
suppressor genes. However, a large number of promoters 
become hypermethylated during carcinogenesis where there 
is no evidence that the corresponding gene acts as a tumor 
suppressor. In this case DNA methylation might still be a 
useful biomarker for tumor diagnosis or risk assessment if 
the methylation pattern is specific for a certain tumor type 
and/or correlates with clinically important parameters. 
A good example is the classic panel for the detection of 
the CpG island methylator phenotype defining a subtype 
of colorectal cancers with a distinct phenotype that com-
prises three MINT (methylated IN tumors) fragments ( Issa, 
2004 ). These fragments have been identified through dif-
ferential methylation screening processes, but have only 
been later mapped to specific genomic loci. As described 

p14, DAPK ) are often inappropriately inactivated by DNA 
methylation. It should be noted that so far no single gene 
has been identified that is always methylated in a certain 
type of cancer. Both hypo- and hypermethylation are found 
in the same tumor, but the underlying mechanisms for both 
phenomena have so far not been elucidated. A new dimen-
sion has recently been added to epigenetic cancer research 
with the demonstration of long-range gene silencing by 
epigenetic modifications ( Frigola  et al. , 2006 ). Long-range 
epigenetic silencing seems to be a prevalent phenomenon 
during carcinogenesis as a recent survey identified 28 
regions of copy-number independent transcriptional dereg-
ulation in bladder cancer that are potentially regulated 
through epigenetic mechanisms ( Stransky  et al. , 2006 ). 
While the contribution of genetic factors to carcinogenesis 
such as the high-penetrance germ-line mutations in genes 
such as  BRCA1  and  p53  in familial cancers has long been 
recognized, it has become evident that epigenetic changes 
leading to transcriptional silencing of tumor suppressor 
genes constitute an at least equally contributing mecha-
nism. For example, microarray expression profiles of breast 
tumors with  BRCA1  mutations are very similar to those of 
sporadic breast cancer cases with  BRCA1  promoter hyper-
methylation demonstrating that disruption of  BRCA1  func-
tion by either genetic or epigenetic pathways leads to the 
same perturbations ( Hedenfalk  et al. , 2001 ). It has been 
extrapolated that aberrant promoter methylation is initiated 
at  � 1% of all CpG islands and as much as 10% become 
methylated during the multistep process of tumorigenesis 
( Costello  et al. , 2000 ). 

 The   methylation status of CpG islands can be used to 
characterize and classify cancers. While, for example, head 

 FIGURE 14.3          Distribution of DNA methylation in normal tissue and cancer. In the normal tissue, most promoter CpG islands are free of DNA methyla-
tion (indicated by white circles) even if the gene is not expressed. Repetitive elements as well as interspersed CpG dinucleotides are mostly methylated 
(indicated by black circles). In tumors, a global loss of DNA methylation (hypomethylation of the cancer genome) is observed while some promoter 
CpG islands become methylated in a tumor-type specific manner. Methylation patterns are dynamic and also change to a lesser extent during age and in 
response to environmental factors.    
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above, the analysis of DNA methylation  patterns is compli-
cated by the fact that some changes are due to exposure to 
environmental influences as well as accumulation of DNA 
methylation at some promoters during aging ( Feil, 2006 ). 
To be useful as biomarker, age-associated DNA methyla-
tion changes have therefore to be distinguished from cancer 
predisposing alterations. 

 Biomarkers   capable of distinguishing diseased or 
malignant cells from normal ones must be specific, sensi-
tive, and detectable in specimens obtained through mini-
mally invasive procedures to be clinically applicable. Many 
biomarkers on the protein, RNA or DNA level fulfilling 
these criteria have been discovered. DNA-based molecu-
lar biomarkers are relatively easily transferred from a 
research laboratory setting into routine diagnostics due to 
the amplifiable and stable nature of DNA. Methyl groups 
on cytosines are part of the covalent structure of the DNA. 
Once methylation is acquired, it is in most cases chemi-
cally and biologically stable over time while expression of 
mRNA and/or proteins can be modified by non-disease-
related environmental conditions and vary over the cell 
cycle. Most DNA methylation analysis methods deter-
mine the ratio of methylated and unmethylated CpGs and 
are independent of the total amount of starting material. It 
provides a binary and positive signal that can be detected 
independently of expression levels and is therefore easier 
to detect than negative signals like loss of heterozygosity. 
DNA methylation can be analyzed by an increasing number 
of methods that are amenable to high throughput, and quan-
titative assays eliminate the need for normalization. They 
are applicable to formalin-fixed paraffin-embedded clini-
cal specimens and other archived material. One of the most 
important criteria for a clinically useful biomarker enabling 
screening of individuals at potential risk and monitoring of 
therapy response or disease recurrence is the analysis of 
the reliable biomarker in surrogate tissues such as blood or 
body fluids that can be obtained through minimal invasive 
procedures. The sensitive and specific detection of tumor-
specific DNA methylation patterns at distal sites makes 
DNA methylation a biomarker of choice for the clinical 
management of cancer patients.  

    14.2       CLINICAL APPLICATIONS OF DNA 
METHYLATION ANALYSIS 

 Survival   rates of cancer are greatly improved if the dis-
ease is detected at an early stage with locally limited dis-
ease and most common cancers can be cured at this stage. 
However, most traditional detection methods such as cyto-
logical screening do not provide the required sensitivity 
and some methods for early detection such as spiral com-
puted tomography recommended for lung and other cancers 
are too expensive to be used on a population-wide scale. 
Tremendous effort has therefore been put into research to 

identify suitable molecular biomarkers for the detection of 
pre-neoplastic lesions. Epigenetic changes occur at higher 
frequency compared to genetic changes and maybe espe-
cially important in early-stage human neoplasia. DNA 
methylation changes often precede malignancy as extensive 
CpG island hypermethylation can be detected in benign 
polyps of the colon, in low- as well as in high-grade tumors 
( Goelz  et al. , 1985 ;  Costello  et al. , 2000 ). It has therefore 
been suggested that epigenetic lesions in normal tissue set 
the stage for neoplasia. However, access to the primary tis-
sue may be complicated, inconvenient, and does certainly 
not meet the needs for population-based screening for risk 
assessment, which requires the biological material to be 
obtained by cost-effective and minimally invasive proce-
dures. Recent reports of DNA methylation analyses carried 
out on tumor biopsies and matched DNA samples extracted 
from body fluids such as serum, plasma, urine, and spu-
tum have demonstrated a high level of concordance. The 
most effective way to detect the aberrant methylation is to 
analyze fluids that have been in physical contact with the 
site of the respective cancer. Tumors release a substantial 
amount of genomic DNA into the systemic circulation, 
probably through cellular necrosis and apoptosis although 
the exact source and mechanisms behind this phenomenon 
remain elusive ( Jahr  et al. , 2001 ). The amount of freely 
circulating DNA in plasma ranges from 10 – 30       ng/ml in 
healthy control subjects up to 500       ng/ml in some cancer 
patients with metastasized cancers. This freely circulating 
DNA contains the same genetic and epigenetic alterations 
that are specific to the primary tumor ( Silva  et al. , 1999 ). 
If the analyzed gene-specific methylation patterns are spe-
cific for a pathological state, methylation analysis of DNA 
recovered from plasma and serum can be used as a biomar-
ker for molecular diagnosis and prognosis in various types 
of malignancies. Aberrant promoter hypermethylation was 
first demonstrated in the serum of non-small cell lung can-
cer patients by the analysis of  p16 ,  DAPK ,  GSTP1 , and 
 MGMT  ( Esteller  et al. , 1999 ). In a recent study, methyla-
tion of at least one promoter was found in 51% of sera 
from stage I lung cancers while serum protein-based mark-
ers detected the presence of cancer in only 11% of cases 
( Fujiwara  et al. , 2005 ). Examples include methylation 
of  p16  in liver ( Wong  et al. , 1999 ) and colorectal cancer 
patients ( Zou  et al. , 2002 ),  GSTP1  in patients with prostate 
cancer ( Goessl  et al. , 2000 ),  APC ,  RASSF1A , and  DAPK  in 
breast cancer ( Dulaimi  et al. , 2004 ), or  XIST  methylation in 
testicular cancer patients ( Kawakami  et al. , 2004 ). 

 Measurement   of serum prostate-specific antigen (PSA) 
is a routine test for the early detection screening of prostate 
cancer. Although one of the best conventional tumor mark-
ers, detection of increased PSA levels does not have suffi-
cient sensitivity and specificity to ensure reliable diagnosis 
making secondary examinations mandatory and missing part 
of the cancer cases ( Gray, 2005 ). CpG hypermethylation 
of the promoter region of the glutathione- S -transferase 1 
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( GSTP1 ) is a well-established biomarker for hormone-
dependent cancers, especially prostate cancer. It is detect-
able in 90% of prostate cancers but not in normal prostate 
cells or benign hyperplasia. It is already detectable in 
 precursor lesions and has been detected in urine and ejacu-
late of men with prostate cancer and carries great poten-
tial as a clinical diagnostic test ( Goessl  et al. , 2000 ;  Cairns 
 et al. , 2001 ;  Nakayama  et al. , 2004 ). 

 In   tamoxifen-treated breast cancers, low methylation 
status of the estrogen receptor  α  ( ESR1 ) correlated with 
reduced survival while increased methylation at the  ARH1  
promoter was predictive for prolonged survival exclusively in 
non-tamoxifen treated breast cancers ( Widschwendter  et al. , 
2004 ).  CYP1B1  methylation correlated with survival albeit 
less significantly in both classes of breast cancers. The 
presence of methylation was found to be a negative indi-
cator in tamoxifen treated breast cancers but a protective 
effect was found in cancers not treated with tamoxifen. 

 Genome  -wide methylation profiles obtained by differ-
ential methylation hybridization were used to define tumor 
subgroups of ovarian cancers that correlate with the time to 
disease recurrence after chemotherapy in patients and a selec-
tion of loci might be useful for prediction chemotherapy out-
come ( Wei  et al. , 2002 ). 112 methylated loci were identified in 
ovarian cancer patients that enabled the prediction of progres-
sion free survival with an accuracy of 95% ( Wei  et al. , 2006 ).   

    14.3       METHODS FOR DNA METHYLATION 
ANALYSIS 

 For   the analysis of DNA, methylation-sensitive and quanti-
tative methods are required to detect even subtle changes in 
the degree of methylation as biological samples often rep-
resent a heterogeneous mixture of different cells, especially 
tumor and non-tumor cells from tissue biopsies. Realizing 
the importance of epigenetic changes in development and 
disease, a variety of techniques for the study of DNA meth-
ylation has been developed in the past few years ( Fraga and 
Esteller, 2002 ;  Laird, 2003 ;  Brena  et al. , 2006b ;  Schones 
and Zhao, 2008 ). No single method has emerged as the 
 ‘  ‘ gold ’  ’  standard technique unifying quantitative accuracy 
and high sensitivity for whole genome analysis and precise 
investigation of individual CpG positions. So the choice 
of the method mainly depends on the desired application. 
Essentially, methods can be classed into two categories, 
genome-wide and targeted. Several generations of genome-
wide methods have been developed adapting to different 
analytical supports with increasing levels of resolution while 
targeted approaches vary in function of their application. 

    14.3.1       The Methylation Content of a Sample 

 Methods   for the analysis of global DNA methylation levels 
in a sample determine the overall 5-methylcytosine con-
tent or changes affecting the entire epigenome, respectively 

( Table 14.1   ). They do, however, not give any information 
about the location or repartition of DNA methylation on 
the genome. 5-Methylcytosine can be differentiated from 
its unmethylated counterpart by the different mass or 
polarity of the two bases (cytosine and 5-methylcytosine) 
which can be used for chromatographic or mass spectro-
metric separation ( Wiebers, 1976 ;  Eick  et al. , 1983 ). The 
5-methylcytosine content is measured after hydrolysis to 
mononucleosides and comparison to an internal standard 
enables quantification. Bacterial methyltransferases such 
as  Sss I transfer a methyl group from the universal methyl 
donor  S -adenosyl-l-methionine to unmethylated CpG 
positions. The methyl acceptor assay makes use of these 
enzymes and analyzes the amount of incorporated radio-
labeled methyl groups into a sample ( Bestor and Ingram, 
1983 ). The measured amount of radioactive label corre-
lates thus inversely with the degree of its methylation prior 
to labeling. Similarly, the cytosine extension assay com-
bines methylation-sensitive restriction digestion and single 
nucleotide extension with radio- or fluorescently labeled 
dCTP complementary to the guanine 5 �  overhang cre-
ated by the digestion ( Pogribny  et al. , 1999 ;  B ö nsch  et al. , 
2004 ). The pyrosequencing-based luminometric methyla-
tion assay (LUMA) is based on the differential digestion of 
a sample with a methylation-sensitive endonuclease or its 
methylation-insensitive isoschizomer and the successive 
dispensation of four nucleotides complementary to the over-
hang created by the endonucleases ( Karimi  et al. , 2006 ). 
Methods analyzing the total amount of 5-methylcytosine in 
a sample are used to analyze and follow global DNA meth-
ylation changes induced by demethylating pharmaceutical 
agents in patients with hematological malignancies at vari-
ous time points of treatment ( Mund  et al. , 2005 ;  Liu  et al. , 
2007 ) or to investigate the efficacy of novel demethylating 
agents ( Balch  et al. , 2005 ). 

  In   situ  hybridization methods with antibodies directed 
against 5-methylcytosine allow the measurement of the meth-
ylation content and its potentially cell-type specific distribution 
( Miller  et al. , 1974 ;  Rougier  et al. , 1998 ). As only clustered 
methylated CpGs prevalent in, for example, repeat elements can 
be recognized at the chromosomal level, methylation patterns 
at relatively small loci such as CpG islands contribute little 
to the overall staining profile. In a recent advancement an 
ultra-sensitive and rapid fluorescence scanning system with 
submicrometer resolution achieved the detection of methyl 
groups at specific promoters isolated from genomic DNA by 
restriction digestion and hybridization to capture oligonucleo-
tides immobilized on a glass slide ( Pr ö ll  et al. , 2006 ).  

    14.3.2       Genome-Wide Analysis of DNA 
Methylation Patterns 

 Microarray  -based technologies ( Table 14.2   ) are valuable 
methods for the identification of new epigenetic biomarkers 
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 TABLE 14.1          Methods for the analysis of global DNA methylation levels  .

   Analysis technique 

   Digestion/hydrolysis 
to mononucleosides                     

 Principle/Readout format  Remarks (advantages/inconveniences)  Reference 

   HPLC    Instrumentation widely available, large 
amounts of DNA are required (5 – 100        μ g) 

    Kuo  et al.  (1980) ; 
 Ramsahoye (2002)  

   FFPE samples not suitable   
 (Fluorescent) Capillary electrophoresis  Increased sensitivity (100       ng-1        μ g DNA 

required) 
  Fraga  et al.  (2002) ; 
 Stach  et al.  (2003)  
 Wiebers (1976) 

 Mass spectrometry  Very sensitive (40       fmol), but requires 
expensive instrumentation 

  Friso  et al.  (2002) ; 
Liu  et al.  (2007a) 

 2D Thin layer chromatography  Inexpensive, no special instrumentation 
required, but less accurate quantification 

  Cedar  et al.  
(1979) ;  Bestor 
 et al.  (1984)  

   Chemical derivatization 

   Methyltransferase assay 
    

 Modification of cytosines with 
chloracetaldehyde 

 Not restricted to CpG target sequences, 
independent of enzymatic performance, 
but multiple reaction steps and toxic 
chemicals 

  Oakeley  et al.  
(1999)  

 Measurement of incorporated radioactive 
methyl groups 

 Rapid, inexpensive but requires 
radioactivity and prone to large inter-
experimental variations 

  Bestor and Ingram 
(1983) ;  Wu  et al . 
(1993)  

 Enzymatic regional methylation assay 
(ERMA), incorporation of radioactive 
methylgroups in PCR products amplified 
from bisulfite-treated DNA 

 Methylation content for a special region 
of interest, many non-radioactive methods 
are available 

  Galm  et al.  (2002)  

   Solid-phase primer 
extension 

 Methylation-sensitive restriction digest 
and incorporation of radioactive-labeled 
nucleotides on a solid surface 

 Multi-step procedure, radioactive   Heiskanen  et al.  
(1994)  

   Cytosine extension 
assay 

 Methylation-sensitive digestion and 
labeled single nucleotide incorporation 

 Rapid, choice of enzyme permits 
targeting towards CpG islands 

  Pogribny  et al.  
(1999) ;  B ö nsch 
 et al.  (2004)  

   Luminometric 
methylation assay 
(LUMA) 

 Luminometric monitoring of the 
incorporation of nucleotides into 
overhangs created methylation-sensitive 
restriction enzyme 

 Rapid, non-radioactive, internal 
calibration, only CpGs within the 
recognition sites are taken into account 

  Karimi  et al . 
(2006)  

   Immunological 
detection     

 Antibody staining with antibodies 
specific for 5-methylcytosine 

 Detection of cell – cell specific differences 
in DNA methylation, low sensitivity 

  Miller  et al.  
(1974) ;  Rougier  
et al.  (1998)  

 Competitive solid-phase enzyme-linked 
immunoassay 

 Increased sensitivity, no information on 
the distribution 

  Reynaud  et al.  
(1992)  

   Self-primed  in-situ  
labeling (SPRINS) 

 Methylation-sensitive restriction digest 
and  in-situ  extension of created 
overhangs with modified nucleotides that 
are detected with fluorescent antibodies 

 Cell-to-cell specific methylation 
differences, complicated procedure, only 
subset of CpGs is interrogated 

  Andersen  et al.  
(1998)  

that do not require  a priori  knowledge of target DNA 
sequences. Their power to identify methylation markers for 
(early) diagnosis and classification of tumors has repeat-
edly been proven ( Adorjan  et al. , 2002 ;  Cottrell and Laird, 

2003 ;  Laird, 2003 ;  Ushijima, 2005 ). Methylation-based 
signatures are useful to predict disease progression and risk 
of relapse ( Wei  et al. , 2006 ) as well as response to specific 
cytotoxic drugs ( Maier  et al. , 2005 ). The aim of the study 
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 TABLE 14.2          Methods for the genome-wide identification of differentially methylated genes.  

   Method  Principle of differentiation  Method  Enrichment of 
methylated/
unmethylated 
fragments 

 Detection 
platform 

 Comment  Reference 

   Methylation 
reversal 

 Reactivation of epigenetically 
silenced genes by treatment 
with methylation inhibitors 

 RNA expression analysis 
before and after treatment with 
demethylating agents 

  –   cDNA/expression 
microarrays 

 Identifies epigenetic 
modifications associated 
with transcriptional changes, 
potential confounding effects 
of demethylating drugs through 
methylation-independent 
transcription changes 

  Suzuki  
et al.  (2002)  

   Methylation-sensitive 
arbitrarily primed 
PCR (MS-AP-PCR) 

 Methylation-sensitive 
restriction endonucleases 
(multiple 
possibilities) 

 Digestion with methylation-
sensitive enzyme and its 
insensitive isoschizomer, random 
amplification, high resolution gel 
electrophoresis 

 Methylated CpG-rich 
regions 

 Polyacrylamide gel  Small amount of sample 
required, identifies DNA 
methylation changes 
independent of their location, 
limited resolution of the gel, 
band excision, and cloning 
required for sequence 
identification, interference 
from repetitive elements 

  Gonzalgo 
and Jones 
(1997)  

     Same as MS-AP-PCR  Same as MS-AP-PCR, but 
additional  McrBC  digestion 

 Methylated CpG-rich 
regions 

 Polyacrylamide gel  More complex procedure 
compared to MS-AP-PCR, but 
less interference from repetitive 
elements 

  Tryndyak
  et al.  (2006)  

   Methylation-
sensitive restriction 
fingerprinting (MSRF) 

 Same as MS-AP-PCR  Same as MS-AP-PCR  Methylated CpG-rich 
regions 

 Polyacrylamide gel  Same as MS-AP-PCR   Huang 
 et al.  (1997)  

   Methylation-sensitive 
representational 
difference analysis 
(MS-RDA) 

 Methylation-sensitive 
restriction enzymes 

 Methylation-sensitive digestion 
of the sample, two – three rounds 
of adaptor ligation and ligation-
mediated PCR, enrichment of 
unique sequences competitive 
hybridization to a sample treated 
with the isoschizomer 

 Differentially 
methylated regions 

 Enriched sequences 
are identified by 
cloning 

 Does not require prior 
knowledge on the location 
of methylation changes, 
technically complex, labor 
intensive 

  Ushijima
 et al.  (1997)  

   Methylated CpG 
island amplification 
representational 
difference analysis 
(MCA-RDA) 

 Methylation-sensitive 
restriction enzymes 

 Methylation-sensitive digest 
leaving blunt ends, methylation-
insensitive isoschizomer digest 
leaving an overhang, adaptor 
ligation and ligation-mediated 
amplification, RDA (see above) 

 Methylated regions  Identification by 
cloning 

 Technical complex, AIMS uses 
the same principle 

  Toyota  et al.  
(1999)  
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   Amplification of 
intermethylated sites 
(AIMS) 

 Methylation-sensitive 
restriction enzymes 

 Like MCA, but amplified 
digestion products are resolved 
on a polyacrylamide gel, bands 
are excised for identification by 
cloning 

 Methylated regions  Identification by 
polyacrylamide gel 
electrophoresis 

 Identifies DNA methylation 
changes independent of their 
location, limited resolution of 
the gel, band excision, and 
cloning required for sequence 
identification, interference 
from repetitive elements 

  Frigola  et al.  
(2002)  

   Differential 
methylation 
hybridization (DMH) 

 Methylation-sensitive 
restriction endonucleases 
(multiple possibilities) 

 Adaptor ligation, digestion, 
ligation mediated amplification, 
hybridization 

 Methylated regions  CpG island 
library and other 
microarrays 

 Widely used, simple, analysis 
restricted to sequences with 
restriction enzyme recognition 
sets, sensitive to genetic 
polymorphisms (SNPs) 

  Huang  et al.  
(1999) ;  Shi 
 et al.  (2003a)  

   Methylation-sensitive 
amplified fragment 
length polymorphism 
(MS-AFLP) 

 Methylation-sensitive 
restriction endonucleases 
(multiple possibilities) 

 Digestion, adaptor ligation, and 
ligation-mediated amplification, 
hybridization 

 Unmethylated 
regions 

 Microarrays  Restricted to sequences with 
restriction enzyme recognition 
sets, sensitive to genetic 
polymorphisms (SNPs) 

  Yamamoto 
and 
Yamamoto 
(2004)  

   BAC microarrays  Methylation-sensitive 
restriction endonucleases 
(multiple possibilities) 

 Digestion, biotinylation, 
comparative hybridization 

 Unmethylated CpG-
rich regions 

 Universal 
microarrays 

 PCR free, large amounts of 
DNA required, array suitable 
for a large number of different 
enzymes, improved resolution 
can be obtained with whole 
genome oligonucleotide tiling 
arrays 

  Ching  et al.  
(2005)  

   Microarray-based 
integrated analysis 
of methylation 
by isochizomers 
(MIAMI) 

 Methylation-sensitive 
digestion and isoschizomer 
( Hpa I/ Msp I) 

 Digestion, ligation-mediated 
amplification, co-hybridization 

 Differential display 
of unmethylated and 
methylated regions 

 Oligonucleotide 
microarrays 

 Simple, well suited for 
the identification of 
hypomethylated regions, 
less sensitive to genetic 
polymorphisms, requires 
enzyme recognition sites 

  Hatada  
et al.  (2006)  

    Hpa II tiny fragment 
enrichment by 
ligation-mediated 
PCR (HELP) or 

 Methylation-sensitive 
digestion and isoschizomer 
( Hpa I/ Msp I) 

 Digestion, ligation-mediated 
amplification, co-hybridization 

 Differential display 
of unmethylated and 
methylated regions 

 Oligonucleotide 
microarrays 

 Simple, well suited for 
the identification of 
hypomethylated regions, 
less sensitive to genetic 
polymorphisms, requires 
enzyme recognition sites 

  Khulan 
 et al.  (2006)  

    McrBC  digestion  Methylation-dependent 
restriction endonucleases 

 Digestion, ligation-mediated 
amplification, hybridization 

 Unmethylated 
regions 

 Microarrays  Widely used, higher flexibility 
and coverage, not sequence 
specific, avoids interference 
from highly methylated 
repetitive elements 

  Lippman 
 et al.  (2005) ; 
 Schumacher 
 et al.  (2006)  

( Continued )
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 TABLE 14.2          (Continued)  

   Method  Principle of differentiation  Method  Enrichment of 
methylated/
unmethylated 
fragments 

 Detection 
platform 

 Comment  Reference 

   Restriction landmark 
genomic scanning 
(RLGS) 

 Methylation-sensitive 
restriction endonucleases 
(multiple possibilities) 

 Digestion, 2-dimensional 
electrophoresis 

 Unmethylated CpG-
rich regions 

 2D gel  Very accurate and 
reproducible results, PCR 
free, computational spot 
identification possible, labor 
intensive, limited number of 
fragments can be resolved, 
large amounts of DNA 
required 

  Costello 
 et al.  (2002) ; 
 Rush and 
Plass (2002)  

   Methylation 
single nucleotide 
polymorphism 
(MSNP) 

 Methylation-sensitive 
digestion 

 SNP genotyping of DNA before 
and after methylation-sensitive 
digestion 

 Methylated regions  SNP genotyping 
arrays 

 Identification of allele-
specific DNA methylation, 
integration of a methylation-
sensitive step in the optimized 
genotyping protocol, only large 
methylation differences can be 
resolved, arrays with 10k – 1M 
probes readily available, 
copy-number changes, loss 
of heterozygosity is detected 
simultaneously 

  Yuan 
 et al.  (2006) ; 
 Kerkel  et al.  
(2008)  

   Methylated DNA 
immunoprecipi-
tation (MeDIP) 

 5-Methylcytosine antibody  Sonication, immunoprecipitation, 
competitive hybridization against 
input DNA (after whole-genome 
amplification) 

 Methylated regions  BAC microarrays, 
oligonucleotide 
tiling arrays, 
next generation 
sequencing 

 Genome-wide analysis, not 
dependent on the presence of 
restriction enzymes, insensitive 
to genetic polymorphisms, 
bias towards CpG-rich regions 
(computational correction 
required), sensitivity is still 
discussed 

  Weber 
 et al.  (2005) ; 
 Down 
 et al.  (2008) ; 
 Rakyan  et al.  
(2008)  

   Methylcytosine 
DNA-binding 
domain (MBD) 
proteins 

 Chromatin 
immunoprecipitation assay 

 Crosslink DNA to proteins, 
sonication, immunoprecipitation 
of crosslinked DNA with 
antibody to MBDs 

 Methylated regions  CpG island 
microarray 

 Sequence specificity of MBDs, 
potentially applicable to 
second generation sequencing 

  Ballestar 
 et al.  (2003)  

   Methylated CpG 
island recovery assay 
(MIRA) 

 DNA-binding domain 
(MBD2/MDB3L1) protein 
affinity selection 

 Sonication, immunopurification, 
competitive hybridization against 
input DNA (after whole-genome 
amplification) 

 Methylated regions  BAC microarrays, 
oligonucleotide 
tiling arrays, 
potentially 
next generation 
sequencing 

 Genome-wide analysis, not 
dependent on the presence of 
restriction enzymes, insensitive 
to genetic polymorphisms, 
might have a higher sensitivity 
than MeDIP 

  Rauch and 
Pfeifer 
(2005) ; 
 Rauch  et al.  
(2006)  
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will determine which method will be best suited. While 
some technologies identify specifically hypermethylated 
genes or CpG islands associated with specific promoters, 
other techniques will analyze regions of differential meth-
ylation between two samples that are not necessarily asso-
ciated with genes and others again correspond to regions 
where pharmacological agents with demethylating activity 
induce changes on the transcriptional level. Independent of 
the method for sample preparation, technologies use more 
or less high-density nucleic acid microarrays, gels, or more 
recently second generation sequencing devices as detection 
platform. While microarrays with a selected probe library 
restrict the analysis to the loci present on the array, they 
directly identify the targets of interest, while gel-based 
approaches do detect specific loci but only after follow-
up cloning and sequencing to identify sequences differen-
tially methylated between two samples. It should be noted 
that, for example, restriction landmark genome scanning 
(RLGS) patterns (see below) are highly reproducible and 
cloning might only be necessary once to confirm the spot 
identity. Interference of normally highly methylated repeti-
tive elements in the analysis might be another important 
point to consider. Microarrays can be roughly divided into 
arrays with immobilized bacterial artificial chromosomes 
(BAC) clones or PCR products which have been used 
extensively in the last decade and oligonucleotide arrays 
that depending on the platform are nowadays synthesized 
 in situ  by different procedures and contain small oligonu-
cleotides with a length between 20 and 80       bp. The latter of 
course have a significantly improved resolution compared 
to the former. With the completion of the human genome 
sequence and the availability of a rapidly growing number 
of genome sequences for model organisms and the ever 
more advanced technologies for microarray fabrication the 
high-resolution interrogation of entire genomes or selected 
parts such as individual chromosomes or all promot-
ers has become reality for different genomic applications 
including the analysis of genome-wide DNA methylation 
patterns ( Mockler  et al. , 2005 ). Tiling arrays containing 
several million features represent contiguous stretches of 
sequence and include annotated as well as regions of so 
far unknown function. They therefore enable unbiased and 
hypothesis-free approaches for the identification of novel 
transcriptional or regulatory elements as well as sequences 
subject to epigenetic modification during development 
or pathogenesis ( Mockler  et al. , 2005 ). Most methods for 
the genome-wide discovery of genes subject to DNA 
 methylation changes rely on enrichment of sequences by 
either methylation-sensitive restriction enzymes or immu-
noprecipitation and in both cases subsequent PCR amplifi-
cation. It should be noted that the antibody-based approach 
leads to a positive display of DNA methylation changes 
while the use of methylation-sensitive enzymes results, 
depending on the method, in a positive (DMH, AP-PCR) 
or negative (RLGS) genome-wide picture. 

    14.3.2.1       Methylation Reversal Approach 

 A   method that sets itself a little bit apart is the methyla-
tion reversal approach, which identifies methylation pat-
terns not by analyzing changes in the DNA methylation 
patterns itself, but by measuring mRNA expression after 
treating cells with a DNA methylation inhibitor ( Suzuki 
 et al. , 2002 ). Pharmacological agents such as the nucleo-
side analog 5-aza-2 � -deoxcytidine (5-aza-dC) inhibit DNA 
methylation by forming a covalent complex between the 
methyltransferase and DNA which leads to a progressive 
global demethylation ( Yoo and Jones, 2006 ). This approach 
is therefore restricted to cell lines that can be cultured. Cells 
can be treated with 5-aza-dC alone or in combination with 
a histone deacetylase inhibitor such as trichostatin A (TSA) 
that lead synergistically to gene activation of epigenetically 
silenced genes ( Suzuki  et al. , 2002 ). This approach thereby 
uses well-established expression microarrays as detection 
platform which are available from a number of commercial 
or academic sources. The main advantage of this approach 
is that the detection of hypermethylated sites is linked to 
their transcriptional status. However, modified expres-
sion patterns due to changes of methylation in  cis  such as 
demethylation of the promoter, enhancer, or other regula-
tory element of a target gene, or changes due to the activa-
tion of a gene that is in the same pathway as the target gene 
will be indistinguishable from each other. A further com-
plication are the multiple effects of drugs such as 5-aza-dC 
on additional numerous metabolic pathways ( Stresemann 
 et al. , 2006 ), which might lead to methylation-independent 
changes in gene expression.  

    14.3.2.2       Methylation-Sensitive and -Dependent 
Restriction Enzyme-Based Methods 

 Methylation  -sensitive restriction endonucleases, i.e. 
enzymes that are blocked by methylated cytosines in their 
recognition sequence ( Bird and Southern, 1978 ), are widely 
used for the analysis of methylation patterns in combina-
tion with their methylation-insensitive isoschizomers (Table 
14.2). One of the most commonly used pairs of enzymes is 
 Hpa II/ Msp I; both recognize and cleave the four base pal-
indrome C|CGG in double-stranded DNA, but while  Msp I 
cleaves the DNA independently of its methylation sta-
tus,  Hpa II is unable to cleave when the second cytosine is 
methylated (C| me CGG). Another frequently used enzymatic 
combination is the methylation-sensitive enzyme  Sma I 
(CC me C|GGG) leaving blunt ends and  Xma I (C|C me CGGG) 
which is less sensitive to methylation and creates an over-
hang that can be used for the ligation of adaptors for sub-
sequent PCR amplification. Although methods based on 
methylation-sensitive restriction enzymes are simple and 
cost effective as they do not require any special instru-
mentation, they are hampered by the limitation to spe-
cific restriction sites as only CpG sites found within these 
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sequences can be analyzed. For example, only  � 4% of 
CpG sites in non-repetitive sequences are in recognition 
sites for the frequently used restriction enzyme  Hpa II and 
only 0.03% can be cleaved by  Not I ( Fazzari and Greally, 
2004 ). In addition, methods using these enzymes might be 
prone to false positive results due to incomplete cleavage 
and some sequences are intrinsically resistant to digestion 
if not appropriately controlled. For example, non-CpG 
methylation on cytosines or DNA adducts in the vicinity 
of the cleavage site might influence the restriction capacity 
of an enzyme. Digestions are therefore difficult to perform 
on material extracted from formaldehyde-fixed paraffin-
 embedded (FFPE) material. For the analysis of gene-specific 
methylation patterns or individual CpG positions, methods 
using methylation-sensitive endonucleases have largely 
been replaced by PCR-based methods following treat-
ment of genomic DNA with sodium bisulfite, while many 
genome-wide discovery methods still rely on these enzymes 
for the isolation of either the methylated or the unmethyl-
ated fraction of the genome. 

 Differential   methylation hybridization (DMH;  Huang 
 et al. , 1999 ) is a technically simple method based on com-
parative genomic hybridization (CGH, see also Chapter 12) 
to identify differentially methylated sequences. For DMH, 
two samples such as a paired tumor and normal sample or 
two differentially treated fractions of the same sample are 
hybridized to an array-based probe library and relative (flu-
orescent) intensities are measured. Genomic DNA is frag-
mented by digestion with a frequently cutting restriction 
enzyme that preferentially cuts outside CpG islands. Linkers 
for PCR amplification are subsequently ligated to the diges-
tion products. The sample is split into two parts and one half 
digested with a methylation-sensitive restriction enzyme. In 
this sample only methylated fragments that are resistant to 
the digestion are amplified in the subsequent PCR, while in 
the reference sample all fragments are amplified. Fractions 
are labeled with two different fluorescent dyes and hybrid-
ized to microarrays with an immobilized CpG island library 
( Shi  et al. , 2002 ). Immobilized CpG island libraries also 
permit the simultaneous analysis of gene expression using 
the subset of the CpG island library overlapping with the 
first coding exons of genes ( Shi  et al. , 2002 ) and histone 
modifications ( Shi  et al. , 2003b ). Similar procedures focus-
ing on unmethylated CpG-rich regions have been devised 
( Yamamoto and Yamamoto, 2004 ;  Ching  et al. , 2005 ). 

 Methylation  -sensitive representational difference analy-
sis (MS-RDA;  Ushijima  et al. , 1997 ) identifies differen tial 
methylation in two samples by a methylation-sensitive 
digestion. Adaptors are then ligated to the restriction prod-
ucts that are subsequently used for PCR amplification. 
Fragments that are only present in one library due to 
methylation at the restriction site can be isolated by rep-
resentational difference analysis (RDA;  Lisitsyn  et al. , 
1993 ). Amplification products are competitively hybridized 
together and sequences present at higher frequency in one 

of the samples are preferentially amplified by sequential 
cycles of PCR. Fragments are subsequently cloned for 
identification. Although technically complex, labor inten-
sive and prone to several biases as it relies on repeated 
cycles of hybridization and PCR kinetics, the method per-
mits the identification of differentially methylated regions 
without prior knowledge about its location and is used for 
the identification of novel tumor-related genes (see Noda 
and coworkers (2007) for a recent example). 

 Methylated   CpG island amplification (MCA-RDA) 
selects methylated fragments like DMH ( Toyota  et al. , 
1999 ). This is achieved by a first digestion with the 
methylation-sensitive restriction endonucleases  Sma I, 
leaving blunt ends. The remaining and therefore methyl-
ated  Sma I sites are cleaved with the methylation-insensi-
tive isoschizomer  Xma I, leaving a four base overhang that 
is used to ligate adaptors for subsequent PCR amplifica-
tion. DNA fragments flanked by the two ligated adaptors 
are therefore amplified. Differences between two sam-
ples are identified through subtractive hybridization as 
described above. However, the subclone libraries contain 
a large number of repetitive fragments and only a small 
number of sequences with functional significance can be 
identified. 

 Amplification   of inter-methylated sites (AIMS) is an 
improved version of MCA-RDA providing a fingerprint of 
sequences that are positioned between two methylated sites 
displayed on a high-resolution polyacrylamide gel ( Frigola 
 et al. , 2002 ). 

 Information   complementary to those obtained by 
methylation-sensitive restriction digest can be obtained by 
the methylation-dependent restriction enzyme  McrBC , 
which cleaves between two non-palindromic G/A me C sites 
40 – 3,000       bp apart from each other but cleavage is best if the 
two sites are separated by 55 – 103       bp ( Stewart  et al. , 2000 ). 
In a recent DMH approach, a cocktail of methylation-
sensitive enzymes was used to enrich the methylated frac-
tion of the genome potentially interrogating 32% of all 
CpG dinucleotides and in parallel enriching the unmethyl-
ated fraction by digestion with McrBC ( Schumacher  et al. , 
2006 ). In parallel amplified genomic fragments that had not 
undergone any methylation-sensitive or -dependent digest 
were hybridized to microarrays to identify genetic variation 
such as polymorphisms that, if occurring at CpGs or in the 
restriction enzyme recognition sites, might influence hybrid-
ization efficiency independent of the methylation status 
( Schumacher  et al. , 2006 ).  McrBC  can also be used on 
size-selected (1.5 – 4.0       kb) DNA to fractionate unmethylated 
(i.e. gel-purified high molecular weight) DNA after diges-
tion, which is then comparatively hybridized with DNA 
similarly processed but not cut with the enzyme, on high 
density arrays ( Ordway  et al. , 2006 ;  Irizarry  et al. , 2008 ). 
Similarly, DNA fragments obtained after restriction endo-
nucleases and McrBC digestion can be cloned and ana-
lyzed by high-throughput sequencing ( Rollins  et al. , 2006 ). 
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 Instead   of using the input DNA as reference sample, 
DMH has also been performed by comparing fluorescence 
intensities of a sample amplified from a methylation-sensitive 
digest and the same sample digested with its methylation-
insensitive isoschizomer. These approaches have been 
termed MIAMI (microarray-based integrated analysis of 
methylation by isoschizomers;  Hatada  et al. , 2006 ) or HELP 
( Hpa II tiny fragment enrichment by ligation-mediated PCR; 
 Khulan  et al. , 2006 ). This approach has the advantage of 
being less susceptible to false positive results due to genomic 
alterations as the reference sample interrogates exactly the 
same sequences as the methylation-sensitive digest, but has 
a limited genomic coverage ( Irizarry  et al. , 2008 ). 

 An   alternative approach  –  termed methylation single 
nucleotide polymorphism (MSNP)  –  analyzes the methylated 
fraction of the genome enriched by methylation-sensitive 
digestion on commercial SNP genotyping microarrays ( Yuan 
 et al. , 2006 ;  Kerkel  et al. , 2008 ). This approach permits the 
simultaneous genetic (DNA copy number/loss of heterozy-
gosity) and epigenetic analysis of a genome with dense cov-
erage. The advantage of this method is the integration of a 
methylation-dependent step into a highly standardized pro-
tocol which has been thoroughly validated, and random var-
iations in signal intensities due to differential hybridization 
efficiencies have been minimized. It should be noted that 
depending on the methylation-sensitive restriction enzyme 
used only  � 40% of SNPs are situated in amplicons contain-
ing restriction sites for the respective enzyme and are there-
fore informative ( Yuan  et al. , 2006 ). On the other hand, this 
still provides a large amount of data and as stated above the 
non-informative sites can still be used for complementary 
genetic analysis and for normalization of signal. 

 A   more rapid but low-resolution picture of DNA meth-
ylation changes can be obtained by methylation-sensitive 
arbitrarily primed PCR (MS-AP-PCR) or methylation-
sensitive restriction fingerprinting (MSRF;  Gonzalgo 
 et al. , 1997 ;  Huang  et al. , 1997 ). Genomic DNA is digested 
with a methylation-sensitive restriction enzyme or its 
methylation-insensitive isoschizomer followed by PCR 
amplification with random CpG-rich primers. Amplification 
products are separated by size on standard sequencing 
polyacrylamide gels under denaturing conditions. The 
absence or presence of bands between samples leads to a 
rapid discovery of differentially methylated DNA frag-
ments. MS-AP-PCR suffers from the low resolution of gels 
which limits the number of fragments that can be analyzed 
and most of the fragments do not correspond to promoter 
regions of genes. 

 Restriction   landmark genomic scanning (RLGS) is 
based on two-dimensional electrophoresis of fragments gen-
erated by methylation-sensitive digestion ( Costello  et al. , 
2002 ). It permits the genome-wide quantitative assess-
ment of epigenetic alterations between samples by a first 
digestion with a rare-cutting methylation-sensitive enzyme 
that cuts preferably in large CpG-rich sequences that are 

frequently found in CpG islands such as  Not I. The cre-
ated endonuclease sites are subsequently radiolabeled 
with  32 P-dCTP and  32 P-dGTP. Methylated CpGs are not 
cleaved and therefore not labeled which avoids interfer-
ence with normally highly methylated repetitive elements 
in the subsequent readout. Fragments are further digested 
with frequently cutting restriction endonucleases and sep-
arated by two-dimensional electrophoresis. Differential 
methylation is analyzed by comparing spot intensities on 
the two-dimensional gel between samples or to an  in silico  
generated pattern that also facilitates spot identification. 
RLGS patterns are characterized by a high reproduc-
ibility of fragment position and intensity. RLGS detects a 
large number of differentially methylated CpG islands (up 
to 1,800). RLGS avoids some potential pitfalls compared 
to some other discovery methods as it does not rely on 
hybridization kinetics and PCR amplification. This tech-
nology has been widely used to identify DNA methylation 
changes in cancer ( Smiraglia and Plass, 2002 ) and to estab-
lish methylation patterns that are specific for a tumor type 
or shared between different tumor types ( Costello  et al. , 
2000 ). Although RLGS is a method delivering high-quality 
results, its routine use is hampered by the requirement for 
a large amount of high-quality molecular weight DNA and 
the rather complex multistep procedure. 

 Several   of the restriction enzyme-based strategies are 
currently being transferred to second generation sequenc-
ing instruments (FLX, 454 Corporation/Roche, Genome 
Analyzer Solexa/Illumina, SOLID Applied Biosystems; 
see also Chapter 24), which will permit a more quantita-
tive analysis of the isolated (methylated or unmethylated) 
fraction of the genome. Second generation sequencing does 
not restrict the analysis to a subset of loci of the genome 
as microarrays do and the sequence identity is resolved in 
contrast to gel-based readouts. Although many questions 
concerning coverage of the genome, cost, and specificity 
remain unanswered at the moment, methods will be devised 
in the very near future.  

    14.3.2.3       Methylated DNA Immunoprecipitation 
(MeDIP) and Methyl Binding Protein Affinity 
Chromatography 

 The   above described approaches rely on methylation-
 sensitive restriction endonucleases and analysis is restricted 
to sequences that contain recognition sequences for the 
enzymes in their proximity. An alternative approach iso-
lates the methylated fraction of a genome by immunopre-
cipitation or affinity purification of methylated DNA with 
MBD proteins. The MBD2b protein has the highest affinity 
for methylated DNA of the different MBD proteins ( Fraga 
 et al. , 2003 ). In the recently devised methylated-CpG island 
recovery assay (MIRA) a glutathione S-transferase (GST)-
tagged full length MBD2b has therefore been used to bind 
sonicated methylated DNA fragments and the affinity to 
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methylated CpG dinucleotides is further enhanced in a 
dose-dependent manner by the addition of the MBD3-like-
1 protein ( Rauch and Pfeifer, 2005 ). The combined effect 
significantly improves the sensitivity of the assay and a 
single methylated CpG dinucleotide enabled capture of the 
corresponding DNA molecule. Ligation of oligonucleotide 
linkers to enzymatically digested DNA prior to affinity 
chromatography permits efficient amplification of eluted 
fractions and subsequent analysis of differentially labeled 
input DNA and MIRA-enriched amplification products by 
DMH on a CpG island microarray ( Rauch  et al. , 2006 ) or 
potentially by second generation sequencing. A potential 
complication is the target specificity of MBDs and MBD 
columns enrich significantly but do not fully purify meth-
ylated sequences ( Selker  et al. , 2003 ). 

 An   alternative approach  –  methylated DNA immuno-
precipitation (MeDIP)  –  follows the protocol for chromatin 
immunoprecipitation analysis (ChIP), enriching methyl-
ated sequences independent of their surrounding sequence. 
Methylated DNA fragments are precipitated with a bead-
immobilized antibody specific for 5-methylcytosine and 
analyzed locus-specifically by PCR amplification ( Luo 
and Preuss, 2003 ) or genome-wide on various microar-
rays ( Weber  et al. , 2005 ). Precipitated DNA is amplified by 
linker mediated universal amplification, labeled and hybrid-
ized to the microarray. Hybridization can be carried out 
competitively, labeling input and enriched fraction with 
two different dyes ( Weber  et al. , 2005 ) or only the enriched 
fraction is labeled and put onto a single color array ( Zhang 
 et al. , 2006 ;  Hayashi  et al. , 2007 ). Resolution of the arrays 
depends mainly on the length of the immobilized probe. 
Tiling arrays are high-density oligonucleotide arrays poten-
tially covering large genomic regions at high resolution 
(potentially at single cytosine residues). This approach cre-
ated the first complete DNA methylation map of an organ-
ism resolving the  ‘  ‘ methylome ’  ’  of  Arabidopsis thaliana  
at a 35       bp resolution ( Zhang  et al. , 2006 ). Candidate meth-
ylated sites (CMS) identified by the MeDIP/tiling array 
approach were validated in a subset of genes positively 
confirming the hypermethylated status in 24/25 regions 
( Hayashi  et al. , 2007 ) and the location of a large proportion 
of CMS correlated well with the location of core promoters 
determined by reporter assays to be situated most often at 
 � 500-1       bp upstream of the transcription start site ( Cooper 
 et al. , 2006 ). The combination of MeDIP with tiling arrays 
was also used to define the methylome of human promoters 
( Shen  et al. , 2007 ;  Weber  et al. , 2007 ) as well as 13 human 
somatic tissues identifying tissue-specifically methylated 
genes ( Rakyan  et al. , 2008 ). MeDIP has created a lot of 
interest in recent years; however, there might be bias in 
the enrichment of sequences preferentially precipitating 
sequences with a high density of methylated CpGs such 
as repetitive elements or methylated CpG islands ( Irizarry 
 et al. , 2008 ). Computational algorithms are required to 
account for this biased amplification and to convert the 

fluorescent signal intensities into methylation percentage 
( Down  et al. , 2008 ;  Pelizzola  et al. , 2008 ). 

 The   recent appearance of second generation DNA 
sequencers (FLX, 454 Corporation/Roche, Genome Ana-
lyzer Solexa/Illumina, SOLID Applied Biosystems) that 
allow sequencing many fragments in parallel very effi-
ciently has led to the transfer of many array-based read-
outs to direct sequencing. MeDIP-seq is an approach that 
combines methylation-specific immunoprecipitation with 
sequencing of the pull-down product ( Down  et al. , 2008 ). 
The resulting short reads are mapped back onto the genome 
sequence. Stacked-up sequences indicate regions of the 
genome where the cytosines are methylated. A key prob-
lem of this is that repetitive elements are methylated and 
so result in a lot of sequence reads attributable to repeats. 
While the algorithms for sequence analysis largely elimi-
nate sequences with multiple hits in the genome, sequenc-
ing space is lost on the sequencer. 

 Microarray  -based discovery methods are well suited 
for the mapping of large-scale methylation variation in 
the whole genome, but do not provide quantitative high-
resolution information of individual CpG sites. Genome-
wide approaches yield a large number of candidate genes 
or regions potentially involved in the biological or medical 
question under investigation. Identified potential biomarkers 
have therefore to be validated using more quantitative meth-
ods in a larger sample set (potentially hundreds of samples).   

    14.3.3       Analysis of Candidate Gene Regions 

 The   following methods permit analyzing the overall den-
sity of DNA methylation in an amplified target region 
after bisulfite treatment. Sodium bisulfite conversion of 
genomic DNA has revolutionized the field of DNA meth-
ylation analysis as it permits the use of well-established 
DNA amplification procedures from minute amounts of 
samples such as clinical specimens ( Fig. 14.4   ;  Frommer 
 et al. , 1992 ). Bisulfite treatment of genomic DNA samples 
results in the hydrolytic deamination of non-methylated 
cytosines to uracils, while methylated cytosines are resist-
ant to conversion ( Shapiro  et al. , 1974 ;  Wang  et al. , 1980 ). 
Following PCR amplification, in which uracils are replaced 
by their DNA analog thymine, the methylation status at a 
given position is manifested in the ratio C (former meth-
ylated cytosine) to T (former non-methylated cytosine) 
and can be analyzed as a virtual C/T polymorphism in the 
bisulfite-treated DNA. This chemical conversion of DNA is 
required to  ‘  ‘ freeze ’  ’  the methylation status of a sample as 
DNA polymerases used for PCR amplification do not dis-
tinguish between methylated and non-methylated cytosines 
and therefore the methylation information is not retained 
after amplification. Sodium bisulfite treatment therefore 
enables the analysis of any CpG site of interest with quan-
titative resolution at the nucleotide level displaying CpG 
methylation as a positive signal. 
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 Methods   for the analysis of the global methylation levels 
of a target region do not yield precise information on the 
methylation status of individual CpGs and the distribution 
of allelic methylation patterns is only more or less resolved 
depending on the technique. These methods are valuable 
screening tools that might help select informative samples 
for more detailed analysis using techniques with increased 
resolving power such as sequencing, mass spectrometry-based 
sequencing and pyrosequencing. Analysis of DNA methyla-
tion levels in candidate regions can be semi-quantitatively 
analyzed by techniques like denaturing high-performance 
liquid chromatography (dHPLC;  Deng  et al. , 2002 ) or 
methylation-sensitive single-strand conformation analysis 
( Burri and Chaubert, 1999 ) making all use of the differ-
ential retention or migration behavior due to the sequence 
difference between former methylated and unmethylated 
molecules induced by bisulfite treatment. However, hetero-
geneous methylation levels might result in patterns which 
are difficult to interpret. Melting curve analysis ( Fig. 14.5   ; 
see also Chapter 15) monitors the melting temperature of a 
PCR product amplified from bisulfite-treated DNA in real 
time using a thermocycler coupled to a fluorometer ( Worm 
 et al. , 2001 ;  Akey  et al. , 2002 ). The melting profiles of 
PCR products originating from methylated and unmethyl-
ated variants of the same template are significantly different 
due to their different GC content. Therefore the methyla-
tion status of an unknown sample can be determined by 
comparing the melting profile of the sample to calibration 
standards. A gradual increase of the temperature leads to 
a step-wise dissociation of the double strand in domains 
of the PCR product in function of their GC content differ-
ing between methylated and unmethylated molecules after 
bisulfite treatment. The technology has previously been 
hampered by the toxicity of the intercalating agent  SYBR 
Green I  to DNA polymerases which  prohibited working 

at the required saturating concentrations. Recent advances 
in fluorescence detection technology, new algorithms for 
data calculation, and the use of novel dyes have allowed 
the development of this high-resolution melting analysis 
(HRM;  Wojdacz and Dobrovic, 2007 ). This method is a 
promising advance as it is extremely simple and relatively 
inexpensive allowing the rapid scanning of a large number 
of genes for the presence of differential DNA methylation. 
First diagnostic applications for the detection of aberrant 
methylation profiles in imprinting disorders ( White  et al. , 
2007 ;  Alders  et al. , 2008 ;  Wojdacz  et al. , 2008 ) and cancer 
( Balic  et al. , 2009 ) have been proposed.  

    14.3.3.1       Methylation-Specific Oligonucleotide 
(MSO) 

 The   methylation status of multiple regions can also be 
quantitatively and simultaneously interrogated by hybridi-
zation of fluorescently labeled DNA amplified from 
bisulfite-treated genomic DNA to microarrays. These 
contain paired oligonucleotide probes corresponding to 
either the methylated or the unmethylated allele of a spe-
cific target sequence after bisulfite treatment whereby each 
probe might cover one or several CpG positions ( Adorjan 
 et al. , 2002 ;  Gitan  et al. , 2002 ). MSO enables rapid screen-
ing of many CpG islands and/or promoters in parallel and 
is highly flexible as any sequence can be spotted onto the 
array independent of the presence of restriction sites. In an 
improved method bisulfite-treated DNA is amplified with 
random fluorescently labeled primers to interrogate simul-
taneously CpG positions in hundreds of genes ( Yu  et al. , 
2005 ). Standard curves are required to account for differ-
ential hybridization kinetics of methylated and unmethyl-
ated sequences. However, potential cross-hybridization due 
to the decreased sequence complexity of bisulfite-treated 

 FIGURE 14.4          Principle of the treatment of genomic DNA with sodium bisulfite. Unmethylated cytosines are hydrolytically deaminated to uracils which 
in turn are replaced by the DNA analog thymine during subsequent PCR amplification. Methylated cytosines are resistant to the treatment under the 
carefully controlled reaction conditions and remain cytosines. Therefore any cytosine still present in the bisulfite-treated DNA corresponds to a methyl-
ated cytosine prior to conversion. The Watson and Crick strands that are complementary in native genomic DNA are no longer complementary after 
bisulfite treatment and both strands can be independently amplified by PCR. This process doubles the genome size while simultaneously reducing its 
complexity to a three letter code which makes primer design more challenging on bisulfite-treated DNA than on untreated genomic DNA.    
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DNA requires substantial optimization and validation for 
setting up a new array ( Shi  et al. , 2003a ). The establish-
ment of novel multiplexed high-throughput sequencing 
applications (see below) has made this technology some-
what redundant.  

    14.3.4       Sequencing Technologies 

    14.3.4.1       Sanger Sequencing of 
Bisulfite-Treated DNA 

 Direct   fluorescent Sanger sequencing of PCR prod-
ucts amplified from bisulfite-treated DNA can be used 
for detailed analysis of DNA methylation in long CpG 
stretches from small amounts of starting material ( Clark 
 et al. , 1994 ). However, direct sequencing has proven to be 
technically demanding in regions with heterogeneous or 
low ( 	 15%) methylation levels. Further, quantitation of the 
readout is imprecise and difficult due to the low sequence 
diversity of bisulfite-converted DNA requiring sophisti-
cated computational algorithms such as ESME ( Lewin 
 et al. , 2004 ). Therefore in most cases PCR products are 
cloned and multiple colonies are subsequently sequenced. 
Cloning and sequencing of multiple colonies ( Frommer 
 et al. , 1992 ) is currently regarded as the reference 
method for the analysis of DNA methylation due to the 
richness of information provided and most novel meth-
ods are validated by comparison to the results obtained by 
sequencing and cloning. It provides detailed information on 
the methylation status of CpG positions in relatively long 
sequence stretches of target sequence and has been widely 
used in the past. Prior to the advent of second generation 
sequencing, cloning and subsequent Sanger sequencing has 
been the only technology capable of addressing adequately 
the problem of allele-specific and/or mosaic methylation 
patterns. However, the quantitative resolution is limited 

by the number of clones analyzed. As the procedure gets 
expensive, time consuming and cumbersome when applied 
in high throughput, only a small number of alleles in the 
order of about ten to 20 colonies are usually analyzed from 
which it is difficult to infer statistically meaningful results. 
Despite its status as a reference method, it should also be 
stressed that this procedure is very much prone to a variety 
of biases (PCR and cloning procedure) which distort the 
quantitative result. A variety of critical parameters as well 
as potential sources of artifacts and their remediation have 
been investigated in detail to avoid these pitfalls ( Grunau
 et al. , 2001 ;  Warnecke  et al. , 2002 ).  

    14.3.4.2       Second Generation Sequencing of 
Bisulfite-Treated DNA 

 Much   greater coverage and quantitative resolution can be 
obtained by second generation sequencing. The 454/Roche 
sequencing technology was applied to the analysis of tar-
get regions in great depth with several hundreds of clonal 
molecules that were analyzed for five samples and 25 tar-
get regions ( Taylor  et al. , 2007 ). Disease (patient)-specific 
nucleotide tails were added to the gene-specific amplifi-
cation primers to allow multiplexing and to suit the large 
sequencing capacities of the instrument. Target regions 
were separately amplified and equal amounts of each 
PCR product were pooled prior to sequencing. Similarly, 
four genomic regions were simultaneously analyzed in 50 
breast cancer patients ( Korshunova  et al. , 2008 ). Individual 
sequences could be attributed to the patients through a 
similar  ‘  ‘ barcoding ’  ’  strategy. Both analyses required the 
individual amplification of regions of interest, making the 
analysis of a large number of target regions impractical. An 
alternative approach would be to use capture arrays with 
immobilized sequences complementary to genes/regions of 
interest which has been demonstrated for the resequencing 

 FIGURE 14.5          High-resolution melting analysis of different mixtures of methylated and unmethylated DNA (0, 5, 10, 25, 50, and 100%) in the promoter 
region of  RARB  gene.    
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of genomic regions ( Albert  et al. , 2007 ). However, the low 
amount of material that can be recovered by this method 
and the therefore required large number of amplification 
cycles might bias the quantitative output. 

 For   organisms with a limited genome size such as 
the plant  Arabidopsis thaliana  whole genome bisulfite 
sequencing (BS-seq) at single nucleotide resolution has 
been demonstrated ( Cokus  et al. , 2008 ;  Lister  et al. , 
2008 ). A strategy to apply BS-seq to genome-wide stud-
ies in more complex organisms such as mice and humans 
consists of reducing the complexity of the genome by the 
creation of reduced representation libraries ( Meissner 
 et al. , 2008 ). The methylation-insensitive restriction endo-
nuclease  Msp I followed by size selection was used to isolate 
small fragments originating from CpG-rich regions thereby 
enriching significantly for CpGs in CpG islands. This frac-
tion of the genome was then comprehensively sequenced. 
However, the isolated fraction covered only 1% of the 
genome. Whole genome BS-seq would be an ideal method 
as it would combine single nucleotide resolution with 
deep coverage of coordinate methylation patterns  in cis . 
However, for the moment, BS-seq is unlikely to be widely 
adopted as it is quite cost prohibitive and a daunting task as 
the two strands of the DNA are no longer complementary 
after bisulfite treatment effectively doubling the size of the 
genome while simultaneously reducing its complexity to a 
three letter code.  

    14.3.4.3       Pyrosequencing 

 One   of the methods that has received much attention for 
the simultaneous analysis and quantification of the meth-
ylation degree of several CpG positions in close proxim-
ity is Pyrosequencing  ™   ( Uhlmann  et al. , 2002 ;  Colella 
 et al. , 2003 ;  Tost  et al. , 2003a ;  Dupont  et al. , 2004 ; see also 
Chapter 8). The pyrosequencing technology, in contrast to 
conventional Sanger sequencing, is based on sequencing-
by-synthesis. A single nucleotide is added to a primer 
hybridized to a template strand and its incorporation is 
monitored by the luminometric detection of pyrophosphate 
that is released upon the nucleotide incorporation and con-
verted into a light signal by a cascade consisting of three 
enzymes ( Ronaghi  et al. , 1998 ). Remaining nucleotides 
are degraded by the fourth enzyme  –  an apyrase  –  enabling 
cyclic dispensation of nucleotides in a pre-defined order. 
One of the major strengths of the technology is the quan-
titative nature of the results (see Chapter 8). The biolumi-
nometric response is linear ( R  2       �   0.99) for the sequential 
addition of up to five identical nucleotides (C, G, T) or 
three  α -S-dATP. Pyrosequencing is therefore ideally suited 
for DNA methylation analysis after bisulfite treatment 
as it combines the ability of direct quantitative sequenc-
ing, reproducibility, speed, and ease of use ( Tost and Gut, 
2007 ). Information about an entire amplified region can be 
obtained by repeated stripping of the  de novo  synthesized 

strand from the template and hybridization of new sequenc-
ing primers (serial pyrosequencing; Tost and coworkers 
(2006)). Pyrosequencing provides quantitative information 
on the methylation status of all CpG positions in a sequence 
of interest and is therefore in contrast to MSP methods also 
ideally suited for the analysis of regions displaying hetero-
geneous methylation levels. Another advantage of pyro-
sequencing in comparison to fluorescent (real-time) MSP 
methods is the detection of the sequence surrounding the 
polymorphic CpG positions instead of a fluorescent signal 
which does not contain direct information about the actual 
amplified target. It thereby also permits the detection of 
SNPs present in the bisulfite-treated sequence. Besides 
several studies on genes aberrantly silenced by promoter 
hypermethylation in cancer ( Fig. 14.6   ), pyrosequencing 
has been used for monitoring chemically induced demethy-
lation in leukemia patients ( Yang  et al. , 2006 ) as well as 
for a diagnostic test for aberrant methylation in the imprint-
ing disorders Prader-Willi and Angelman syndrome ( White
 et al. , 2006 ).  

    14.3.4.4       MALDI Mass Spectrometry-Based 
Sequencing 

 A   relatively new method for sequencing of PCR products 
amplified from bisulfite-treated DNA uses matrix-assisted 
laser desorption/ionization time-of-flight mass spectro metry 
(MALDI-ToF-MS) for which fragile biomolecules are 
mixed with a matrix of small organic molecules absorbing 
most of the energy of the laser which is used to volatilize 
the analyte and transfer part of it onto the analyte. MALDI 
has been proven very useful for complex analysis of nucleic 
acids such as HLA-typing, haplotyping, gene expression, 
DNA methylation analysis, and tissue imaging ( Tost and 
Gut, 2006 ). As the direct analysis of DNA in a MALDI 
mass spectrometer is associated with some problems ( Tost 
and Gut, 2002 ), bisulfite-treated DNA is transcribed into 
RNA which is subsequently base-specifically cleaved using 
a variety of RNAses ( Schatz  et al. , 2004 ;  Ehrich  et al. , 
2005 ). In Sequenom’s MassCLEAVE protocol, a modified 
T7 polymerase is used that does not discriminate between 
ribonucleotides and deoxyribonucleotides ( Ehrich  et al. , 
2005 ). Transcription is carried out with three ribonucleo-
tides and either CTP or UTP is replaced by the respective 
non-cleavable deoxynucleotide. RNAse A is used for the 
subsequent C or U specific cleavage. CpGs that are dif-
ferentially methylated between two samples in the ampli-
fied region can be identified by shifts in the peak patterns 
due to the mass difference in a CpG dinucleotide contain-
ing cleavage product or the presence or absence of a peak 
corresponding to a certain fragment, respectively. The 
use of universal reverse transcription primers makes these 
procedures suitable for high-throughput applications with 
high quantitative resolution (5 – 10%) as recently shown by 
the analysis of more than 400 loci in 59 cancer cell lines 
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( Ehrich  et al. , 2008 ). This approach can also be used to 
determine allele-specific DNA methylation patterns if SNPs 
are present within the analyzed fragment ( Coolen  et al. , 
2007 ). Potential complications might, however, arise if sev-
eral fragments of the same mass are created by the cleavage 
and peaks can therefore not be unambiguously assigned.   

    14.3.5       Analysis of Individual CpG Positions 

    14.3.5.1       Restriction Enzyme-Based Analysis of 
Single CpG Positions 

 Southern   blotting is a simple and inexpensive procedure to 
analyze the methylation status at specific CpGs by digesting 
genomic DNA with methylation-sensitive restriction 
enzymes and subsequent Southern analysis ( Bird and 
Southern, 1978 ). This approach enabled some of the most 
intriguing findings in the beginning of DNA methylation 
research such as the genome-wide hypomethylation of 
human cancers ( Feinberg and Vogelstein, 1983 ) and pro-
vides authentic information on the methylation status of a 
CpG in an enzymatic recognition sequence as it does not 
rely on PCR amplification. However, the trade-off is that 
a large amount of DNA (several micrograms) is required 
and it is not well suited for heterogeneous population 

of methylated molecules that might occur, for example, 
in cancerous tissues. Exponential amplification by PCR 
amplification following methylation-sensitive restriction 
digestion is an alternative requiring substantially less DNA 
and no prior bisulfite conversion treatment making them 
well suited as rapid screening tools for differential meth-
ylation ( Singer-Sam  et al. , 1990 ). Multiple targets can 
be simultaneously analyzed by locus-specific multiplex 
PCR following methylation-sensitive restriction digest of 
genomic DNA ( Melnikov  et al. , 2005 ). Additional infor-
mation on the methylation status of a target region can be 
achieved by digesting the DNA with either methylation-
sensitive restriction enzymes or methylation-dependent 
enzymes such as the above described  McrBC  which dis-
tinguishes complete methylation, partial methylation, or 
absence of methylation in the sequence ( Yamada  et al. , 
2004 ). Quantification can be improved by using ligation-
mediated PCR to amplify the digested DNA and subse-
quent radioactive labeling ( McGrew and Rosenthal, 1993 ) 
or  –  more easily  –  monitoring the increase in fluorescence 
by quantitative real-time PCR with the intercalating dye 
 SYBR Green  ( Bastian  et al. , 2005 ;  Oakes  et al. , 2006 ). 

 A   method that has recently attracted a lot of interest for 
diagnostic applications is methylation-sensitive multiplex 
ligation-dependent amplification (MS-MLPA;  Nygren  et al. , 

 FIGURE 14.6          Pyrograms of the promoter region of the mismatch repair gene  MLH1 , which is commonly inactivated in microsatellite instable color-
ectal cancer by promoter hypermethylation. Top: DNA extracted from the tumor. Bottom: DNA extracted from distant peri-tumoral tissue of the same 
patient.    
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2005 ; see also Chapter 13). While initially devised for the 
analysis of copy-number alterations this technique has been 
useful for the parallel analysis of up to 40 loci permitting a 
comprehensive analysis for all possible variations of DNA 
methylation aberrations in imprinting dis orders ( Dikow 
 et al. , 2007 ;  Priolo  et al. , 2008 ), the combined analysis of 
genetic and epigenetic alterations in imprinting disorders 
( Scott  et al. , 2008 ), as well as tumor analysis ( Berkhout 
 et al. , 2007 ). Two oligonucleotides with universal primer 
binding sites are annealed to a target region and are ligated 
in case of complete target complementarity. A methylation-
sensitive enzyme is added to the ligation reaction digesting 
unmethylated templates and reducing the amount of ligated 
product. A semi-quantitative readout is then performed 
using capillary electrophoresis. 

 Another   method for rapid screening of samples relies 
on the creation of new restriction enzyme recognition sites 
through bisulfite treatment. Bisulfite-converted DNA sam-
ples are PCR amplified following restriction digestion, and 
methylation is analyzed through the presence or absence 
of bands on an agarose gel ( Sadri and Hornsby, 1996 ). 
The quantitative accuracy of the assay can be improved if 
the analysis is carried out by polyacrylamide gel electro-
phoresis with subsequent electroblotting, hybridization 
with labeled oligonucleotides, and quantitation using a 
phosphoimager (COmbined Bisulfite Restriction Analysis; 
COBRA;  Xiong and Laird, 1997 ). Though simple and inex-
pensive, COBRA becomes very labor intensive if quantita-
tion is required. The latter point has been greatly improved 
by the implementation of the Agilent Bioanalyzer as detec-
tion platform ( Brena  et al. , 2006a ). The Bioanalyzer sepa-
rates and quantifies DNA fragments via electrophoresis in 
microfluidic chips for direct quantitative visualization of 
the restriction products created by COBRA.  

    14.3.5.2       Methylation-Sensitive Single 
Nucleotide Primer Extension (MS-SNuPE) 
Assays 

 The   methylation degree at given CpG positions is mani-
fested in the ratio C (former methylated cytosine) to T 
(former non-methylated cytosine) after bisulfite treat-
ment and can be analyzed as a virtual C/T polymorphism 
after a strand-specific PCR. Quantitative and accurate 
information about individual methylation variable positions 
can therefore be obtained by methylation-sensitive single 
nucleotide primer extension (Ms-SNuPE). A PCR template 
is generated irrespective of the methylation status of the 
target region; internal primers are hybridized to the target 
sequence and terminate immediately 5 �  of the CpG posi-
tion to be assayed. Extension is carried out with (labeled) 
terminating dideoxynucleotides. The analysis of individual 
CpG positions requires prior knowledge about which CpG 
positions are of interest as, for example, CpG islands can 
contain hundreds of CpGs. However, once these positions 

are known, methods based on primer extension are very 
well suited to high-throughput analysis of a few CpGs in 
large sample cohorts enabling epigenetic analyses on an 
epidemiological scale. The close proximity of potentially 
polymorphic positions in a CpG-rich region such as CpG 
islands complicates the design of SNuPE assays irrespec-
tive of the used detection platform as this might cause 
preferential annealing of the primers to a subpopulation 
of methylated molecules displaying a specific methylation 
pattern. A variety of detection platforms have been com-
bined with MS-SNuPE ( Table 14.3   ). Mass spectrometry-
based assays ( Tost  et al. , 2003b ;  Ragoussis  et al. , 2006 ) 
permit higher levels of multiplexing and were applied in a 
multiplexed form as reference method for verification and 
quantitative fine typing of the results obtained by direct 
bisulfite sequencing for the Human Epigenome Project 
( Rakyan  et al. , 2004 ). However, they require more sophisti-
cated instrumentation in contrast to capillary electrophore-
sis-based methods such as MS-SNaPshot ( Uhlmann  et al. , 
2002 ;  Kaminsky  et al. , 2005 ). 

 Illumina   Inc. ( http://www.illumina.com ) has presented 
a modified version of the Golden Gate and Infinium geno-
typing assay for the analysis of DNA methylation. The 
Golden Gate assay analyzes 1505 CpGs in 807 genes using 
250       ng of bisulfite-converted DNA as input ( Bibikova  et al. , 
2006b ). Allele discrimination is achieved prior to amplifi-
cation: two allele-specific oligonucleotides that have their 
3 �  terminus complementary to the methylated or unmethy-
lated alleles of a target CpG and that are extended only 
if the primer perfectly matches the target and two locus-
specific oligonucleotides that are also complementary to 
an either unmethylated or methylated allele ( Bibikova 
 et al. , 2006b ). Extended allele-specific oligonucleotides 
are then ligated to the locus-specific oligonucleotides to 
create templates for subsequent amplification with fluo-
rescently labeled primers specific for the respective meth-
ylation state. Allele discrimination is thus achieved at two 
different levels increasing the specificity of the reaction and 
minimizing false positive results. The locus-specific oligo-
nucleotide also carries a sequence that is complementary 
to tag sequences immobilized on the bead arrays which 
is then used for readout of the quantitative methylation 
degree at selected CpG positions with a resolution of about 
20%. Results are normally confirmed by high-resolution 
quantitative methods such as pyrosequencing ( Ladd-
Acosta  et al. , 2007 ). The Golden Gate assay has been 
used to study the DNA methylation profile of embryonic 
stem cells ( Bibikova  et al. , 2006a ), brain tissue ( Ladd-
Acosta  et al. , 2007 ) as well as to identify DNA methyla-
tion changes specific to Wilms tumor ( Bjornsson  et al. , 
2007 ). This approach will probably be very useful to scan 
a larger number of genes or CpG positions to identify tar-
gets of epigenetic deregulation in disease, but as only one 
to three CpGs are analyzed per gene the chances of missing 
changes that are restricted to a few CpG sites is quite high. 
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 TABLE 14.3          Single nucleotide primer extension methods for the analysis of individual CpG positions after bisulfite 
treatment.  

   Method  Label of 
ddNTPs 

 Separation  Detection 
platform 

 Multiplexing 
level 

 Comment  Reference 

   MS-SNuPE  Radioactive  Polyacrylamide gel 
electrophoresis 

 Phosphoimager  3 – 5 (primers 
differing in length) 

 Accurate, but quite 
labor intensive. Two 
reactions required for 
quantification 

  Gonzalgo 
and Jones 
(1997) ; 
 Gonzalgo 
and Jones 
(2002)  

   SNuPE IP RP 
HPLC 

 None  Mass and 
hydrophobicity 

 Ion-pair reverse 
phase HPLC 

 3 (non-
complementary 
tails at the 5 � end) 

 Medium 
throughput 

  El-Maarri  
et al.  (2002)  

   MethylQuant  None  Allele-specific 
primer extension 
with locked nucleic 
acid-modified 
primers 

 Real-time 
thermocycler 

 No  Easy to implement, 
readily available 
instrumentation, high 
throughput, but two 
separate reactions for 
the methylated and 
unmethylated allele 

  Thomassin 
 et al.  (2004)  

   GOOD assay  None  Mass  MALDI mass 
spectrometry 

 3 – 5 (different 
masses) 

 High throughput, 
simple mass 
spectrometric 
signatures 

  Tost  et al.  
(2003b)  

   SNaPshot  Fluorescence  Capillary 
electrophoresis 

 Capillary 
electrophoresis 

 3 ( non-
complementary 
tails at the 5 � end) 

 Medium throughput, 
instrumentation 
available in many 
laboratories 

  Uhlmann  
et al.  (2002) ; 
 Kaminsky 
 et al.  (2005)  

   Iplex  None  Mass  MALDI mass 
spectrometry 

 Up to 27  High throughput   Ragoussis
 et al.  (2006)  

Further, the assay is based on the hypothesis that closely 
neighbored CpG positions display a high degree of co-
methylation which might be a simplified assumption. The 
Infinium assay analyzes for 27,578 CpG sites in more than 
14,000 genes. Twelve samples are processed in parallel. 
Similar to the respective genotyping assay, the 3 �  base is 
specific for the methylation state which is extended only in 
the case of complete complementary with one of the four 
fluorescently labeled ddNTPs. A different bead  ‘  ‘ barcode ’  ’  
distinguishes between probes specific for the methylated 
and unmethylated state of a given CpG. This assay allows 
comprehensive analysis of the DNA methylation state of 
a sample in high-throughput studies, but again only 1 – 3 
CpGs are analyzed per gene.   

    14.3.6       Methylation-Specific PCR and Real-
Time PCR Methods 

 DNA   methylation has received a lot of attention in recent 
years because of its potential as a stable and amplifiable 
biomarker for early diagnosis, prognosis, or response to 

treatment in various cancers ( Laird, 2003 ). Biomarkers 
capable of distinguishing cancerous cells from normal 
ones must be specific, sensitive, and detectable in speci-
mens obtained through minimally invasive procedures to 
be clinically applicable. Methylation-specific PCR (MSP), 
( Herman  et al. , 1996 ) and methylation-specific real-time 
PCR-based methods such as MethyLight ( Eads  et al. , 
2000a ), HeavyMethyl ( Cottrell  et al. , 2004 ), or QAMA 
( Zeschnigk  et al. , 2004 ) have proven very well suited for 
the detection of cancer-specific methylation patterns in pri-
mary tumor tissues but also  –  and more importantly  –  for 
the detection of very low levels of methylation in circulat-
ing DNA ( Fig. 14.7   ). Tumor-derived methylated DNA mol-
ecules can be found in various body fluids such as urine, 
sputum, or serum/plasma of cancer patients. Detection and 
monitoring of these methylated molecules in the presence 
of an excess of normal (and usually unmethylated) DNA 
can be achieved with various approaches described below. 
As the amplicons of the different MSP variants are small 
( � 100       bp), these methods usually work well with DNA of 
lower quality such as DNA extracted from FFPE samples 



Chapter | 14 Molecular Techniques for DNA Methylation Studies 219

( Herman  et al. , 1996 ). No special equipment is required for 
conventional methylation-specific PCR (MSP) and real-
time PCR machines are available at most research institu-
tions for the quantitative analysis of gene expression. The 
similarity of the approaches described below to real-time 
expression analysis also facilitates implementation of the 
technology, execution of the experiments, and interpreta-
tion of the results for laboratories not yet very familiar with 
DNA methylation analysis. The design of assays and opti-
mization of amplification are probably the most important 
part to ensure specific amplification of the desired locus. 
Sensitivity and specificity vary largely between assays 
depending on primers (and probes in case of techniques 
like MethyLight) and conditions. 

    14.3.6.1       Methylation-Specific PCR (MSP) 

 MSP   allows the amplification of virtually any CpG sites 
after bisulfite treatment with three pairs of primers for 
amplification, complementary to the former methylated, 
the former unmethylated sequences or to genomic, uncon-
verted DNA, respectively ( Fig. 14.7 ;  Herman  et al. , 1996 ). 
The latter serves as control for complete bisulfite conver-
sion. Primers need to hybridize to sequences with at least 
two methylation variable positions (CpGs) to obtain the 
necessary specificity for selective amplification. The pres-
ence or absence of an amplification product analyzed on a 
conventional agarose gel reveals the methylation status of 
the CpGs underlying the amplification primers. It is the 
most widely used technology for DNA methylation analy-
sis as it does not require any expensive instrumentation and 
a large number of samples can be rapidly assessed. The 

main advantage of MSP is the high sensitivity, which ena-
bles the detection of one allele in the presence of a 1,000-
fold excess of the other ( Herman  et al. , 1996 ). It permits 
the detection of methylation at high throughput but this is 
limited to the primer binding sites. The detection limit can 
be further decreased by fluorescent labeling of one of the 
MSP primers and analysis of the amplification product on 
a sequencer ( Fig. 14.7 ;  Goessl  et al. , 2000 ). MSP is well 
suited for the rapid and sensitive detection of methylation 
patterns at specific sequences, but does not provide reso-
lution at the individual nucleotide level and heterogeneous 
methylation patterns at the primer binding sites can induce 
failure of amplification. Further, the biased amplification 
leads to a more qualitative than quantitative result making 
it difficult to distinguish different degrees of methylation at 
the target sites. An additional major drawback of the MSP 
approach is the gel-based detection of the amplification 
products. While acceptable for use in a research laboratory, 
diagnostics in a clinical setting require homogeneous high-
throughput assays such as the fluorescent real-time MSP 
approaches described below ( Cottrell and Laird, 2003 ). 

 Most   real-time PCR-based methods use the same prin-
ciple as the TaqMan  ®   assay ( Holland  et al. , 1991 ; see also 
Chapter 7). In addition to the two amplification primers, a 
third oligonucleotide called probe, which is dually labeled 
with a fluorescent reporter (e.g. FAM) and a quencher 
dye (e.g. TAMRA), hybridizes to a target sequence in the 
amplified region. The technology makes use of fluores-
cence resonance energy transfer (FRET): if the probe is 
fully complementary to the amplified sequence, the probe 
is cleaved by the 5 �       �      3 �  exonucleolytic activity of Taq 
polymerase during the extension phase of the amplification 

 FIGURE 14.7          Real-time PCR methods for the sensitive detection of DNA methylation in, e.g., body fluids. For simplification only amplification with a 
primer complementary to a completely methylated allele is shown. PMR: percentage of methylated allele, a completely methylated DNA standard that is 
used for the calculation of the percentage of methylation contained within a sample. All methods use sodium bisulfite treatment prior to PCR amplifica-
tion. CpGs are depicted as lollipops; former unmethylated CpGs are shown as empty lollipops while filled ones correspond to former methylated CpGs. 
Although methylation is retained as a sequence difference after bisulfite treatment, lollipops are shown for easier differentiation of the alleles. Details of 
the different techniques are given in the text.    
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resulting in spatial separation of the two dyes and a fluo-
rescent signal proportional to the amount of PCR pro duct 
generated. Real-time quantitative PCR enables thereby 
the non-isotopic, rapid, and accurate quantitative analysis 
over a large dynamic range of several CpG positions in a 
small target region. The addition of a third probe that has 
to anneal correctly to the synthesized template improves 
sensitivity as well as specificity compared to conventional 
MSP with the drawback that expensive hybridization 
probes are required. The simple one-step procedure makes 
real-time methylation-specific PCRs rapid high-throughput 
assays for quantitative DNA methylation analysis that 
are robust and quite resistant to carryover contamination. 
These approaches do not only provide information if mol-
ecules with a certain methylation pattern are present in 
the sample, like conventional MSP, but also report on how 
many of them there are. Discrimination between methyl-
ated and unmethylated alleles can be achieved at different 
levels of the primers and/or the hybridization probe ( Eads 
 et al. , 2000a ). Although in principle primers and probes 
could be designed for different combinations of methylated 
and unmethylated alleles, the most widely used approaches 
such as MethyLight use primers and probes that are spe-
cific for the same methylation patterns mostly completely 
methylated molecules. Heterogeneous methylation patterns 
that display large variations between consecutive CpGs 
complementary to primers or probe will therefore probably 
lead to failure of the assay or biased quantitative results.  

    14.3.6.2       MethyLight 

 MethyLight   can detect a single hypermethylated allele 
against a background of 10,000 unmethylated alleles ( Fig. 
14.7 ;  Lo  et al. , 1999 ;  Eads  et al. , 2000a ). Absolute quanti-
fication of the number of molecules corresponding to the 
investigated pattern of methylation is calculated by the 
ratio between the gene of interest and a reference gene, for 
example the   β -actin  ( ACTB ) gene. The percentage of fully 
methylated molecules ( Fig. 14.7 ; PMR, percentage of fully 
methylated reference) is calculated by dividing the gene-
to-reference ratio by the gene-to-completely methylated 
reference ratio (which is obtained by  Sss I treatment of the 
normally unmethylated reference) and multiplying by 100 
( Eads  et al. , 2000b ). In a recent evaluation, MethyLight dis-
played a high level of precision and reproducibility with an 
average variation of  � 0.8       PMR (0.8%), with slightly larger 
variations induced by different bisulfite treatments ( Ogino 
 et al. , 2006 ). The addition of an additional probe marked 
with a different fluorescent dye allows for the simultaneous 
detection of unconverted sequences that might co-amplify 
with the bisulfite-converted molecules avoiding potential 
false-positive results (ConLight ( Rand  et al. , 2002 )). 

 In   a recent variation, bisulfite-treated DNA was ampli-
fied independently of the methylation status in a first round 

of amplification ( Fackler  et al. , 2004 ). This reaction can be 
performed in multiplex amplifying several target regions in a 
single reaction. In a nested PCR approach, specifically meth-
ylated or unmethylated molecules are amplified in two sepa-
rate reactions using the above-described fluorescent real-time 
approach. This is in contrast to MethyLight where normally 
only the methylated molecules are interrogated ( Weisenberger 
 et al. , 2006 ). Quantification of the methylation percentage is 
performed by dividing the intensity of fluorescence corre-
sponding to the methylated primer set to the added intensities 
of both sets yielding comparable results to the reference gene 
approach. However, multiplex reactions might be difficult 
to set up on bisulfite-converted DNA with its low sequence 
diversity and the equal amplification of methylated and 
unmethylated molecules (absence of a PCR bias) is a pre-
requisite for accurate quantification. Furthermore, partially 
methylated molecules are not taken into account thereby 
potentially overestimating the methylation content.  

    14.3.6.3       Quantitative Analysis of Methylated 
Alleles (QAMA) 

 Quantitative   analysis of methylated alleles QAMA is a var-
iation of MethyLight which uses a TaqMan probe conju-
gated to a minor groove binder for discrimination at single 
base level by forming hyperstabilized duplexes with com-
plementary DNAs ( Zeschnigk  et al. , 2004 ). Methylated 
and unmethylated alleles are simultaneously quanti-
fied using two probes modified with a quencher, a minor 
groove binder, and one of the two fluorophores VIC or 
FAM. Thus, amplification of the bisulfite-treated DNA can 
be carried out with primers amplifying simultaneously for-
merly methylated and unmethylated alleles and differentia-
tion of the methylation status of alleles is achieved only at 
the probe level.  

    14.3.6.4       HeavyMethyl and Headloop PCR 

 HeavyMethyl   further increases sensitivity and specificity 
of real-time PCR-based assays for the analysis of DNA 
methylation using methylation-dependent blocking oli-
gonucleotides ( Fig. 14.7 ;  Cottrell  et al. , 2004 ). A similar 
approach had previously been successfully used to detect 
genetic mutations diluted in an excess of normal DNA 
( Sun  et al. , 2002 ). In contrast to MethyLight amplifica-
tion, primers are not specific for a certain methylation 
pattern, but positioned in sequence stretches containing 
no CpG positions. Only the fluorescent probe is specific 
usually to a consistently hypermethylated sequence. The 
increased specificity and sensitivity is achieved through 
a second pair of non-extendable (3 �  phosphorylated) oli-
gonucleotides that hybridize specifically to a methylation 
pattern opposite the investigated one, usually the unmethyl-
ated sequence. The annealing sites of these oligonucleotides 
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overlap with the target sequences for PCR amplification 
and thereby efficiently block any amplification of the bisul-
fite sequence corresponding to the undesired methylation 
pattern. HeavyMethyl was able to specifically detect 25       pg 
of  in vitro  methylated DNA in the background of 400       ng of 
unmethylated DNA (relative sensitivity up to 1:8,000). As 
for MethyLight, a PMR standard is used to identify sam-
ples with negligible amounts of methylation. The use of 
four to five different oligonucleotides contributes signifi-
cantly to the cost of the assay and design might be more 
complex compared to conventional MSP or MethyLight. 
However, HeavyMethyl shows the necessary sensitivity and 
specificity necessary for clinical applications and might 
be a useful alternative for situations where other real-time 
base methylation assays reach their limits. 

 An   alternative but similar approach uses amplifica-
tion primers specific for a target after bisulfite treatment 
that carry a 5 � -tail sequence complementary to a sequence 
that is present in the amplicon corresponding to a specific 
methylation pattern ( Fig. 14.7 ;  Rand  et al. , 2005 ). After 
incorporation of the primer in the synthesized PCR prod-
uct, the tail folds back onto the template creating a second-
ary structure refractory to amplification. For example, if the 
tail is complementary to an unmethylated sequence, only 
methylated molecules are amplified. The amplification is 
monitored in real time with  SYBR Green  or by TaqMan 
probes. Sensitivity of the approach is similar to the others 
described above detecting a methylated allele in the pres-
ence of a 4,000-fold excess of unmethylated ones. This 
approach is therefore well suited for the selective ampli-
fication of tumor-derived methylated molecules in body 
fluids.    

    14.4       CONCLUSIONS 

 DNA   methylation analysis will undoubtedly play a key 
role in the diagnosis, prognostic assessment, and treat-
ment of various diseases. In the past few years a multi-
tude of epigenetic markers has been discovered. However, 
with an estimation of about 10% of all genes epigeneti-
cally deregulated in a specific type of cancer, we only have 
scratched the tip of the iceberg. A large increase in the 
number of identified epigenetic changes will be seen over 
the next few years together with first genome-wide mam-
malian epigenome maps. Technology has been developed 
at a breathtaking speed with many companies now pro-
viding easy-to- implement assays and reproducible proto-
cols for bisulfite treatment. With the technology available, 
research is shifting from gene-centered study to genome-
wide analyses. 

 One   of the most important tasks now is to validate the 
already known biomarkers in larger cohorts as most studies 
so far have analyzed tens of samples instead of the  hundreds 

or thousands required to definitely confirm the utility of a 
biomarker. The discovery of viable markers will crucially 
depend on the access to correctly characterized and clas-
sified biological material. Another task is to translate the 
knowledge on epigenetic changes and their correlation 
with pathophysiological parameters into clinical practice. 
The sensitive and specific detection of tumor-specific DNA 
methylation patterns at distal sites makes DNA methylation 
a biomarker of choice for the clinical management of can-
cer patients and predictive epigenetic biomarkers will allow 
a personalized treatment of disease based on the individual 
methylation profile.  
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 Chapter 15 

    15.1       INTRODUCTION TO MELTING 
ANALYSIS 

 DNA   melting or denaturation occurs when double-
stranded DNA (dsDNA) separates into random coils of 
single-stranded DNA (ssDNA). The melting of DNA can 
be followed with dyes, which fluoresce in the presence of 
dsDNA. When a PCR product is melted in the presence of 
a dsDNA dye, the fluorescence is monitored continuously 
and plotted against the temperature. As the temperature 
increases, there is a characteristic drop in fluorescence at 
high temperature that follows the denaturation of the PCR 
product. The melting profile of a PCR product depends on 
its GC content, length, and sequence. Short PCR products 
usually melt in a single transition. The melting tempera-
ture is the temperature at which 50% of the DNA is double 
stranded and the remainder is single stranded. Longer PCR 
products often melt in multiple transitions, corresponding 
to melting domains of different stability. It has become 
common practice to melt PCR products after amplification 
to assess their identity and purity. 

 Traditional   genotyping by melting analysis relies on the 
use of labeled probes. Variants under the probe are detected, 
but not those outside of the probe region. Conventional 
variant scanning identifies variants anywhere within 
a PCR product, but requires separation of the mixture 
through a gel or other matrix. In contrast, high-resolution 
melting is a closed-tube, homogeneous technique that does 
not require labeled probes or sample processing after PCR. 
Both genotyping and scanning are performed with only a 
dsDNA dye and two primers. For fine discrimination of mul-
tiple variants within a particular region, an unlabeled probe 
or snapback primer tail can be included. High- resolution 
melting can rapidly establish sequence identity when spe-
cific genotyping is not required, as in HLA matching or 

the assessment of repeated DNA segments. Melting is 
non-destructive, allowing subsequent analysis of the PCR 
product when necessary. The simplicity and speed of high-
resolution melting analysis is attractive and is reflected by 
its increasing use in molecular diagnostics. The method 
is enabled by high-resolution melting instruments and 
dsDNA dyes that detect heteroduplexes. High-resolution 
melting analysis has been recently reviewed ( Reed  et al ., 
2007 ;  Erali  et al ., 2008b ). 

    15.1.1       History 

 Melting   curve analysis was introduced as an integral part of 
real-time PCR (see also Chapter 7)   with the LightCycler  ®   
in 1997 ( Wittwer  et al ., 1997b ). Instead of looking at prod-
uct fluorescence once every cycle, continuous monitoring 
during PCR was performed ( Wittwer  et al ., 1997a ). The 
dsDNA dye SYBR  ®   Green I allowed both template quan-
tification and melting curve analysis to distinguish between 
PCR products ( Ririe  et al ., 1997 ). In many cases the need 
for further analysis by electrophoresis was eliminated. 

 High  -resolution amplicon melting was first reported 
using a 5 � -labeled primer to provide the fluorescence signal. 
Both heterozygous and homozygous single base variants 
were identified ( Gundry  et al ., 2003 ). However, a fluores-
cently labeled primer was needed and only variants residing 
in the melting domain of the labeled primer were detected. 
The introduction of dsDNA dyes that efficiently detect 
heteroduplexes eliminated the need for labeled primers 
( Wittwer  et al ., 2003 ). For the first time, heterozygous vari-
ants anywhere between the primers could be easily identi-
fied without any processing or separation steps after PCR. 

 The   first report of genotyping by fluorescent melting 
curve analysis used hybridization probes and fluorescence 
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resonance energy transfer ( Lay and Wittwer, 1997 ). A frag-
ment of  F5  containing the variant g.1691A      �      G (Leiden) 
was amplified by asymmetric PCR. The reaction included 
a Cy5-labeled primer and a 3 � -fluorescein-labeled probe 
covering the variant site. When the fluorescein probe was 
hybridized to the extension product of the Cy5 primer, 
energy transfer enhanced the Cy5 fluorescence. Melting 
of the duplexes provides the genotype because the dif-
ferent alleles resulted in different probe melting tem-
peratures. Combined with rapid cycle PCR, genotyping 
required only 30 minutes. Subsequently, genotyping with 
two adjacent hybridization probes (HybProbes  ®  ), each 
labeled with a donor or acceptor fluorophore, was first 
demonstrated using  HFE  variants ( Bernard  et al ., 1998 ). 
The method was later simplified by using one fluorescein-
labeled probe (SimpleProbe  ®  ) instead of two probes 
( Crockett and Wittwer, 2001 ). 

 Genotyping   by melting without labeled probes was 
first achieved using SYBR  ®   Green I and allele-specific 
PCR using three primers, one with a GC tail to discrimi-
nate alleles ( Germer and Higuchi, 1999 ). Later on, the 
need for allele-specific PCR and GC tailing was elimi-
nated by small amplicon melting, a method enabled by 
high-resolution melting. Only two standard primers and 
a dsDNA dye that detects heteroduplexes were required 
( Liew  et al ., 2004 ). For probe-based genotyping, the same 
dsDNA dye can detect the melting of unlabeled probes 
( Zhou  et al ., 2004a ). Unlabeled probe genotyping uses 
three standard oligonucleotides (the probe is blocked at 
the 3 � -end to prevent extension) and can easily identify 
homozygous variants that may be difficult to genotype by 
amplicon melting alone. 

 Alternatively  , snapback primer genotyping uses only 
two primers, one with a 5 � -tail that serves as the probe 
element, forming an intramolecular hairpin ( Zhou  et al ., 
2008 ). Asymmetric PCR is usually required for sufficient 
single-stranded product to hybridize to unlabeled probes or 
snapback primers. Two melting regions are observed, one 
for the probed region and another for the amplicon, allow-
ing simultaneous genotyping and variant scanning in the 
same assay ( Zhou  et al ., 2005 ).  

    15.1.2       Components of the Technology 

 High  -resolution melting of DNA for genotyping, scanning, 
and sequence matching was made possible by three devel-
opments. First, dsDNA dyes that detect heteroduplexes 
were identified from existing commercial dyes or by new 
design and synthesis. Second, dedicated high-resolution 
melting instruments became available and existing real-
time PCR instruments were modified to increase their melt-
ing resolution. Finally, software for data normalization, 
curve shape comparison, and genotype clustering were 
developed. Used in concert, these tools increase melting 

curve quality and allow the detection of small sequence dif-
ferences in PCR products. 

    15.1.2.1       dsDNA Dyes for Melting Analysis 

 dsDNA   binding dyes monitor the melting of entire PCR 
products. Traditionally, the dye SYBR  ®   Green I was used. 
SYBR  ®   Green I is a sensitive and convenient dye for quan-
titative PCR and product melting analysis ( Wittwer  et al ., 
1997b ). Early reports of closed-tube SYBR  ®   Green I gen-
otyping ( Marziliano  et al ., 2000 ;  Pirulli  et al ., 2000 ) were 
later questioned (von  Ahsen  et al ., 2001 ). This was followed 
by a study demonstrating single base genotyping in prod-
ucts up to 167       bp ( Lipsky  et al ., 2001 ). However, the proto-
col required purifying the samples after PCR, followed by 
the addition of high concentrations of dye. Unfortunately, 
SYBR  ®   Green I inhibits PCR at these high saturating con-
centrations ( Wittwer  et al ., 1997a ). At dye concentrations 
that are compatible with PCR, lower melting products 
were difficult to observe because of dye redistribution dur-
ing melting and/or G/C base-pair specificity ( Giglio  et al ., 
2003 ;  Gundry  et al ., 2003 ;  Wittwer  et al ., 2003 ). In the case 
of heterozygote amplification, strand re-association from 
heteroduplexes to homoduplexes may also occur during 
melting, thereby masking the heteroduplexes. Most dsDNA 
dyes, including SYBR  ®   Green I, ethidium bromide, SYBR  ®   
Gold, Pico Green, TOTO  ®  -1 and YOYO  ®  -1, do not detect 
heteroduplexes well ( Wittwer  et al ., 2003 ). Nevertheless, 
SYBR  ®   Green I has been used to detect heterozygotes in 
a closed tube system ( Dufresne  et al ., 2006 ). Furthermore, 
SYBR  ®   Green I genotyping may be successful when the 
melting differences between genotypes is large, as after gap 
PCR ( Pornprasert  et al ., 2008 ), repeat typing ( Price  et al ., 
2007 ), or methylation analysis ( Worm  et al ., 2001 ). 

 Different   dsDNA dyes detect heteroduplexes to a 
greater or lesser extent. In a systematic study aimed at 
developing the best dye for heterozygote detection, over 
30 existing commercial dyes were compared to over 50 
newly synthesized dyes ( Wittwer  et al ., 2008 ). The best 
dyes were identified and trademarked  ‘  ‘ LCGreen  ®   ’  ’  (Idaho 
Technology) in honor of the LightCycler ®  system.  Figure 
15.1    compares LCGreen  ®  �   with SYBR  ®   Green I and to 
two other commercial dyes that have been used to detect 
heterozygotes. The apparent heteroduplex percentages 
observed were 23.5% for LCGreen  ®  �  , 17.6% for SYTO  ®   9 
(Invitrogen), and 15.2% for EvaGreen  ®   (Biotium). The per-
centage of observed heteroduplexes directly correlates with 
the ease of heterozygote detection and scanning sensitivity. 
Unlike SYBR  ®   Green I, the other dyes do not inhibit PCR 
at saturating concentrations and are referred to as  ‘  ‘ saturat-
ing ’  ’  dsDNA dyes. 

 LCGreen    ®   dyes are asymmetric cyanines ( Dujols  et al ., 
2006 ) specifically developed for heteroduplex detection. 
SYTO  ®   9 is marketed as a nucleic acid stain for both gram-
positive and gram-negative bacteria. EvaGreen  ®   was developed 
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for DNA quantification and has been used in capillary gel 
electrophoresis ( Sang and Ren, 2006 ) and quantitative PCR 
( Mao  et al ., 2007 ). dsDNA dyes generally increase DNA 
melting temperatures and may require adjustment of cycling 
parameters. If the melting temperature of the amplicon is 
already high, an agent such as DMSO, glycerol, or betaine 
may be required to prevent apparent  ‘  ‘ inhibition ’  ’ . These 
dyes are stable to PCR conditions and can monitor PCR in 
real-time using the SYBR  ®   Green I/fluorescein channel of 
real-time PCR instruments. Potential advantages of SYTO  ®   
9 ( Paul  et al ., 2005 ) and EvaGreen  ®   ( Mao  et al ., 2007 ) over 
SYBR  ®   Green I for real-time PCR and standard melting 
analysis have been detailed. For example, SYTO  ®   9 detects 
multiple PCR products and melting domains better than 
SYBR  ®   Green I and can effectively identify different strains 
of  Naegleria  ( Robinson  et al ., 2006 ) and  Mycoplasma  
( Jeffery  et al ., 2007 ). Furthermore, both SYTO  ®   9 and 
EvaGreen  ®   have been used in methylation analysis where 
heteroduplex detection is not required or even desired 
( Wojdacz and Dobrovic, 2007 ;  Snell  et al ., 2008 ;  Kristensen 
 et al ., 2008 ;  Wojdacz  et al ., 2008 ;  White  et al ., 2007 ). The 
LCGreen  ®   dyes were the first commercial dyes for heterodu-
plex detection and remain the best dyes for genotyping and 
scanning applications where heteroduplex detection is critical 

( Fig. 15.1 ). Nevertheless, SYTO  ®   9 has been used for heter-
oduplex scanning (       Krypuy  et al ., 2006, 2007 ;  Takano  et al ., 
2008 ;  Do  et al ., 2008 ) and single base genotyping of diploid 
DNA ( Kristensen and Dobrovic, 2008 ).  

    15.1.2.2       Instrumentation 

 High  -resolution melting requires discriminating small 
melting curve differences. As PCR products become larger, 
these differences become smaller ( Gundry  et al ., 2003 ; 
 Reed and Wittwer, 2004 ) and instrument precision becomes 
more critical. Standard real-time instruments are not 
designed for high-resolution melting.  Figure 15.2    compares 
different high-resolution melting and real-time PCR plat-
forms using identical analysis software (         Herrmann  et al ., 
2006, 2007a, b ). By measuring multiple identical samples, 
the instrument contributions to variation were determined. 
The most important technical metric is variation in curve 
shape, used in variant scanning and heterozygote identifi-
cation. This is the variation remaining after the curves are 
overlaid so that curve shapes can be compared. The instru-
ments in  Fig. 15.2  are arranged in order of scanning sensi-
tivity (lower standard deviations are better). As expected, 
instruments designed for high-resolution melting are better 
scanning platforms than other instruments. Another techni-
cal metric is variation in absolute temperature, important 
for distinguishing different homozygotes. Air-controlled 
and single sample systems perform better than plate-based 
systems by this metric. 

 In   addition to technical performance of melting instru-
ments, there are many other factors to consider. For exam-
ple, although the HR-1 ™  (Idaho Technology) has the 
best technical specifications and the fastest ramping rate 
(0.3 ° C/s) for the shortest turnaround time (1 – 2       min), it is 
not acceptable for high-throughput users. Sample track-
ing errors have occurred when many samples are manu-
ally processed on the HR-1 ™  ( Vandersteen  et al ., 2007 ). 
The LightScanner  ®   (Idaho Technology) has excellent 
scanning sensitivity and the highest throughput because 
multiple thermocyclers can feed into one 96- or 384-well 
LightScanner  ®   with an analysis cycle of only 5 – 10       min. 
However, genotyping accuracy is limited unless internal 
temperature controls are included ( Gundry  et al ., 2008 ). 
Furthermore, the HR-1 ™  and the LightScanner  ®   do not 
perform PCR. The LightCycler  ®   480 (Roche) is a 96/384 
microtiter plate system with integrated real-time PCR and 
excellent scanning sensitivity. However, genotyping accu-
racy is limited and the melting cycle is slower. The real-
time Rotor-Gene  ®   6000 HRM series (Corbett Life Science) 
has excellent genotyping accuracy. However, the scanning 
sensitivity is less, and the melting cycle is also slow. The 
 ‘  ‘ best ’  ’  instrument depends on the primary application and 
the relative needs for throughput, turnaround time, sample 
format, economy, and PCR integration. Competition should 
improve melting hardware in the future as genotyping 

 FIGURE 15.1          Heterozygote detection with different dyes. The abil-
ity to detect heterozygotes was compared among three saturating dyes 
(LCGreen  ®  �  , SYTO  ®   9, EvaGreen  ®  ), and the non-saturating dye, SYBR  ®   
Green I. A short amplicon surrounding the p.F508del site of  CFTR  was 
amplified, using heterozygous p.F508del DNA as template ( Wittwer  et 
al ., 2003 ). High-resolution melting analysis (HR-1 ™ , Idaho Technology) 
was performed, and the data plotted as a negative derivative after nor-
malization and curve overlay. In each case, optimal dye concentrations 
were used that minimized PCR inhibition and maximized heteroduplex 
detection. Although heteroduplexes are not observed with SYBR  ®   Green 
I, increasing heteroduplex signals are observed for EvaGreen  ®  , SYTO  ®   9, 
and LCGreen  ®  �  .    
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accuracy and scanning sensitivity depend solely on instru-
ment precision to resolve small differences between melt-
ing curves.  

    15.1.2.3       Data Analysis 

 Melting   data is usually processed before final presenta-
tion. However, viewing the original data is important for 
quality control and to establish the data density (points per 
 ° C). The actual data points (not smoothed curves) should 
be displayed after analog to digital conversion but before 
software manipulation. The absolute sample fluorescence 
depends on the sample volume, instrument optics, and 
PCR amplification. Samples that amplify poorly (includ-
ing any negative controls) will have low fluorescence and 
should not be analyzed further. If the melting transition is 
unexpectedly meager or multiple transitions are observed 
when only one is expected, unintended ( ‘  ‘ non-specific ’  ’ ) 
PCR products are likely. It is best first to optimize the PCR 
by annealing temperature gradients and gels before melting 

analysis is attempted. Approximate melting temperatures 
and profiles can be predicted ( Rasmussen  et al ., 2007 ) and 
if the experimental curves are very different from these pre-
dictions, the PCR is again suspect. Different samples will 
usually vary in absolute fluorescence as a result of optical 
and/or volume differences ( Fig. 15.3a   ). Given a pure PCR 
product, a few simple steps can turn data that appear highly 
variable ( Fig. 15.3a ) into discrete clusters that correlate 
with genotype ( Fig. 15.3c – e ). 

    15.1.2.3.1       Background Removal and Normalization 

 High  -resolution melting curves are easier to compare after 
the fluorescence background is removed and they are nor-
malized. Even though the sharpest drop in fluorescence 
occurs as the amplicon melts, fluorescence also decreases 
with increasing temperature outside of the melting transi-
tion. This decrease is nearly linear on each side of a PCR 
product ( Gundry  et al ., 2003 ), but is better approximated by 
an exponential when both low (probe) and high (amplicon) 
temperature transitions are present ( Erali  et al ., 2008a ). 

 FIGURE 15.2          Instrument variation for scanning and genotyping. Fifteen different instruments from seven different vendors are ordered according 
to scanning variation (black bars), with genotyping variation (gray bars) also indicated. Scanning variation (curve shape) is nearly always less than 
genotyping variation (absolute temperature). Some instruments (e.g. LightCycler  ®   1.5, LightCycler  ®   2.0, 7300 SDS) could not be evaluated for scan-
ning variation because of low data density. Data plotted here were taken from Herrmann and coworkers (2007b). Instruments and vendors are HR-1 ™  
(Idaho Technology), LS96 (LightScanner  ®   96-well version, Idaho Technology), LC480 96 (96-well block on the LightCycler  ®   480, Roche Applied 
Science), LC480 384 (384-well block on the LightCycler  ®   480, Roche Applied Science), LS384 (LightScanner  ®   384-well version, Idaho Technology), 
RG 6500HRM (Rotor-Gene  ®   6500 high-resolution melting version, Corbett Life Science), RealPlex4S (Mastercycler  ®   Realplex4S, Eppendorf), RG3000 
(Rotor-Gene  ®   3000, Corbett Life Science), Smartcycler  ®   (Cepheid), iCycler  ®   (BioRad), 7000, 7300, and 7900HT SDS (ABI), LightCycler  ®   (LC) ver-
sions 1.5 and 2.0 (Roche Applied Science).    
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If the background is properly removed, the fluorescence 
both before and after duplex melting will be horizontal. 
Normalization plots all curves between 100% (completely 
hybridized) and 0% (completely single stranded). Although 
differences in fluorescence magnitude are lost with nor-
malization, the melting transitions are easier to compare. 
Melting curves after background removal and normaliza-
tion are shown in  Fig. 15.3b .  

    15.1.2.3.2       Curve Overlay 

 Overlay   of melting curves provides the best sensitivity for 
heterozygote detection. This is true, irrespectively of the 
instrument because all instruments show some temperature 
variation between samples and all samples are not identical 
because of pipetting and evaporation variation. These differ-
ences can be decreased by overlaying all curves so that they 
are superimposed over the high-temperature region (usually 
between 2 and 5% normalized fluorescence). This curve 
overlay allows for easy identification of heteroduplexes by 
their melting curve shapes. However, temperature differences 
between samples are scrambled, so that variant homozygotes 
may be more difficult to identify after curve overlay. In gen-
eral, when it is important to identify homozygous variants, 
data should be examined both with and without curve over-
lay. Overlaid melting curves after background subtraction 
and normalization are shown in  Fig. 15.3c .  

    15.1.2.3.3       Derivative Plots 

 Negative   first derivative plots are used extensively in 
labeled probe genotyping ( Lay and Wittwer, 1997 ;  Bernard 
 et al ., 1998 ) and low resolution amplicon analysis ( Ririe 
 et al ., 1997 ). The negative first derivative is usually deter-
mined by Solvitsky-Golay polynomial estimation ( Wittwer 
and Kusukawa, 2004 ). When melting curves are converted 
to derivative plots, curve peaks approximate melting tem-
peratures. Unlabeled probe ( Zhou  et al ., 2004a ) and snap-
back primer genotyping ( Zhou  et al ., 2008 ) typically use 
derivative plots for analysis. Although derivative plots can 
be used for high-resolution amplicon melting ( Fig. 15.3d ), 
high-resolution data are best presented without the smooth-
ing process inherent in taking a derivative.  

    15.1.2.3.4       Difference Plots 

 High  -resolution scanning data are best presented on differ-
ence plots ( Fig. 15.3e ). Different genotypes are easiest to 
identify on these magnified graphs ( Wittwer  et al ., 2003 ). 
They are created by plotting the difference between a ref-
erence curve and all other melting curves. The reference 
curve is usually the average of all wild-type curves so that 
this group clusters around the horizontal axis. Different 
genotypes trace different paths for easy visual discrimina-
tion. Automatic clustering of genotypes can be performed, 
for example, by unbiased hierarchal clustering ( Zhou  et al ., 
2005 ;  Vandersteen  et al ., 2007 ).     

 FIGURE 15.3          High-resolution melting curve analysis. PCR amplicon 
melting curves reveal duplex melting as a sharp drop in fluorescence with 
increasing temperature. The data displayed in all panels include four melt-
ing curve clusters of  CFTR , exon 10 ( Montgomery  et al . 2007a ).  A.  The 
original data, showing variation in fluorescence among samples at low 
temperature due to optical or sample differences, does not separate into 
4 clusters.  B.  Normalized data, correcting for the temperature effect on 
fluorescence, still does not completely separate the four clusters.  C.  Curve 
overlay of normalized data compares the shape of the melting curves. 
Although the differences between clusters are small, they are now dis-
cernible.  D.  The negative derivative of overlaid data further visualizes the 
differences between clusters.  E.  The preferred data display for high-reso-
lution amplicon melting analysis is shown here as a difference plot, where 
all clusters are easy to discern.    
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    15.2       GENOTYPING BY HIGH-
RESOLUTION MELTING 

 High  -resolution melting is a simple, yet powerful, closed-
tube, homogeneous technique for genotyping. Melting 
methods that use saturating dsDNA dyes include amplicon 
melting, unlabeled probe, and snapback primer genotyping. 

    15.2.1       Amplicon Melting 

 Amplicon   melting is commonly used in three ways: 
(1) specific genotyping by small amplicon melting, (2) 
sequence matching when identity is more important than 
specific genotyping, e.g. in HLA matching and identity 
assessment using repeats, and (3) methylation analysis. 

    15.2.1.1       Small Amplicon Meltin g  

 Direct   amplicon melting was the first genotyping method 
introduced with dsDNA saturation dyes ( Wittwer  et al ., 
2003 ). Although long PCR products ( � 500       bp) can be gen-
otyped by high-resolution amplicon melting, melting curve 
differences between genotypes are easier to distinguish 
in small amplicons ( Liew  et al ., 2004 ). Very rapid PCR is 
possible with small amplicons by reducing the denaturation 
temperature and eliminating all temperature holds. PCR and 
genotyping requires only 10 – 20 minutes on real-time instru-
ments like the carousel LightCycler  ®   (Roche) or inexpensive 
platforms, such as the RapidCycler  ®   2 (Idaho Technology) 
matched with the HR-1 ™ . No probes are required as the dye 
labels the entire PCR product. Genotyping of a single base 
variant is illustrated in  Fig. 15.4   , showing normalized and 
background subtracted melting curves. Heterozygotes are 
easily identified by a change in curve shape. Homozygotes 
are typically identified by a shift in melting temperature, so 
curve overlay is not performed. 

 Biallelic   single base variants in diploid DNA (C/T, G/A, 
C/A, G/T, C/G, and T/A) can be grouped into four classes 
based on the homoduplexes and heteroduplexes formed 
after PCR ( Liew  et al ., 2004 ). In all cases, heterozygotes 
are easy to identify by curve shape. Homozygotes in either 
Class 1 or Class 2 are easy to distinguish by melting tem-
perature because one homozygote contains an A:T and 
the other a G:C pair. In short amplicons, the differences in 
melting temperature are between 0.8 and 1.4 ° C for these 
two classes and make up more than 84% of human single 
base variants. Homozygotes in either Class 3 or Class 4 
are more difficult to distinguish because the base pair (A:
T or G:C) stays the same (e.g. A      �      T, C      �      G, etc.) with the 
bases merely switching strands. Differences in melting tem-
perature do occur, however, because of nearest-neighbor 
interactions with adjacent bases, but the differences are 
generally  	 0.40 ° C. Class 3 and 4 variants make up approx-
imately 16% of human single base variants. Within these 

two classes, nearest-neighbor symmetry occurs in one case 
out of four ( Liew  et al ., 2004 ;  Palais  et al ., 2005 ), predict-
ing identical homozygous melting temperatures in 4% of 
human single base variants. Homozygous small insertions/
deletions may also be difficult or impossible to distinguish 
by melting temperature alone, for example p.F508del in 
cystic fibrosis ( Montgomery  et al ., 2007a ). Similarly, in 
haploid organisms (most microbes) and for hemizygous 
genes, heterozygotes do not occur and different sequences 
(strains, genotypes) may have very similar or identical 
melting temperatures. As melting temperature differences 
become smaller, instrument precision and solution consist-
ency become more critical for sequence resolution. 

 There   are several ways to better discriminate genotypes 
with very similar melting temperatures. Different alleles can 
be linked by allele-specific amplification to primer tails that 
modify amplicon melting temperature. The tails can be GC 
or AT rich or may incorporate locked nucleic acids ( Germer 
and Higuchi, 1999 ;  Erali  et al ., 2006 ;  Seipp  et al ., 2008 ). 
Internal temperature standards, which increase absolute 
temperature precision, are particularly useful on plate-based 
systems ( Liew  et al ., 2007 ;  Seipp  et al ., 2007 ;  Nellaker 
 et al ., 2007 ). For example, most nearest-neighbor symmet-
ric single base variants (predicted to have identical melting 
temperatures) can be distinguished by including internal 
temperature standards that control for both instrument and 
solution variance ( Gundry  et al ., 2008 ). Finally, unknown 
samples may be mixed with a known genotype. Typically, 
the known genotype is wild type. If the unknown is wild 
type, the melting curve of the mixture will be the same. If 
the unknown is a homozygous variant, the mixture will be 

 FIGURE 15.4          Genotyping by small amplicon melting ( Liew  et al ., 
2004 ). Typical normalized melting curves representing all genotypes of 
an A      �      G variant are shown (456p). The homozygotes are differentiated 
by absolute temperature and the heterozygote is discerned by the change 
in curve shape. Note that no curve overlay is performed for small amplicon 
genotyping.    
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heterozygous and heteroduplexes will alter the curve shape. 
Mixing can be performed either before or after PCR. If mix-
ing is done after PCR, only the homozygous samples need 
to be mixed, but the benefits of a closed-tube system are 
lost. If mixing is done before PCR, quantitative heterodu-
plex analysis can be performed with optimal mixing ratios 
to easily distinguish all three genotypes ( Palais  et al ., 2005 ).  

    15.2.1.2       Sequence Matching 

 In   some cases, complete genotyping is not as important as 
knowing whether the same sequences are present. Interesting 
examples are HLA analysis for transplantation compatibility, 
repeat typing for identity matching, and genetic mapping. 

    15.2.1.2.1       HLA Matching 

 Conventional   HLA testing requires specific typing of four 
to six highly polymorphic loci, a rather tedious task. In 
contrast, high-resolution melting can easily establish HLA 
sequence identity and transplant compatibility, at least for 
living related transplants. For example, high-resolution 
melting was applied to the highly polymorphic HLA-A 
locus ( Zhou  et al ., 2004b ). All seven cases of shared alle-
les among two individuals were assessed and a 17-member 
family tested. Results from melting curve analysis were 
concordant with sequencing. HLA identity was suggested 
when two individuals had the same melting curve. Identity 
was confirmed by comparing the melting curve of a 1:1 
mixture. This technique is being extended to other HLA loci 
for more complete HLA matching. Analysis of unrelated 
donor/recipient pairs for allogeneic hematopoietic stem-cell 
transplantation is a more difficult but intriguing possibility.  

    15.2.1.2.2       Repeated Sequences 

 Repeat   sequence polymorphisms are usually typed by size 
separation on gels. A few studies have used high-resolution 
melting analysis to differentiate these polymorphisms with 
some success. Internal duplications in the human  FLT3  
gene between 6 and 102       bp were easily detected with 100% 
concordance to sequencing ( Vaughn and Elenitoba-Johnson, 
2004 ). Differentiation of clustered short sequence repeats 
of  Campylobacter jejuni  ( Price  et al ., 2007 ), the complex 
repeat structure of  SpA  in  Staphylococcus aureus  ( Stephens 
 et al ., 2008 ), and multilocus short repeats in  Bacillus anthra-
cis  ( Fortini  et al ., 2007 ) have been reported. High-resolution 
melting of dinucleotide repeats has also been used to iden-
tify varieties of grapes and olives ( Mackay  et al ., 2008 ).  

    15.2.1.2.3       Genetic Mapping 

 Single   base variants can be used in genetic mapping when 
the sequence and position of the variant is known. However, 
high-resolution melting can provide fine mapping in the 
absence of specific genotyping. Starting with expressed 
sequence tags of unknown variation, different melting curves 

were directly correlated to phenotype without knowledge of 
the sequence change ( Lehmensiek  et al ., 2008 ). Such map-
ping can be performed without probes in a closed system.   

    15.2.1.3       Methylation Analysis 

 The   methylation of cytosine in DNA is important in the reg-
ulation of gene activity and expression ( Jones and Baylin, 
2002 ). Methylation of cytosine (C) to 5-methylcytosine 
(m 5 C) typically occurs within CpG islands near the promoters 
of protein encoding genes ( Brinson  et al ., 1997 ;  Kristensen 
 et al ., 2008 ). Methylation information is usually lost during 
PCR, so either methylation-specific restriction endonuclease 
or bisulfite treatment is used before amplification. Bisulfite 
treatment converts Cs to Us, while m 5 Cs are not affected, 
allowing methylation-specific PCR. Alternatively, bisulfite 
sequencing reveals the position of all m 5 C bases. 

 Bisulfite   treatment and PCR convert unmethylated C:G 
pairs to A:T pairs so that the amplicon melting temperature 
is directly related to the degree of methylation. In contrast 
to methods that require heteroduplex detection, saturation 
dyes are not required; methylation analysis by melting 
was introduced with SYBR  ®   Green I ( Worm  et al ., 2001 ). 
High-resolution melting appears to increase the sensitivity 
and precision of analysis ( Wojdacz and Dobrovic, 2007 ; 
 Dahl and Guldberg, 2007 ). Variations include melting anal-
ysis after real-time methylation-specific PCR ( Kristensen 
 et al ., 2008 ) and digital methylation-sensitive high-resolu-
tion melting ( Snell  et al ., 2008 ). 

 Methylation   analysis by high-resolution melting has 
been used to diagnose imprinting disorders, including 
the Angelman and Prader-Willi syndromes ( White  et al ., 
2007 ) and the Beckwith Wiedemann and Russell Silver 
syndromes ( Wojdacz  et al ., 2008 ). Additional studies on 
promoter methylation include  BRCA1  ( Snell  et al ., 2008 ), 
 CDH1, DAPK1, CDKN2A,  and  RARB  ( Kristensen  et al ., 
2008 ), and  RASEF  ( Maat  et al ., 2008 ).  MGMT  and  BNIP3  
methylation down to 0.1 – 1% could be detected in colorec-
tal cancer samples ( Wojdacz and Dobrovic, 2007 ).   

    15.2.2       Unlabeled Probe Genotyping 

 Many   sequence variants can be distinguished by amplicon 
melting alone. However, when greater detail is needed or 
definitive genotyping is required, unlabeled probes can be 
used ( Zhou  et al ., 2004a ). The same saturating dye used for 
amplicon melting can be used for unlabeled probe genotyp-
ing. Although high-resolution melting is not an absolute 
requirement for unlabeled probe genotyping, more geno-
types can be distinguished on high-resolution instruments. 
Asymmetric PCR is performed for 40 – 50 cycles to produce 
excess strand complementary to the probe. A 1:5 to 1:10 
primer ratio usually produces enough double-stranded prod-
uct for amplicon melting as well as enough single-stranded 
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product for probe melting ( Dujols  et al ., 2006 ). The 3 � -end 
of the unlabeled probe is blocked in order to prevent exten-
sion during amplification. This is typically accomplished 
by 3 � -phosphorylation. However,  Dames and coworkers 
(2007a)  reported that incomplete 3 � -phosphorylation may 
result in probe extension and aberrant melting profiles. 
Probe blocking can be improved with amino-modified C6, 
inverted dT, or a C3 spacer. Unlabeled probe genotyping 
has recently been reviewed ( Erali  et al ., 2008a ). 

 Unlabeled   probes between 20 and 35 bases with melting 
temperatures of 55 – 70 ° C are generally recommended ( Zhou 
 et al ., 2004a ). If the polymerase lacks 5 �  to 3 �  exonuclease 
activity, the probe should melt from all alleles before the 
PCR extension temperature to prevent possible allele bias 
and/or PCR inhibition. Higher probe melting temperatures 
can be used with exonuclease positive polymerases, although 
it is convenient to keep their melting temperatures below 
those of primer dimers or other alternative amplification 
products. Estimated probe melting temperatures are typically 
1 – 4 ° C lower than observed melting temperatures due to dye 
stabilization of the hybrid ( Zhou  et al ., 2005 ). 

 After   exponential background subtraction ( Erali  et al ., 
2008a ), unlabeled probe melting data is usually shown 
on derivative plots in order to easily visualize the melting 
transitions. Typical single base genotyping with an unla-
beled probe is shown in  Fig. 15.5   . Two melting regions 
are apparent. At lower temperatures, probe melting occurs 
for specific genotyping. At higher temperatures, amplicon 
melting occurs. With high-resolution analysis, amplicon 
melting can be used to scan for variants anywhere between 
the primers. Genotyping and scanning can even be per-
formed simultaneously from the same melting curve ( Zhou 
 et al ., 2005 ;  Montgomery  et al ., 2007b ). 

 Probes   can be designed to match either the wild-type or 
variant sequence. For example, common variants revealed 
by scanning can be definitively identified by matching the 
probe to the variant ( Vandersteen  et al ., 2007 ). Probes can 
also be designed to mask benign sequence variations near 
targeted disease-causing variants by incorporating dele-
tions, unmatched nucleotides or universal bases (       Margraf 
 et al ., 2006b, 2007 ). Multiple alleles can be genotyped 
using unlabeled probes. For example,  Zhou and cowork-
ers (2005)  demonstrated that five variants within exon 10 
of the  CFTR  gene could be genotyped with two unlabeled 
probes in the same reaction. One of the unlabeled probes 
genotyped two single base variants and two deletions.  

    15.2.3       Snapback Primer Genotyping 

 Snapback   primers are unlabeled probes attached to the 
5 � -end of a primer. After PCR, the result is a self-probing 
amplicon where one PCR strand forms a hairpin ( Zhou 
 et al ., 2008 ). The stability of the hairpin duplex can be 
monitored by melting and is sensitive to sequence. Unlike 
Scorpion  ®   primers, no covalent modifications are necessary. 

Asymmetric PCR is usually performed in order to create 
both intramolecular snapback hairpins as well as intermo-
lecular duplexes of full-length amplicons. The melting of 
both the amplicon and snapback duplexes allows for inves-
tigation of sequence variations within the amplicon as well 
as variants within the snapback hairpin stem. Similar to 
unlabeled probe analysis, the melting transitions of both 
the snapback and full-length amplicon duplexes are usually 
plotted on derivative plots ( Fig. 15.6   ). 

 Advantages   of snapback primers over unlabeled probes 
include (1) only two oligonucleotides are needed instead of 
three, (2) no 3 � -blocking is necessary, and (3) short probe 
lengths (similar to locked nucleic acids or minor groove 
binders) can be used because of intramolecular stabiliza-
tion. The hairpin melting temperature is linearly related 
to the stem length (6 – 28       bps) and inversely related to the 
log of the loop size (17 – 150 bases). A 2       bp mismatch at the 
5 � -end of the snapback primer is usually included to limit 
3 � -extension of the minor snapback product.  

    15.2.4       Applications in Molecular Diagnostics 

 Genotyping   by high-resolution amplicon melting was 
first reported for common disease variants of  HBB ,  F2 , 
 F5 ,  MTHFR ,  HFE , and  CFTR  ( Gundry  et al ., 2003 ;  
Wittwer  et al ., 2003 ;  Liew  et al ., 2004 ). Subsequent studies 

 FIGURE 15.5          Genotyping with unlabeled probes ( Zhou  et al . 2004a ). 
A 3 � -blocked unlabeled probe covers the variable region, in this case an 
A      �      T variant. After asymmetric PCR, 2 melting regions are apparent. At 
low temperature, the probe melts from single-stranded amplicon, defini-
tively determining genotype. At high temperature the double-stranded 
amplicon melts, easily identifying the heterozygote but not separating the 
homozygotes. The small peaks around 76 – 78 ° C are extension products 
of the probes, sometimes seen with incomplete blockage of the probe’s 
3 � -end. The data are displayed as a derivative plot after exponential back-
ground removal and normalization.    
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included  CYP2C9  ( Hill  et al ., 2006 ),  LCT  ( Liew  et al ., 
2007 ),  LRRK2  ( Tedde  et al ., 2007 ),  FGFR3  ( Hung  et al ., 
2008 ),  MTR  and  DNMT3b  ( Kristensen and Dobrovic, 
2008 ) and  IL10  ( Tedde  et al ., 2008 ). Amplicon genotyp-
ing can be multiplexed if different targets are separated in 
melting temperature. Examples include duplex assays for 
human platelet antigen ( Liew  et al ., 2006 ) and  MTHFR  
variants ( Seipp  et al ., 2007 ), and triplex assays for  PAH  
( Dobrowolski  et al ., 2007a ) and  OTC  polymorphisms 
( Dobrowolski  et al ., 2007b ). Furthermore, four coagulation 
variants ( F2 ,  F5 , and 2  MTHFR ) have been genotyped in 
one quadruplex reaction ( Seipp  et al ., 2008 ). Clinical appli-
cations of high-resolution amplicon melting in microbiol-
ogy include mycobacteria speciation using  hsp65  ( Odell 
 et al ., 2005 ), bacterial speciation using the 16S rRNA gene 
( Cheng  et al ., 2006 ),  Mycoplasma synoviae  strain typing 
( Jeffery  et al ., 2007 ), identifying  gyrA  variants that cause 
quinolone resistance in  Salmonella  ( Slinger  et al ., 2007 ), 
subtyping influenza A ( Lin  et al ., 2008a ), and varicella 
zoster strain typing ( Toi and Dwyer, 2008 ). 

 Unlabeled   probes have been used to genotype  F5  and 
 CFTR  (       Zhou  et al ., 2004a, 2005 ),  LCT  and human platelet 
antigens ( Liew  et al ., 2007 ), and common polymorphisms 
of hereditary hemorrhagic telangiectasia ( Vandersteen 
 et al ., 2007 ). Mutations were identified in the  RET  proto-
oncogene with unlabeled probes that mask common poly-
morphisms ( Margraf  et al ., 2007 ). Unlabeled probes have 
also been used to detect and differentiate HSV-1 and HSV-
2 ( Dames  et al ., 2007b ). 

 Snapback   primers have been used to genotype  F5  
g.1691G      �      A and exon 10  CFTR  variants ( Zhou  et al ., 

2008 ). In the latter, seven different genotypes at two different 
loci were typed using two snapback primers and symmetric 
PCR. However, a ten-fold dilution after PCR was required in 
order to favor intramolecular snapback formation, resulting 
in an open-tube assay. 

    15.2.4.1       Factor V Leiden Genotyping 

 Factor   V Leiden is a single base variant in the  F5  gene 
(g.1691G      �      A) that increases the risk of deep venous 
thrombosis and pulmonary embolism. Genotyping by 
melting is typically performed with labeled hybridization 
probes. However, high-resolution melting enables genotyp-
ing with small amplicons, and unlabeled probes or snap-
back primers can also be used. Small amplicon genotyping 
was first shown by  Liew and coworkers (2004)  with wild-
type and homozygous mutant curves separated by tempera-
ture and heterozygotes identified by curve shape.  Graham 
and coworkers (2005)  demonstrated that unexpected het-
erozygotes near g.1691G      �      A could also be distinguished 
(g.1690delC, g.1690C      �      T, as well as the compound het-
erozygote g.1696A      �      G/g.1690G      �      A). Simultaneous 
amplicon and unlabeled probe analysis of factor V Leiden 
was shown by  Zhou and coworkers (2005)  in a 384-well 
format. Both probe and amplicon melting provide inde-
pendent assessments of genotype for increased confidence. 
Factor V Leiden genotyping has also been demonstrated 
with snapback primers ( Zhou  et al ., 2008 ).    

    15.3       VARIANT (HETERODUPLEX) 
SCANNING BY HIGH-RESOLUTION 
MELTING 

 Variant   scanning by high-resolution melting depends on 
detecting heteroduplexes after amplification. After PCR of 
a heterozygous sequence, four unique duplexes are formed, 
two homoduplexes (where both strands are completely 
complementary) and two heteroduplexes (with at least one 
mismatch between strands). The two homoduplexes are 
identical to the starting DNA and have melting tempera-
tures that are usually very close to each other. The remain-
ing two duplexes are heteroduplexes with mismatched 
bases and lower melting temperatures. The observed melt-
ing curve is a composite of the melting profiles of these 
four duplexes. Other scanning techniques also depend on 
detection of heteroduplexes, but high-resolution melting is 
unique because no physical separation of heteroduplexes is 
necessary. 

 Variant   scanning by high-resolution melting is a closed-
tube technique that requires no downstream processing to 
detect heterozygotes. During initial PCR setup, a saturating 
dsDNA dye that detects heteroduplexes is included. As PCR 
progresses, product accumulation is optionally monitored 
each cycle in real time. After PCR, the composite melting 

 FIGURE 15.6          Genotyping with snapback primers ( Zhou  et al ., 2008 ). A 
snapback primer includes a 5 � -tail complementary to its extension prod-
uct. After asymmetric PCR, regions of single-stranded hairpin (probe) 
melting and amplicon melting are revealed, similar to unlabeled probe 
genotyping (see also  Fig. 15.5 ). High-resolution melting of all genotypes 
of a C      �      T variant are shown. The data are displayed as a derivative plot 
after exponential background removal and normalization.    
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curve of two homoduplexes and two heteroduplexes is 
measured by high-resolution melting. Heteroduplexes are 
detected by a change in melting curve shape after nor-
malization ( Fig. 15.3b ) and curve overlay ( Fig. 15.3c ). 
Although these differences are present on derivative plots 
( Fig. 15.3d ), they are easier to identify on difference plots 
( Fig. 15.3e ). Heteroduplex detection by high-resolution 
melting is favored by rapid cooling before melting, rapid 
heating during melting, and low Mg 2 �   concentrations 
( Gundry  et al ., 2003 ). Depending on the instrument and 
protocol used, high-resolution melting can be performed in 
as little as 1       min or as long as 90       min or greater ( Wittwer 
 et al ., 2003 ;  Herrmann  et al ., 2007b ). 

 The   sensitivity and specificity of high-resolution melt-
ing for detecting heterozygous single base changes was 
comprehensively evaluated using engineered plasmids 
( Reed and Wittwer, 2004 ). The effects of PCR product 
size, type of base change, GC content, and the position 
of the base change in relation to the PCR product were 
considered. The PCR products ranged in size from 50 to 
1,000       bp with GC contents of 40 – 60%. Sensitivity and spe-
cificity for products less than 400       bp was 100% ( n       �      576). 
For products between 400 and 1,000       bp the sensitivity was 
96.1% and the specificity 99.4% ( n       �      672). The loca-
tion or identity of the single base change did not affect 
sensitivity. 

 In   19 genetic studies using DNA extracted from human 
blood ( Table 15.1   ), the weighted average sensitivity for 
heterozygote detection using high-resolution melting was 
99.3% ( n       �      839) and the specificity 98.8% ( n       �      2,659). 
The actual sensitivity may even be higher, considering 
that of the five false negatives reported, two were clerical 
errors ( Vandersteen  et al ., 2007 ), two used an arbitrary cut-
off of  	 5% on difference plots ( Laurie  et al ., 2007 ), and 
one was based on disease phenotype rather than genotype 
( Dobrowolski  et al ., 2007a ). On the other hand, report-
ing bias may falsely elevate the sensitivity and specificity 
reported in these early studies. Furthermore,        Tables 15.1 
and 15.2  consider the sensitivity and specificity of hetero-
zygote detection per amplicon. Correctly identifying causa-
tive mutations in an entire gene or set of genes responsible 
for a disease phenotype is a more difficult task, and the sen-
sitivity and specificity will be lower. The amplicon lengths 
were usually between 100 and 500       bp. The LightScanner  ®   
instrument was most commonly used, followed by the HR-
1 ™ , the LightCycler  ®   480, and the Rotor-Gene  ®   6000, 
while the most common dyes used were LCGreen  ®  �  , 
LCGreen  ®   I, ResoLight  ®  , and SYTO  ®   9. 

 High  -resolution melting is unusual among scanning tech-
niques in that homozygous variants can also be identified 
( Dobrowolski  et al ., 2005 ). However, some homozygous 
variants are not detected, such as homozygous p.F508del in 
 CFTR  ( Chou  et al ., 2005 ;  Montgomery  et al ., 2007a ). From 
 Table 15.1 , the average homozygote detection sensitivity 
was 75% ( n       �      60), using the five studies reporting these 

data. To detect all homozygous and hemizygous variants, 
mixing with a known genotype is necessary, either before or 
after PCR ( Liew  et al ., 2004 ;  Palais  et al ., 2005 ). 

 DNA   is usually extracted from whole blood for genetic 
scanning studies. However, dried blood spots ( Dobrowolski 
 et al ., 2007a ) and whole genome amplified DNA ( Margraf 
 et al ., 2006a ) have also been used. The sensitivity and spe-
cificity of scanning is often decreased when tumor tissue 
is analyzed because of normal cell admixture and/or sam-
ple fixation/staining before DNA extraction.  Table 15.2    
summarizes 18 clinical oncology studies using tumor 
DNA (mostly from formalin fixed, paraffin-embedded tis-
sue). The overall variant sensitivity was 96.9% ( n       �      428) 
and specificity 97.1% ( n       �      3,080). The amplicon lengths 
were generally shorter than in genetic studies, usually 
varying between 60 and 250       bp. The HR-1 ™  was the 
most commonly cited instrument, followed by the Rotor-
Gene  ®   6000, the LightScanner  ®  , and the LightCycler  ®   
480. LCGreen  ®   I was the most common dye, followed by 
SYTO  ®   9 and LCGreen  ®  �  . The minimum percentage of 
variant that could be detected depended on the target, but 
ranged from 0.1 to 12%. 

 Common   heterozygous variants of no clinical sig-
nificance are a problem for any scanning method. High-
resolution melting can identify these variants and eliminate 
them from consideration by three different methods. First, 
the melting curves of most heterozygous variants are dif-
ferent from each other ( Graham  et al ., 2005 ). If common 
variants are identified by screening a normal population, 
then only those curves different from the normal vari-
ants need to be considered. The risk of two heterozygous 
variants having the same melting curve is about 7% 
( Montgomery  et al ., 2007a ), so this method is not fool-
proof. Confirmation of common heterozygotes can be 
obtained by either unlabeled probes ( Vandersteen  et al ., 
2007 ) or by small amplicon melting ( Dobrowolski  et al ., 
2007b ). 

    15.3.1       Applications of Variant Heteroduplex 
Scanning in Molecular Diagnostics 

 Heterozygote   scanning by high-resolution melting has been 
used on numerous genetic targets ( Table 15.1 ) and cancer 
tissues ( Table 15.2 ). Some disease genes, such as  BRCA1/2 , 
 CFTR ,  F8 ,  c-kit ,  EGFR , and  TP  have been studied by more 
than one group. The method is favored by most as an inex-
pensive, rapid, closed-tube alternative to more complex scan-
ning approaches. It is more sensitive than  single-stranded 
conformational polymorphism or  heteroduplex analysis 
(       Highsmith  et al ., 1999a, b ). Comparison against denatur-
ing high-performance liquid chromatography (DHPLC)   also 
favors melting analysis ( Chou  et al ., 2005 ), although some 
heteroduplexes detected by dHPLC may not be detected by 
melting ( Laurie  et al ., 2007 ). 
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 TABLE 15.1          Heterozygote scanning for mutations leading to human genetic disorders.  

               Detection sensitivity (%)    Specificity (%)   
   Gene  Amplicons  Samples  a    Length (bp)  Dye  b    Instrument  c    Heterozygote 

(n) 
 Homozygote 
(n) 

 Heterozygote 
(n) 

 References 

   ACVRL1  12  22  184 – 302  LCGreen  ®   I  HR-1  96.4 (28)       Vandersteen 
 et al.  (2007)  

   APOB  2  57  156, 365  EvaGreen  ®    HR-1  100 (22)    100 (64)   Liyanage  et al.  
(2008)  

   BRCA1/2  3  29  159 – 534  ResoLight  ®    LC480  100 (29)    100 (26)   Takano  et al.  
(2008)  

   BRCA1/2  112  234  136 – 435  0.5X 
LCGreen  ®  �   

 LS/LC480  100/93.4 
(212) 

 “most”  98.7/98.6 
(2464) 

  De Leeneer 
 et al.  (2008)  

   BRCA1/2  46  107  95 – 280  ResoLight  ®    LC480  100 (87)       de Juan  et al . 
(2008)  

   CFTR  37  30  146 – 322  LCGreen  ®  �    LS  100 (40)  75 (8)     Montgomery 
 et al.  (2007a)  

   CFTR  9  26  175 – 458  LCGreen  ®   I  HR-1  100 (20)  50 (2)     Chou  et al.  
(2005)  

   ENG  17  22  138 – 356  LCGreen  ®   I  HR-1  96.6 (29)       Vandersteen 
 et al.  (2007)  

   EXT1/2  9  51  164 – 276  LCGreen  ®  �    LS  100 (27)       Lonie  et al.  
(2006)  

   F8  14  20  168 – 436  LCGreen  ®  �    LS/LC480   90/90  (20)       Laurie  et al.  
(2007)  

   F8  52  384  155 – 250  ResoLight  ®    LC480  100 (15)  89 (28)  “high”   Lin  et al.  
(2008b)  

   GJB1  4  32  185 – 458  0.6X 
LCGreen  ®  �   

 LS  100 (23)    100 (105)   Kennerson 
 et al.  (2007)  

   IGF1  24  95  206 – 483  LCGreen  ®  �    LS         Palles  et al.  
(2008)  

   MCAD  13  18  129 – 223  LCGreen  ®   I  HR-1  100 (33)       McKinney 
 et al.  (2004)  

   NF2  15  188  177 – 284  50        μ M 
SYTO  ®   9 

 RG6000  100 (16)       Sestini  et al.  
(2008)  

   OTC  10  23  146 – 266  LCGreen  ®  �    LS  100 (23)       Dobrowolski 
 et al.  (2007b)  

   PAH  13  95  154 – 283  LCGreen  ®  �    LS  98.8 (164)  83.3 (12)     Dobrowolski 
 et al.  (2007a)  

   RET  6  80  114 – 235  LCGreen  ®  �    HR-1  100 (30)       Margraf  et al.  
(2006a)  

   SLC22A5  13  21  119 – 312  LCGreen  ®   I  HR-1  100 (21)  30 (10)     Dobrowolski 
 et al.  (2005)  

   a   All samples were DNA isolated from fresh whole blood except for  PAH  (dried blood spots),  RET  (whole genome amplified), and  SLC22A5  (fibroblasts 
and blood).  

   b   All dye concentrations were 1X unless shown otherwise.  

   c   When two instruments were compared in the same study, the entries are shown in bold type. Instrument abbreviations and manufacturers are HR-1 ™  
(Idaho Technology), LC480 (Roche Applied Science), LS (LightScanner  ®  , Idaho Technology), and RG6000 (Rotor-Gene  ®   6000 series, Corbett Life Science).  
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 TABLE 15.2          Variant scanning of human tumors  a .   

                 Variant detection (%) 

 Minimum 
variant 
(%)   

 References 
  

   Gene  Sample 
type  b   

 Amplicons  Samples  Length 
(bp) 

 Dye  c    Instrument  d    Sensitivity 
( n ) 

 Specificity 
( n ) 

   ABL1  Blood 
(cDNA) 

 4  101  221 – 241  LCGreen  ®   I  RG6000  98.0 (51)  100 (31)  5   Polakova 
 et al.  (2008)  

   BRAF  Melanoma 
(FFPE) 

 2  90  190, 250  LCGreen  ®   I  HR-1  96.5 (43)  97.9 (94)     Willmore-
Payne  et al.  
(2005)  

   c-kit  Melanoma 
(FFPE) 

 4  29  170 – 235  LCGreen  ®   I  HR-1  100 (2)  100 (114)     Willmore-
Payne  et al.  
(2005)  

   c-kit  GIST (FFPE)  4  96  170 – 235  LCGreen  ®   I  HR-1         Holden  et al.  
(2007)  

   c-kit  Seminoma 
(FFPE) 

 2  22  170, 219  LCGreen  ®   I  HR-1  100 (5)  100 (17)     Willmore-
Payne  et al.  
(2006a)  

   c-kit  GIST (FFPE)  4  29  170 – 235  LCGreen  ®   I  HR-1  100 (18)  100 (56)     Willmore 
 et al.  (2004)  

   KRAS  Lung (FFPE)  1  200  92  5       μM 
SYTO9  ®   

 RG6000  100 (25)  100 (25)     Do  et al.  
(2008)  

   KRAS  Lung (FFPE)  2  30  92/189  5       μM 
SYTO9  ®   

 RG6000  100/100 
(9) 

 100/100 (21)  5 – 6/10 – 12   Krypuy  et al.  
(2006)  

   EGFR  Lung (FFPE)  5  200  121 – 250  5       μM 
SYTO9  ®   

 RG6000  100 (73)  92.4 (927)     Do  et al.  
(2008)  

   EGFR  Lung FNA 
(FFPE) 

 4  11  186 – 248  LCGreen  ®   I  HR-1         Smith  et al.  
(2008)  

   EGFR  Lung (FFPE/
MFPE/slide) 

 2  212  61, 70  LCGreen  ®   I  HR-1  92/97/88 
( 37/37/16 ) 

 100/100/100 
( 89/95/40 ) 

    Takano  et al.  
(2007)  

   EGFR  Lung (Slide)  2  36  61, 70  LCGreen  ®   I  HR-1  90 (19)  100 (15)  0.1, 10   Nomoto 
 et al. , 2006  

   EGFR1/2  SCC (FFPE)  6  24  186 – 252  LCGreen  ®   I  HR-1  100 (13)  100 (131)     Willmore-
Payne  et al.  
(2006b)  

   EGFR1/2  Lung (FFPE)  6  39  186 – 252  LCGreen  ®   I  HR-1  96.3 (27)  99.8 (207)     Willmore-
Payne  et al.  
(2006c)  

   PDGFRA  GIST (FFPE)  2  96  200, 235  LCGreen  ®   I  HR-1         Holden  et al.  
(2007)  

   RASEF  Melanoma 
(F) 

 16  46    LCGreen  ®    LS         Maat  et al.  
(2008)  

   TP53  Breast (F/
WGA/FFPE) 

 21  74  80 – 150  LCGreen  ®  �    LC480-384  100/86/86 
(12/7/7) 

 99.2/95.4/100 
(471/287/287) 

 0.5   Bastien  et al.  
(2008)  

   TP53  Ovary/Breast 
(F) 

 5  40  136 – 245  5       μM 
SYTO9  ®   

 RG6000  100/100 
(20/7) 

 98.8/100 
(80/93) 

 5   Krypuy  et al.  
(2007)  

   a   When more than one sample type or amplicon length were compared in the same study, the entries are shown in bold type.  
   b   Abbreviations include FFPE (formalin fixed, paraffin embedded), GIST (gastrointestinal stromal tumor), MFPE (methanol fixed, paraffin embedded), F 
(frozen), WGA (whole genome amplified from DNA isolated from frozen tissue).  
   c   All dye concentrations were 1X unless shown otherwise.  
   d   Instrument abbreviations and manufacturers were RG6000 (Rotor-Gene  ®   6000 series, Corbett Life Science), HR-1 ™  (Idaho Technology), LS 
(LightScanner  ®  , Idaho Technology), and LC480-384 (LightCycler  ®  , Roche Applied Science).  
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 In   addition to heterozygote scanning of diploid organ-
isms, haploid microbes can be studied by mixing with 
a known sample. For example, the species of bacteria 
can be determined using the 16S ribosomal gene ( Cheng 
 et al ., 2006 ), the antibiotic resistance of mycobacteria can 
be assessed using  rpoB  ( Hoek  et al ., 2008 ) and influenza 
A can be subtyped using the  M  gene ( Lin  et al ., 2008a ). 
Another interesting use of mixing is to locate RNA edit-
ing sites by mixing cDNA with DNA, as demonstrated in 
 Arabidopsis  ( Chateigner-Boutin and Small, 2007 ). 

    15.3.1.1       Cystic Fibrosis Variant Scanning 

 Cystic   fibrosis is an autosomal recessive disorder which is 
caused by mutations in  CFTR  affecting the exocrine glands 
of the lungs, pancreas, intestines, and liver ( Riordan  et al ., 
1989 ). Over 1,600 variants of the  CFTR  gene have been 
described, each with varying frequencies and distribution 
across populations ( Davies  et al ., 2007 ; van  Baal  et al ., 2007 ). 
Different variants in the gene have varying effects on  CFTR  
function and result in different phenotypes of the disease. 

 Complete   analysis of all 27 exons of  CFTR , including 
all American College of Medical Genetics recommended 
variants and eight additional disease causing variants, was 
demonstrated by  Montgomery and coworkers (2007a) . 
Initially, common variants were identified in 96 Caucasian 
blood donors and correlated with their melting patterns. 
Then, 30 blinded samples enriched for disease vari-
ants were used to assess the sensitivity of the technique. 
Scanning detected all 40 disease-associated heterozygotes 
for a sensitivity of 100%. However, 47 benign heterozy-
gotes were also detected. By considering the melting pat-
terns of the six most common heterozygotes, 45 of these 
47 were matched to benign variants and did not require 
sequencing or genotyping. Most (6 out of 8) homozygous 
variants were also distinguished from wild type without 
mixing or genotyping.    

    15.4       CONCLUSIONS 

 High  -resolution melting is a new technique for genotyp-
ing, variant scanning, and sequence matching. New dyes 
and high-resolution instruments allow a great deal of infor-
mation to be extracted from the simple melting of DNA. 
Dyes that detect heteroduplexes are critical for scanning 
and genotyping applications, but not for methylation analy-
sis or repeat typing. Scanning and small amplicon melting 
methods depend strongly on instrument resolution, while 
genotyping with unlabeled probes or snapback primers 
can be performed adequately on standard instrumentation. 
These methods are fast, affordable, and simple. As they 
gain wider acceptance, high-resolution melting is destined 
to become more common in research and clinical diagnos-
tic laboratories.   
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 Chapter 16 

    16.1       INTRODUCTION 

 The   completion of the Human Genome Project and the 
simultaneous advances in microarray technology have had 
a large impact on the field of molecular biology and espe-
cially on cancer research. It is now possible to make sys-
tematic genome-wide searches for genes being differentially 
expressed, amplified, or deleted during cancer develop-
ment. Earlier, this search was limited to only small numbers 
of candidate targets using, for example, Northern blotting 
assays. The use of microarray-based methods has boosted 
the assay capacity to include several thousand measure-
ments. The genome-wide searches have identified several 
genes that can serve as diagnostic or prognostic molecular 
disease markers or as potential therapeutic targets. 

 The   use of DNA microarray technology has revolution-
ized molecular biology since its introduction in the mid-
1990s. Using DNA microarray analysis, it is now possible 
to make complete genome-wide screenings for, e.g., molec-
ular disease markers. Especially in the field of cancer dis-
ease classification and outcome prediction, notable findings 
have been reported by large-scale gene expression profiling. 
Basically, a DNA microarray is an orderly arrangement of 
usually thousands of defined DNA molecules immobi-
lized on a small glass surface. By convention the immobi-
lized DNA molecules are called the probes and the sample 
under investigation is the target. Several microarray types 
exist for monitoring gene and microRNA (miRNA) expres-
sion, single nucleotide polymorphisms (SNPs), loss or 
gain of genomic material, and detection of splice vari-
ants. Furthermore, microarrays for resequencing of known 
gene sequences exist together with small interfering RNA 
(siRNA) microarrays for high-throughput functional testing. 

 This   chapter introduces the most commonly used 
microarray types and platforms. The most novel findings 
using microarrays are described together with a summary 
of the future potentials in the use of microarrays in basic 
research and in a clinical setting.  

    16.2       DNA MICROARRAYS AND GENE 
EXPRESSION PROFILING 

 Microarrays   for measuring gene expression levels are the 
most commonly used microarrays, and several important 
findings using this technology recently have been reported. 
The following sections describe the technology and analy-
sis methods used for generating useful data from microar-
ray experiments. Furthermore, the most important findings 
in the field of cancer research are described together with 
descriptions of the potential of using expression profiling 
for unraveling the affected molecular pathways, for exam-
ple during disease progression. 

    16.2.1       DNA Microarray Technology 

 Several   technologies and protocols exist for monitoring 
gene expression using microarray technology. In princi-
ple, labeled transcripts isolated from biological samples 
are hybridized to the DNA microarray probes for determi-
nation of the transcript abundance or relative expressions. 
In conventionally used protocols, total RNA from the bio-
logical sample is extracted and reverse transcribed into 
cDNA. Subsequently, an  in vitro  transcription of the cDNA 
is carried out with incorporation of modified nucleotides 
for later coupling with fluorescent molecules. In other 
protocols, modified nucleotides are incorporated directly 
into the cDNA product. This procedure, however, is lim-
ited in the amount of generated target due to the lack of 
an amplification step, which may be a problem when work-
ing with small amounts of starting material. The labeled 
target is hybridized to the DNA microarray slide for sev-
eral hours to allow hybridization of the sample target to the 
microarray probes. Following the hybridization procedure 
and intensive washing of the slide to remove excess target 
molecules, scanning of the DNA microarray identifies the 
DNA probe hybridization levels, which reflects the gene 
expression levels in the samples investigated. 
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 The   DNA probes used for expression microarrays are 
either oligonucleotides or long PCR products amplified 
from cDNA clones. The advantage of using oligonucle-
otide probes is that they can be designed to ensure minimal 
cross-hybridization to other transcripts and, furthermore, 
that each gene will be covered with several probes. In com-
mercially available systems (e.g. Affymetrix GeneChips) 
each gene is typically covered by up to 20 – 25       mer oligo-
nucleotides and 20 – 25       mer oligonucleotides with a mis-
matched base in the middle position for measuring the 
amount of non-specific hybridization. The use of more 
than one probe for representing each gene reduces the 
problem with the non-functional probes, which can be a 
major obstacle when using only a single oligonucleotide 
probe per gene. Microarrays are manufactured by several 
companies (Agilent Technologies, Affymetrix, Applied 
Biosystems, Illumina). 

 When   using PCR products from cDNA clones as probes 
it is more difficult to minimize cross-hybridization to other 
transcripts because of the probe length, which may be as long 
as 500 – 800       bp. Oligonucleotide and PCR probes are spotted 
directly on a glass surface using precision robotics and very 

accurate spotting pins, which are able to apply very small 
amounts of probe solution to a large number of glass slides. 

 Spotting   of the probes introduces probe morphology 
variation between different microarray slides, and conse-
quently these arrays typically are hybridized with both the 
biological sample under investigation and a common ref-
erence sample. Each sample is labeled with different flu-
orescent molecules (Cy3 and Cy5 are often used) and the 
microarray slide is scanned at two different wavelengths 
to obtain measurements of the transcript hybridization 
abundance of each sample. The use of a common refer-
ence sample makes comparisons between different slides 
with different probe morphology possible. The two-sample 
hybridization technique provides relative expression meas-
ures (ratios), which reflect on the relative expression of the 
genes in the two samples. However, when using commer-
cially available microarrays or non-contact printed micro-
array slides the probes have highly uniform shapes, and 
sizes and it is possible to hybridize a single sample to each 
microarray slide and in this way obtain direct measures of 
the gene expression levels.  Figure 16.1    illustrates the differ-
ence between the one- and two-sample microarray systems. 

Transcript ratio measurements
Two sample system

Transcript abundance measurements
One sample system

Test sample

SP

Test sample

Cy3

Reference sample

Cy5

Biological sample Total RNA

 FIGURE 16.1          One-sample and two-sample microarray systems. In both systems total RNA is extracted from the biological sample under investigation. 
In one-sample systems like the Affymetrix GeneChip systems (left side of the figure) the total RNA is reverse transcribed into cDNA, which is tran-
scribed into cRNA with incorporation of biotinylated nucleotides. These biotinylated nucleotides are hybridized to the array and subsequently coupled to 
streptavidin phycoerythrin (SP) conjugates. In this way, direct measurement of transcript abundance is performed. In traditional two-sample systems, the 
test and reference RNA is reverse transcribed into cDNA. The cDNA is transcribed into cRNA with the incorporation of aminoallyl-linked nucleotides. 
The test cRNA is coupled to Cy3 and reference cRNA is coupled to Cy5. Fluorescence measurements at the two different wavelengths gives the tran-
script ratios between the test and the references samples.    
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 In   addition to the profiling of mRNA transcipts, micro-
array technology is now also feasible for the profiling of 
microRNAs (miRNAs). Expression analysis of these non-
coding 21 – 35 nucleotide molecules is challenging due to 
their small size and low abundance. Oligonucleotide micro-
array analysis is the most common high-throughput method 
for genome-wide analysis of miRNA expression. Several 
companies such as Rosetta Genetics Ltd, Illumina, Agilent 
Technologies, Geniom, and Exiqon offer microarray plat-
forms for miRNA analysis. Usually, DNA oligonucleotides 
representing known human miRNAs are printed onto glass 
slides and subsequently hybridized to labeled miRNAs. 
After stringency washes, the slides are scanned and the 
array images analyzed. Some platforms employ oligonu-
cleotides containing locked nucleic acid (LNA) nucleotides 
for improved miRNA hybridization (e.g. Exiqon). Other 
methods involve the use of bead-based flow cytometric 
technique ( Lu  et al. , 2005 ) or large-scale quantitative real-
time PCR ( Schmittgen  et al. , 2008 ).  

    16.2.2       Normalization Strategies 

 The   raw data obtained from a microarray experiment 
consists of an image of light intensities where some of 
the pixels are the spots (foreground) to which the labeled 
transcripts are hybridized, and where the remaining pix-
els between the spots constitute the background. The 
abundance of a particular transcript thus is not measured 
directly and is the result of a translation of the image of 
intensities into a number. Many sources of variation come 
into play when trying to evaluate the certainty of an expres-
sion level. 

 At   the production stage of a DNA microarray, variations 
in the spots (morphology) cannot be avoided and the exact 
position of a spot is not known. The Affymetrix GeneChip 
microarray differs on this point by having spots of highly 
uniform size and shape. Even when two spots are labeled 
with the same DNA probe on the same slide there will be 
variations. At least the same amount of variation will be 
seen for slides produced in the same batch and more vari-
ation comes into play when using slides from different 
batches. Also the spots on a slide are produced by a set of 
pins and these may have different characteristics. The first 
step in the analysis is to find the spots on the slide and for 
each spot to subtract a background value. This is necessary 
since a light intensity of zero can never be found in the 
situation where the true expression level is zero. There are 
several competing packages for performing this part of the 
analysis (SPOT, QuantArray, etc.). The background sub-
traction is a very delicate process and a wrong correction 
can lead to non-linear effects in the later analysis. 

 Preparation   of a sample for hybridization involves sev-
eral steps and therefore also introduces a source of variation. 
It is believed, however, that these effects are mainly propor-
tional and can be corrected by scaling all the  measurements 

by the same number. The essence is that normalization 
between the Cy3 and Cy5 measurements is needed before 
relative abundances can be calculated. Based on the expe-
rience gathered so far the normalization is performed for 
each pin separately. Contrary to the belief mentioned pre-
viously, some authors find that a scaling is not sufficient 
for making the two channels comparable and they perform 
instead a non-linear scaling based on fitting a general curve 
to a plot of log differences against log averages ( Yang 
 et al. , 2002 ). Normalization of the sample under investi-
gation against the reference sample presumes that the two 
samples behave similarly for a large fraction of the genes 
being spotted to the array. Thus, if most of the genes spot-
ted to the array are believed to be involved in the process 
under study, a normalization cannot be based on the behav-
ior of a large fraction of the genes. Instead, the study needs 
to include control genes that can be assumed to be similarly 
expressed in the two samples. 

 Having   made a (successful) normalization between the 
biological sample under investigation and the common 
reference sample, relative abundance (as a measure of the 
expression level) can be compared directly between several 
arrays. For the comercially available microarray, where 
only one sample is hybridized to the array, it is necessary 
to make a normalization between the arrays. The principles 
for doing this are similar to those discussed earlier for the 
normalizations in the two-sample system. 

 On   top of the experimentally related error terms 
described earlier, one has the biological variation for a 
homogeneous population. This biological variation is often 
large and influences the sample sizes required for a reli-
able observation of a differential expression between two 
groups.  

    16.2.3       Data Analysis Methods 

 Gene   expression data analysis can be divided into two 
approaches: unsupervised and supervised methods ( Golub 
 et al. , 1999 ). Unsupervised analysis aims at identifying pre-
viously unknown relationships between samples. For this 
purpose hierarchical cluster analysis has been used exten-
sively to group tumors according to similarity in expression 
profiles. This technique can also be applied to group genes 
with similar expression profiles across the tumor samples 
analyzed and in this way identify possible co-varying and/
or functionally related genes. Hierarchical cluster analysis 
is a powerful tool for visualization of the expression pat-
terns ( Eisen  et al. , 1998 ). Other unsupervised methods 
used are self-organizing maps (SOM), principal component 
analysis (PCA), and relevance networks. The unsupervised 
methods are suited for finding novel relationships between 
samples (or genes) based on similarities in the gene expres-
sion patterns. However, the possibility of identifying 
non-relevant groups exists because of the complexity in 
large-scale gene expression data. 
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 Supervised   analysis techniques are used for identifying 
differentially expressed genes between groups of samples; 
for example, where the histopathological stage or clinical 
outcome (survival, metastasis, recurrence, progression, etc.) 
is known. Optimal expression signatures for disease clas-
sification or outcome prediction are in this way generated 
from a set of training samples and the significance of the 
identified expression signature is tested using independent 
test samples. Standard statistical tests, such as the Student’s 
 t -test, are used to identify the genes that show the largest 
differential expression between the groups. Mathematical 
methods used for classifying samples based on the optimal 
gene expression signatures include maximum likelihood 
estimates,  k -nearest neighbors, support vector machines, 
and weighted voting schemes, among others ( Dudoit  et al. , 
2000 ). 

 The   use of supervised methods in the analysis of gene 
expression data, however, involves the risk of oversimplify-
ing the clinical groups under investigation. A single clinical 
class (e.g. poor outcome) may contain several molecu-
lar subclasses of tumors with distinct expression patterns, 
which may obscure and make the selection of differentially 
expressed genes between the clinical groups analyzed vir-
tually impossible. When using supervised methods for 
selection of differentially expressed genes the significance 
of the selected genes can be accessed by permutation anal-
ysis. This usually is done by multiple permutations of the 
sample labels, followed by generation of statistics on the 
ability to select good differentially expressed genes in ran-
dom classes, compared to the real data. Such tests deter-
mine the likelihood of obtaining the observed expression 
patterns by chance, which is a real problem when perform-
ing thousands of statistical tests.  

    16.2.4       Disease Diagnosis and Prognosis by 
Microarray Expression Profiling Analysis 

 A   huge number of published studies involve microarray 
analysis for gene expression profiling, and several of these 
studies have demonstrated a potential clinical use of micro-
arrays for diagnosis and for predicting the clinical outcome 
of patients with various types of cancers. This section 
reviews some of the most promising clinical studies pub-
lished to date. 

    16.2.4.1       Breast Cancer 

 Microarray   studies of tumors from patients with breast 
cancer have identified several very interesting disease char-
acteristics as well as intriguing disease outcome predic-
tions. To date, gene expression profiles associated with, for 
example, estrogen receptor protein expression, histologi-
cal grade, lymph node status, ERBB2 (HER-2/neu) gene 
amplification, p53 mutational status, inflammatory breast 

cancer, and carcinoma-derived stromal signatures have 
been defined. Identification of the most prominent genes 
constituting the expression profiles associated with already 
known subtypes has significantly improved our understand-
ing of the complex biology involved in the development of 
these different tumor subtypes and facilitated identification 
of new potential therapeutic targets. Moreover, class com-
parison studies using gene expression profiling highlight 
the capacity of this technology to refine clinical diagnostic 
or prognostic tools. 

 In   one of the first studies by  Perou and colleagues 
(2000) , gene expression patterns in 65 breast tumors were 
studied using microarrays with probes for 8,102 human 
genes. By the use of unsupervised hierarchical cluster anal-
ysis the authors identified molecularly distinct subclasses 
of breast tumors. The subclasses were characterized by 
 ERBB2  overexpression and by similarities to basal epithe-
lial cells, luminal epithelial cells, and adipose-enriched/
normal breast cells. Additional studies of the identified 
subclasses of breast cancer revealed a subclass of the lumi-
nal epithelial cell-like tumors, which demonstrated a sig-
nificant difference in disease outcome compared to the 
other groups. 

 One   of the most interesting and clinically promis-
ing microarray expression profiling studies identified a 
70-gene expression signature (Amsterdam signature) for 
predicting if patients diagnosed with breast cancer would 
develop disease metastases ( van ’ t Veer  et al ., 2002 ). The 
expression patterns were found using a cohort of 78 young 
patients that had not received any treatment, and super-
vised learning methods were used for identification of 
the optimal genes for predicting disease outcome. The 
microarrays used in this study contained oligonucleotides 
probes for approximately 25,000 human genes. This clini-
cally promising prognosis classifier was later validated 
on an independent tumor set consisting of 234 breast 
tumors using the same microarray platform ( van de Vijver 
 et al. , 2002 ). The validation confirmed a strong correlation 
between the gene expression signature for a poor progno-
sis and disease outcome. Other groups have subsequently 
reported signatures for disease outcome and tumor pro-
gression: 76-gene Rotterdam signature (clinical outcome) 
( Wang  et al. , 2005 ), 21-gene recurrence score (clinical out-
come) ( Paik  et al. , 2006 ), and 512-gene wound-response 
signature (tumor progression) ( Chang  et al. , 2005 ). These 
microarray-based studies of breast cancers hold much 
promise for tailoring personalized treatment regimens to 
patients suffering from breast cancer, as only the patients 
predicted to develop metastatic disease should be treated 
with adjuvant chemotherapy. Currently, the Dutch group 
is carrying out a multicenter prospective validation study 
(MINDACT trial) of the 70-gene Amsterdam signa-
ture in Europe that includes several thousand patients. 
Furthermore, the recurrence score is also being validated 
prospectively (TAILORX trial).  
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    16.2.4.2       Bladder Cancer 

 For   the study of bladder cancer development and progres-
sion, microarray gene expression profiling has also been 
applied with success. In one of the first studies using 
clinical material, Affymetrix GeneCchips with probes for 
approximately 5,000 human genes and ESTs were used to 
identify gene expression pattern changes between superfi-
cial and invasive tumors ( Thykjaer  et al. , 2001 ). The identi-
fied genes encoded oncogenes, growth factors, proteinases, 
and transcription factors together with proteins involved in 
cell cycle, cell adhesion, and immunology. This was the 
first study to identify genes that separated superficial from 
invasive bladder tumors. A later microarray-based study 
on bladder tumors showed advances in disease classifica-
tion and outcome prediction ( Dyrskj ø t  et al. , 2003 ). The 
authors of this study also used the GeneChips with probes 
for approximately 5,000-genes and ESTs for identification 
of a 32-gene expression pattern using 40 tumor samples for 
classifying tumors according to disease stage. This stage 
classifier was successfully validated on an independent test 
set consisting of 68 bladder tumors analyzed on a different 
array platform. The stage classifier did not only reproduce 
histopathological staging, but added important information 
regarding subsequent disease progression. 

 Prediction   of disease progression from non-muscle-
invasive to invasive stage would be of great benefit in the 
clinical management of patients diagnosed with early stage 
bladder tumors. In one study, a 45-gene molecular classi-
fier was developed by comparing 29 non-muscle-invasive 
tumors (13 without later progression and 16 with later 
progression) using custom Affymetrix GeneChip arrays 
( Dyrskj ø t  et al ., 2005 ). The 45-gene classifier was tested 
on a series of 74 independent tumors using a two-color oli-
gonucleotide array platform with only the genes of inter-
est. The classification results showed a positive correlation 
to disease outcome ( P   	  0.03) with a positive predictive 
value of 0.3 and a negative predictive value of 0.95. The 
low positive predictive value may be explained by the fact 
that patients were continuously treated with transurethral 
resection and BCG installations. In another study of pro-
gression prediction ( Wild  et al. , 2005 ) the authors used 42 
Ta tumors, where eight showed later progression to inva-
sive bladder cancer and eight showed later CIS lesions to 
delineate a gene set optimal for predicting progression. 
Using cross-validation test, the predictor correctly clas-
sified 33 of the samples, which gives a sensitivity of 86% 
and a specificity of 71%. No independent test set validation 
results have been reported for this gene set. The consensus 
gene set of 11 genes resulting from the most commonly 
used genes in cross-validation loops show no overlap 
with the 45-gene set signature from Dyrskj ø t and col-
leagues ( Dyrskj ø t  et al ., 2005 ). The progression signature 
reported by Dyrskj ø t and colleagues was recently validated 
in a large retrospective study using bladder tumors from 

a cohort of 404 patients diagnosed with bladder cancer in 
hospitals in Denmark, Sweden, France, England, and Spain 
( Dyrskj ø t  et al ., 2007 ). The molecular progression classi-
fier was highly significantly correlated with progression-
free survival ( P   	  0.001) and cancer-specific survival ( P   �  
0.001). Furthermore, multivariate Cox’s regression analysis 
showed the progression classifier to be an independent sig-
nificant variable associated with disease progression after 
adjustment for known risk factors as age, sex, stage, grade, 
and treatment (hazard ratio 2.3,  P   �  0.007). Consequently, 
the retrospective multi-center validation study confirmed 
the potential clinical utility of the molecular classifier to 
predict the outcome of patients initially diagnosed with 
non-muscle invasive bladder cancer. 

 Gene   expression profiles predictive of chemotherapy 
response have been published in several neoplasms. In a 
small study of muscle invasive bladder cancer, the response 
to neoadjuvant (in advance to surgical treatment) chemo-
therapy was investigated using cDNA microarrays ( Takata 
 et al. , 2005 ). Fourteen tumors were used to identify a 
signature of 14 predictive genes, which was validated on 
nine additional tumors. RT-PCR results showed good cor-
relation with the microarray, warranting further validation 
in a larger series. In a recent study,  Als and colleagues 
(2007)  identified 55 genes that correlated significantly 
with survival following chemotherapy. The authors vali-
dated two of the protein products (emmprin and survivin) 
using immunohistochemistry on an independent sample set 
of 124 tumors. Multivariate analysis identified emmprin 
expression (hazard ratio, 2.23;  P   	  0.0001) and surviving 
expression (hazard ratio, 2.46;  P   	  0.0001) as independ-
ent prognostic markers for poor outcome, together with the 
presence of visceral metastases (hazard ratio, 2.62;  P   	  
0.0001). In the clinical good prognostic group of patients 
without visceral metastases, both markers showed signifi-
cant discriminating power as supplemental risk factors ( P   	  
0.0001). Within this group of patients, the subgroups of 
patients with no positive, one positive, or two positive 
immunohistochemistry scores (emmprin and survivin) had 
estimated 5-year survival rates of 44.0%, 21.1%, and 0%, 
respectively. Response to chemotherapy could also be pre-
dicted with an odds ratio of 4.41 (95% confidence interval, 
1.91 – 10.1) and 2.48 (95% confidence interval, 1.1 – 5.5) 
for emmprin and survivin, respectively. Consequently, 
emmprin and survivin proteins were identified as strong 
independent prognostic factors for response and survival 
after chemotherapy in patients with advanced bladder 
cancer.  

    16.2.4.3       Lung Cancer 

 Improvements   in classification and prognosis have also 
been reported in studies of lung cancer by microarray 
expression profiling of 12,600 transcripts in 186 samples 
( Bhattacharjee  et al. , 2001 ). Unsupervised hierarchical 
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cluster analysis grouped the samples according to estab-
lished histological classes. In addition, the adenocarci-
nomas were found to contain four subclasses, and one of 
these had a less favorable outcome compared to the other 
subclasses of the adenocarcinomas. 

 Another   interesting microarray-based finding was 
reported by  Beer and colleagues (2002) , who studied 86 
primary early stage adenocarcinomas from patients with 
lung cancer. A 50-gene risk index was determined for iden-
tifying patients with a poor prognosis. The 50-gene risk 
index was validated using the data reported previously by 
 Bhattacharjee and colleagues (2001) . The authors classi-
fied the adenocarcinomas as low and high risk and found 
a close correlation to disease outcome, and concluded 
that high-risk patients may benefit from adjuvant treat-
ment. In a more recent study, Lu  et al.  identified 64 genes 
capable of separating high-risk and low-risk groups with 
regard to overall survival. The authors performed a meta-
analysis based on seven datasets and five different 
Affymetrix arrays. The authors suggest their signatures as 
a criteria for selecting patients to Cisplatin-based adjuvant 
chemotherapy in the high-risk group, and for stratifying 
patients according to risk in trials of adjuvant treatment 
( Lu  et al. , 2006 ).   

    16.2.5       Diagnosis and Prognosis in Cancer 
Based on miRNA Array Profiling 

 miRNAs   are a class of small non-coding RNA molecules 
of approximately 22 nucleotides that are involved in post-
transcriptional regulation. miRNAs are transcribed as pri-
mary miRNAs (pri-miRNAs) and processed into shorter 
precursor miRNAs (pre-miRNAs) of 70 – 100       nt and eventu-
ally processed into mature single-stranded active miRNAs. 
Hundreds of miRNAs have been cloned and sequenced 
and current estimates suggest that up to 33% of all gene 
transcripts are negatively regulated by miRNAs. miR-
NAs bind to target sequences in the 3 � -untranslated region 
(3 � UTR) of mRNAs, which lead to translational repres-
sion or degradation of the target mRNA dependent upon 
the degree of complementarity  . Accordingly, miRNAs 
have been found to influence gene regulatory processes 
such as development, differentiation, and disease such 
as in Tourette’s syndrome ( Abelson  et al. , 2005 ), fragile 
X-syndrome (reviewed in  Garber  et al. , 2006 ), cardiac 
hypertrophy ( Catalucci  et al. , 2008 ), and particularly in 
cancer ( Calin and Croce, 2006 ;  Esquela-Kerscher and 
Slack, 2006 ). To date, oligonucleotide miRNA microarray 
analysis is the most common high-throughput technique 
for assessment of cancer-specific expression of hundreds of 
miRNAs and so far every tumor type analyzed shows a sig-
nificantly different miRNA profile than corresponding nor-
mal tissue. Microarray analysis is usually accompanied by 
validation of the array results by quantitative real-time PCR 

or, more rarely, Northern blotting. Several studies have thus 
examined the miRNA expression in cancers such as colon, 
lung, breast, prostate, glioblastoma, leukemia, and hepa-
tocellular carcinomas. The recent advances in microarray 
technology have contributed to the discovery of miRNAs 
as promising markers for diagnosis and prognosis of dif-
ferent cancers ( Table 16.1   ) (reviewed in  Calin and Croce, 
2006 ;  Davison  et al. , 2006 ;  Krichevsky, 2007 ). 

 One   of the largest and earliest miRNA microarray pro-
filing studies was conducted by  Volinia  et al.  (2006) , where 
540 samples of six different solid tumors were examined 
by microarray analysis. Five  μ g of total RNA was hybrid-
ized to chips containing 40-mer oligonucleotide probes and 
the biotin-labeled transcripts were detected by streptavidin-
alexa fluor conjugate and the slides were subsequently 
scanned. By performing a significance analysis of micro-
arrays (SAM) with a false detection rate (FDR)  
 1%, 49 
miRNAs were found differentially expressed among the 
solid tumors as compared to normal tissue. A six-miRNA 
tissue-specific cancer signature was also identified. This 
study detected approximately equal numbers of up- as 
well as down-regulated miRNAs, in contrast to another 
early large miRNA profiling work by  Lu  et al.  (2005)  who 
found miRNAs predominantly down-regulated in cancer. 
This study was, however, conducted by bead-based flow 
cytometric analysis, and the difference may therefore be 
ascribed to differences in technical platforms and analysis 
methods. 

 Based   on the distinct miRNA profiles found in different 
types of cancer, a recent work by Rosetta Genomics Ltd 
coworkers suggested that miRNAs can accurately identify 
the tissue origin of cancer and thus be exploited in the clas-
sification of tissue origin of metastatic cancer of unknown 
primary origin. This cancer type accounts for 3 – 5% of all 
newly diagnosed cancers and represents a major challenge 
for diagnosis and selection of correct treatment. Thus a 
 “ decision-tree ”  classifier with 24 nodes was designed and, 
based on the miRNA expression of  � 600 tested human 
miRNAs, a series of binary decisions starting at node no. 1 
and onwards led to high confidence accuracy of the tissue 
of origin ( Rosenfeld  et al. , 2008 ). 

 In   a study on miRNA alterations in breast cancer, a 
miRNA signature was found within distinct subpopula-
tions of luminal and myoepithelial cells that discriminates 
normal from breast tumor samples. This study did not find 
significant changes in miRNA expression correlating to 
ER/PR/HER2 status in breast cancer, although a trend of 
high miR-205 expression associated with favorable clinical 
outcome of ER-PR-HER2 was found. However, an earlier 
study did find an association between specific pathological 
features such as ER and PR expression, tumor stage, vas-
cular invasion, and proliferation index ( Iorio  et al. , 2005 ). 
Microarray analysis of breast cancer cell lines have also 
identified metastasis-associated miRNAs that were sub-
sequently manipulated in murine models of breast cancer, 
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 TABLE 16.1          miRNA microarray profiling of cancers with diagnostic or prognostic value.  

   Cancer type  miRNA profiling  Importance  Reference 

   Lung cancer  6 miRNAs discriminates subtypes of cancer (adenocarcinoma/squamous cell 
carcinoma) 

 diagnostic/prognostic   Yanaihara  et al . (2005)  

     3-miRNA signature predicts outcome of patient with stage I adenocarcinoma     

   Breast carcinoma  miRNA expression correlates with different pathological features (ER/PR status)  diagnostic/prognostic   Iorio  et al . (2005)  

     A trend of high miR-205 correlation with positive clinical outcome of ER-PR-HER2- 
patients 

    

     Metastasis-associated miRNAs identified by array analysis directly affects metastatic 
potential in a mouse model of cancer 

    Tavazoie  et al . (2008)  

   Acute, chronic lymphotytic leukemia  A unique 13-miRNA expression signature predicts CLL prognosis related to ZAP70 and 
IgH mutation status 

 diagnostic         Calin  et al . (2004, 2005)  

   Endocrine pancreatic tumors  3 miRNAs (miR-103, -107, -155) distinguish cancer from normal pancreas, ten 
miRNAs discriminate endocrine from acinar tumors, miR-21 correlates with liver 
metastasis 

 diagnostic/prognostic   Roldo  et al . (2006)  

   Colon cancer  Differential expression between cancer/normal, high miR-21 associated with increased 
hazard ratio of 2.4 and poor outcome 

 diagnostic/prognostic   Schetter  et al.  (2008)  

   Glioblastoma  13 differentially expressed miRNAs between cancer/normal, among them miR-221 
targets the cell cycle regulator p27Kip1 

 diagnostic   Ciafr è   et al . (2005)  

          Gillies and Lorimer (2007)  

   Esophageal squamous cell carcinoma  A 7-miRNA classifier discriminates cancerous tissue from adjacent normal, low miR-
103/107 correlates with high survival, miRNAs discriminate gross pathological and 
differentiation classification 

 diagnostic/prognostic   Guo  et al . (2008)  

   Papillary thyroid carcinomas  3 miRNAs (miR-221, -222, -146) can discriminate cancer tissue from normal thyroid  diagnostic   He  et al.  (2005)  

   Prostate cancer  51 miRNAs are differentially expressed in cancer out of 319 tested  diagnostic   Porkka  et al . (2007)  

   Ovarian cancer  miRNAs differentially expressed in cancer vs. normal, specific biopathologic features 
(e.g. histotype and invasion) correlates with miRNA expression 

 diagnostic   Iorio  et al . (2007)  

   Hepatocellular carcinoma  miRNA expression correlates with differentiation status  prognostic   Murakami  et al . (2006)  

   Solid cancers  540 human samples of solid tumors and normal tissue examined, 49 miRNAs 
differentially expressed in solid tumors (equally up- and down-regulation), a six tissue-
specific signature also generated 

 diagnostic   Volinia  et al . (2006)  

   22 different tumor tissues/metastases  Molecular classification study for tumor origin based on miRNA expression (for 
classification of metastatic cancer of unknown origin) 

 diagnostic   Rosenfeld  et al.  (2008)  
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resulting in changed predisposition to metastasis ( Tavazoie 
 et al. , 2008 ). 

 In   the analysis of miRNA alterations associated with 
human B cell chronic lymphocytic leukemia (CLL), unsu-
pervised hierarchical clustering generated two clearly 
distinguishable miRNA signatures that were linked to a 
difference in the expression of ZAP-70, a tyrosine kinase 
that is a strong predictor of early disease progression 
( Calin  et al. , 2004 ). A unique 13-miRNA expression sig-
nature was subsequently identified as a powerful indicator 
of CLL ( Calin  et al. , 2005 ). Different microarray analyses 
have demonstrated that miRNAs are involved in establish-
ment, maintenance, and function of hematopoietic line-
ages and show distinct alterations in hematopoietic cancers 
(reviewed in  Tili  et al. , 2008 ). 

 Extensive   collections of archival tumor biopsies and 
paired normal samples exist in hospital laboratories and 
biobanks often combined with clinicopathological informa-
tion and patient outcome. However, long mRNA molecules 
are poorly preserved during cryostorage which impedes the 
usage of these samples in traditional expression microarray 
studies. A recent study on esophageal squamous cell car-
cinoma demonstrated how miRNAs are well preserved in 
 � 5 years cryoarchived tissues whereas the total RNA was 
extensively degraded. Accordingly, a 7-miRNA classifier 
could distinguish cancerous tissue from adjacent normal 
tissue, low miR103/107 was found correlated with high 
survival period, and miRNAs also discriminated between 
gross pathological and differentiation classification ( Guo 
 et al. , 2008 ). Thus, since accurate and informative analy-
sis long after patient surgery is necessary to allow prognos-
tic analysis, miRNA microarray analysis may prove more 
robust as a future microarray-based cancer prognostic tool 
due to the higher preservation of miRNAs as compared to 
mRNA transcripts.  

    16.2.6       Detection of Prevailing Molecular 
Pathways in Tumors Using Expression 
Microarrays 

 Analysis   of differential expression in tumor tissues may 
provide new information about specific biological path-
ways involved in carcinogenic processes. The establish-
ment of high-throughput gene expression platforms has 
moved the bottleneck from data production to data analy-
sis. Gene expression profiling studies often contain hun-
dreds of samples resulting in several million data points 
that must be coped with. Such data are increasingly becom-
ing available for downloading from the internet, leading to 
even larger masses of data. Many bio-informatic companies 
and scientific research groups are continuously working on 
improving software for a wide variety of data analyses. 
Often, these programs are freely available on the internet. 
Several cancer studies have compared tumors with  normal 

tissue or tumors at different stages in order to identify 
new tumor- or stage-specific markers. A thousand genes 
or more, for which the functions are unknown, may be 
reported as potential markers. The differentially expressed 
genes are compared to data from the literature for that par-
ticular disease or other similar diseases as an initial con-
firmation of the validity of data. Because of the molecular 
heterogeneity of most cancers, dimension-reduction meth-
ods like single value decomposition or various clustering 
methods are often applied as the next analysis step. Such 
analysis helps visualize patterns in the data that may help 
define new molecular subclasses in a disease. 

 In   order to generate hypotheses concerning pathways 
in oncogenesis and disease progression, differentially 
expressed genes must also be put into a biological context. 
This may be done by extracting specific information related 
to gene interplay in signaling networks, called pathways. 
Once a hypothesis has been generated, specific genes may 
be chosen for further manipulations in a suitable model 
system in order to test the hypothesis. A common choice 
for this are cell lines, where gene expression can be manip-
ulated by various methods, thus mimicking the conditions 
in tumor cells to a limited but defined extent. 

 There   are several helpful tools available for pathway 
analysis either as free downloads, e.g. GenMAPP ( www.
genmapp.org ), or as licensed software, e.g. MetaCore 
( www.genego.com ), Pathway Assist ( www.stratagene.
com ) or Ingenuity Pathway Analysis (IPA) ( www.inge-
nuity.com ). IPA is an all-in-one software application that 
enables researchers to model, analyze, and understand the 
complex biological and chemical systems at the core of life 
science research. IPA allows the direct coupling of protein 
or transcript expression data to a database providing infor-
mation extracted by experts from the full text of the sci-
entific literature. This includes information about genes, 
drugs, chemicals, cellular and disease processes, signaling 
and metabolic pathways as well as functional annotation of 
genes. Molecules differentially expressed can be grouped 
according to their cellular function or their involvement in 
canonical pathways. Moreover, expression of molecules 
can be related to different organisms and organs, as well 
as to the gene expression calls for the NCI-60 panel of cell 
lines. IPA comprises most of the pathways known so far. 
Adding new information will extend the pathways and net-
works which later on can be overlayed with the user’s own 
expression data, derived from expression profiling data 
from tissues or cell line experiments. A color code can be 
defined to color all genes up-regulated in red or yellow, and 
all genes down-regulated in an experiment green or blue. 
The analysis software provides the possibility of changing 
exclusion limits as  p -values, fold changes or log 2  ratios. At 
last, the  “ IPA Path Designer ”  introduced in IPA6.0 provides 
the possibility of transforming networks and pathways into 
publication-quality pathway graphics. This kind of visuali-
zation of protein or transcript expression data representing 
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biological pathways and groups of genes is extremely 
helpful to get an overview of the affected pathways in an 
intuitive way.  Figure 16.2    shows an example of a canonical 
pathway derived from the IPA software.   

    16.3       APPLICATION OF CGH ARRAYS 
FOR STUDIES OF THE MALIGNANT
CELL GENOME 

 Comparative   genomic hybridization (CGH, see also 
Chapters 10 and 12)   is a technique that detects and 
maps changes in the copy number of DNA sequences 
( Kallioniemi  et al. , 1992 ). In CGH, DNA from a test (e.g. 
from a tumor) and reference genome (genomic DNA from 
a healthy/normal individual) are differentially labeled and 
hybridized to a representation of the genome. Originally, 
the representation was a metaphase chromosome spread, but 
over the past several years, microarray-based representations 
increasingly have been used. The fluorescence ratios of the 
test and reference hybridization signals are determined at 
different positions (the array elements) along the genome 
and provide information on the relative copy number of 
sequences in the test genome compared to the reference (a 
normal diploid) genome. The array representations can pro-
vide a number of advantages over the use of chromosomes, 
including higher resolution and dynamic range, direct map-
ping of the copy-number changes to the genome sequence, 

and high throughput. A variety of chromosomal aberrations 
underlie inherited diseases and cancer. Aberrations lead-
ing to changes in DNA copy number can be detected by 
CGH and include interstitial deletions and duplications, 
non-reciprocal translocations, and gene amplifications. It is 
important to note that CGH does not provide information on 
ploidy or location of the rearranged sequences responsible 
for the copy-number change. Furthermore, the capability of 
a CGH array to detect aberrations spanning small genomic 
regions depends on both the size and genomic spacing of 
the elements (clones) on the array. 

 Different   applications of CGH arrays impose differ-
ent performance requirements, so that certain approaches 
may be suitable for a particular application, whereas oth-
ers are not. Accordingly, unique CGH arrays have been 
designed for various applications; for example, for screen-
ing of telomeric regions, screening of selected genomic 
regions known to be frequently involved in cancer, and 
genomewide screening. Three different types of array ele-
ments have been employed in the various approaches: bac-
terial artificial chromosomes (BACs), cDNA clones, and 
oligonucleotides. An analysis typically requires several 
hundred nanograms of genomic DNA from the specimen 
when using some BAC arrays ( Snijders  et al. , 2001 ), or 
one or more micrograms for cDNA arrays ( Pollack  et al. , 
1999 ;  Monni  et al. , 2001 ). Whole genome amplification 
procedures are likely to reduce substantially the amount of 
required specimen. 

A B

 FIGURE 16.2          Ingenuity pathway analysis IPA 7.1 on microarray transcript profiling data comparing normal colon mucosa to colon adenocarcinomas. 
 A.  Canonical Pathway Cell Cycle: G1/S Check Point Regulation.  B.  A network centered around MYC.    
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 The   use of large insert clones like BACs for CGH arrays 
provides sufficiently intense signals such that single copy 
changes affecting individual clones on the array can be 
detected and aberration boundaries can be located within a 
fraction of a BAC length. However, propagating and print-
ing BACs can be problematic. BACs are single copy vec-
tors, hence the yield of BAC DNA is low and solutions of 
the high molecular weight DNA can be viscous, making it 
difficult to print. Since growing and processing large bacte-
rial cultures is not practical for arrays of thousands of ele-
ments, a number of methods have been devised to generate 
representations of BACs from minute cultures, which can 
be set up in an industrial fashion. 

 DNA   copy-number measurements can also be made 
using arrays containing elements made from cDNA or oli-
gonucleotides. Typically, these arrays initially were pro-
duced to measure gene expression. The advantages of these 
arrays are that they are often readily available and contain 
large numbers of elements because they were produced to 
comprehensively assess the transcriptome. The disadvan-
tages are that only large copy-number gains provide suffi-
cient signal to determine the boundaries of the amplicons 
with high resolution. 

 The   detection of low level copy-number changes (e.g. 
losses) requires calculating the running average of multi-
ple clones (5 – 10 clones) along the genome, and frequently 
entails discarding measurements on a substantial fraction 
of elements because they do not provide adequate signals. 
Thus, the actual genomic resolution of the boundaries of 
single copy changes and the ability to detect focal single 
copy changes is considerably less than implied by the aver-
age genomic spacing between the clones on the array. 

 A   number of studies have taken advantage of the higher 
resolution afforded by CGH arrays to more precisely map 
the boundaries of genomic copy-number alterations. Once 
these are defined, candidate tumor suppressors and onco-
genes mapping within the region can readily be identified 
from the genome sequence databases. Investigation of 
expression levels of these candidate genes in tumors and 
model systems (cell lines, etc.) can then be used to deter-
mine which of the candidates are most likely to contribute 
to the disease phenotype and to be the  “ driver gene(s) ”  for 
the copy-number alteration. This approach to candidate 
gene identification is likely to be fruitful, since a corre-
spondence between copy-number alterations and changes 
in gene expression was demonstrated in breast cancer as 
measured by genome-wide CGH arrays and global expres-
sion profiling on the same cDNA array ( Hyman  et al. , 
2002 ;  Pollack  et al. , 2002 ). 

 Tumor   classification based on copy-number profiles 
obtained using CGH arrays has been reported for several 
cancer types, including liposarcomas ( Fritz  et al. , 2002 ), 
renal cell carcinomas ( Wilhelm  et al. , 2002 ), and gastric 
adenocarcinomas ( Weiss  et al. , 2003 ). However, in a recent 
study of bladder tumors no significant relationship between 

copy-number alterations and tumor stage and grade was 
found ( Veltman  et al. , 2003 ). Instead, an intriguing link 
among particular genomic loci was revealed; that is, copy-
number alteration at particular loci occurred together (e.g. 
gain of CCND1 and deletion of TP53), whereas alterations 
in the copy number of loci, harboring genes that function 
in the same pathway such as gains of CCND1 and E2F3, 
were found to be  “ complementary ”  as they did not occur 
in the same tumors. Together, the studies cited indicate that 
CGH arrays will be increasingly important in understand-
ing tumor biology over the coming years.  

    16.4       WHOLE-GENOME SNP ARRAY 
ANALYSIS OF CANCER 

 Microsatellite   markers have been used successfully for 
loss-of-heterozygosity (LOH) analysis and association 
studies. The instability of these markers in tumor tissue as 
well as the difficulty of upscaling and automating PCR-
based microsatellite assays, however, make their usage 
for genome-wide studies impractical ( Buschiazzo and 
Gemmell, 2006 ). Instead, focus has turned to SNP (sin-
gle nucleotide polymorphism) markers and high-through-
put genotyping of these using SNP microarrays. A SNP is 
defined as a DNA sequence variation at one specific posi-
tion in the genome that occurs in at least 1% of the human 
population. Impressive advances with respect to identifica-
tion and genomic mapping of millions of single nucleotide 
polymorphisms (SNPs) have been achieved within the last 
5 – 10 years by the International SNP Consortium ( Holden, 
2002 ) and        the International HapMap projects (2005 and 
2007) . As a result of these and other efforts, the most 
recent version of the human SNP database of the National 
Center for Biotechnology Information (NCBI) (dbSNP 
build 128, October 2007) contains approximately 9.3 mil-
lion true SNPs, i.e. single nucleotide polymorphisms that 
map exactly once to a well-defined location in the genome 
( http://www.ncbi.nlm.nih.gov/sites/entrez?db �     snp ). 

 Although   SNPs are very abundant, they generally have 
a low average heterozygosity rate compared to microsatel-
lites, meaning that on average three times as many SNPs 
are required to obtain a resolution equivalent to a micro-
satellite. This apparent drawback of SNP markers, how-
ever, has been more than sufficiently compensated for by 
rapid improvements in DNA oligonucleotide microarray 
manufacturing technologies making it possible now to 
genotype nearly 1 million SNPs on a single array (see 
below). This number is likely to increase even further as 
technologies continue to improve. Therefore, SNPs have 
currently become the markers of choice for whole-genome 
LOH and association studies ( Beaudet and Belmont, 2008 ). 
Moreover, the ability to determine DNA copy-number 
variation based on relative hybridization signal intensities 
makes SNP array platforms highly attractive alternatives 
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to comparative genomic hybridization for determination of 
copy-number aberrations. 

 Genome  -wide LOH analysis is typically performed 
by comparison of tumor DNA and normal genomic DNA 
(often from leukocytes) from the same individual by paral-
lel SNP array analyses. If a matched normal control sam-
ple is unavailable, it is possible instead to use algorithms 
( Buschiazzo and Gemmell, 2006 ). The latter approach, 
however, is suboptimal and makes data interpretation more 
difficult due to extensive copy-number variation in the nor-
mal human genome ( Redon  et al. , 2006 ). SNP array gen-
otyping determines if both alleles of a heterozygous SNP 
are present in the tumor. Thus, LOH regions are identi-
fied from stretches of adjacent heterozygous SNPs, while 
homozygous SNPs are non-informative ( Heinrichs and 
Look, 2007 ). In contrast, for copy-number determination, 
which is inferred from the hybridization signal of each 
probe, all SNPs on the array are informative. Because gen-
otyping and copy-number determination are integrated in 
the same analysis, a major advantage of SNP arrays over 
other high-throughput methods for genomic analysis, like 
CGH arrays, is their unique ability to identify uniparental 
disomy in tumor samples. Uniparental disomy is a com-
mon cancer-associated chromosomal aberration that occurs 
when one allele is lost and the other allele is duplicated, 
thereby causing LOH without copy-number change. 

 SNP   array genotyping is also used to identify an associ-
ation between specific polymorphic loci in the genome and 
the risk of disease development. Genome-wide association 
studies are performed by analysis of genomic DNA from a 
group of patients with disease (cases) compared to a con-
trol group of unaffected individuals, or as linkage studies 
in families with hereditary cancer. Statistically significant 
differences in allele frequencies of polymorphic markers 
(SNPs) between cases and controls indicate that the cor-
responding genomic region causes increased disease sus-
ceptibility. Association studies use either a direct approach, 
which aims to identify variants with a functional role, or an 
indirect method, which allows identification of polymor-
phic variants associated with a disease condition, but not 
necessarily functional themselves. A major advantage of 
the second approach, which is typically based on linkage 
disequilibrium, is that it can be performed without prior 
knowledge of candidate genes or regions ( Kruglyak, 2008 ). 
Linkage disequilibrium (LD) is defined as the non-random 
association between two or more alleles so that some com-
binations, due to common descent, are more likely to occur 
together than others. LD in the human genome generally 
occurs in block-like structures, or haplotype blocks (       The 
International HapMap Consortium, 2005 and 2007 ). In any 
given population, a typical SNP is therefore closely corre-
lated with many of its neighboring SNPs, and it is possible 
to select a set of  “ tag SNPs ”  that can be used as proxies for 
a much larger set of genetically redundant SNPs. Analysis 
of tag SNPs can thereby reduce the total number of SNPs 

needed for full-genome coverage compared to randomly 
chosen SNPs ( Barrett and Cardon, 2006 ). It has been 
shown that approximately 500,000 tag SNPs can provide 
good genomic coverage for LD-based association studies in 
most human populations ( Kruglyak, 2008 ). For determina-
tion of copy-number variation or LOH analysis, however, a 
more equally dispersed set of SNPs may be preferred. 

 The   following sections outline in more detail the tech-
nologies of modern commercial SNP array platforms from 
two major players on the market, Affymetrix and Illumina, 
and provide a few examples of significant discoveries in 
cancer research based on the application of these or similar 
technologies. 

    16.4.1       Affymetrix SNP Arrays 

 Since   the first SNP analysis on high-density oligonucleotide 
arrays was developed by Affymetrix, the number of inter-
rogated SNPs has increased dramatically from around 600 
SNPs on each array ( Wang  et al. , 1998 ;  Mei,  et al. , 2000 ) to 
analysis of approximately 500,000 on two arrays (GeneChip 
Human Mapping 500       K Array Set) and, most recently, over 
900,000 SNPs on a single array (Affymetrix Genome-Wide 
Human SNP Array 6.0). The modern Affymetrix array 
types contain over 6 million 5  �  5        μ m features on each 
array, with each feature consisting of more than 1 million 
copies of a specific 25-mer oligonucleotide probe. All oli-
gonucleotides are synthesized directly and in parallel on the 
solid surface by photolithographic techniques. 

 Each   array in the Mapping 500       K set genotypes approxi-
mately 250,000 SNPs and together the two arrays in the 
set give a median physical distance of 2.5       kb (mean 5.8       kb) 
between SNPs with an average heterozygosity of 30%. On 
the Mapping 500       K arrays every SNP is interrogated by 24 
or 40 different oligonucleotides tiled around the SNP posi-
tion. The oligonucleotide sequences differ according to 
perfect match and mismatch at the SNP position (all four 
nucleotides are represented at this position). There are also 
both mismatch and perfect match probes represented in the 
flanking sequences around the SNP. This probe redundancy 
improves the confidence of genotype calls. The most recent 
Affymetrix SNP Array (SNP Array 6.0) provides the highest 
physical coverage of the genome seen on the market so far 
with interrogation of 1.85 million markers on a single array. 
The SNP Array 6.0 contains probes for more than 906,600 
SNPs along with 946,000 non-SNP markers for detection of 
copy-number variation, which give a median inter-marker 
distance of less than 700       bp. The average heterozygosity of 
the represented SNPs ranges from 25% to 29% dependent 
on the population (ethnic origin). Each SNP is interrogated 
by six to eight 25-mer oligonucleotide probes, and the con-
comitant development of a new genotyping algorithm has 
ensured high call rates even with fewer probes for each SNP 
compared to the 500       K Array platform. 
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 Whereas   the earliest versions of the Affymetrix SNP 
arrays used multiplex PCR with specific primers for each 
of the PCR products to amplify genomic DNA, the com-
plexity of genomic DNA targets is reduced for the modern 
array types by restriction enzyme digestion followed by 
ligation of a specific adapter ( Fig. 16.3     –  500       K and 6.0). 
This adaptor allows the use of a single generic primer for 
amplification of all targets prior to hybridization. The PCR 
amplification step has been optimized to amplify sequences 
between 200 and 1,100       bp, so SNPs situated in restriction 
fragments below or above this size are not well represented 
on the arrays. For the 500       K Array Set, one array is used for 
Nsp I digested DNA and the other for Sty I digested DNA, 
whereas for the SNP 6.0 array, PCR products from the Nsp 
I and Sty I restriction enzyme digests are combined prior to 
fragmentation, end-labeling and hybridization. 

 The   large number of SNPs represented on the modern 
array types make them suitable for use in both LOH, copy-
number, and association studies. Former generations of 
Affymetrix SNP arrays, like 10       K and 100       K arrays (inter-
rogating 10,000 and 100,000 SNPs, respectively), however, 
have been used predominantly for LOH analysis of tumors. 
Correlations between certain patterns of allelic imbalance 
and diverse clinical parameters (e.g. tumor stage, grade, 
risk of progression, or metastasis) have been reported for 

several malignancies, such as bladder cancer ( Koed  et al. , 
2005 ), colon cancer ( Andersen  et al. , 2007 ), and prostate 
cancer ( T ø rring  et al. , 2007 ). Moreover, higher resolution 
LOH and copy-number analysis of prostate cancer using the 
500       K SNP array has mapped a variety of small deletions 
between the genes  ERG  and  TMPRSS2  on chromosome 
21, which are responsible for oncogenic TMPRSS2-ERG 
fusion transcripts present in many prostate cancers ( Liu 
 et al. , 2007 ).  

    16.4.2       Illumina SNP Arrays 

 The   high-density SNP genotyping systems developed by 
Illumina use self-assembling microarrays based on beads 
with coupled oligonucleotide probes, and take advan-
tage of the recent discovery of over 2 million common tag 
SNPs (minor allele frequency of at least 0.05). Illumina 
BeadChips contain 12 sections (or stripes) of evenly 
spaced wells (5        μ m spacing) that are created by a combi-
nation of photolithography and plasma etching on silicon 
wafers ( Gunderson  et al. , 2006 ). For each SNP to be ana-
lyzed, specific 50-mer oligonucleotide probes are chemi-
cally attached to 3        μ m beads. The different bead types are 
then pooled and randomly dispersed into the wells on each 

 FIGURE 16.3          Overview of Affymetrix Genome-Wide Human SNP Array 6.0 Assay. (Image from Affymetrix datasheet for 6.0 SNP array.)    
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slide. A decoding process maps the location and iden-
tity of each bead on the array. Within each of the 12 sec-
tions on the slide it is possible to load 1.1 million beads 
and to decode 60,000 different bead types, thus each bead 
type is on average represented 20 times to ensure confi-
dent genotyping. The use of beads as microarray features 
ensures uniform spot size and provides a versatile platform 
that can be formatted into a variety of custom-designed 
layouts. Depending on the bead sets used it is possible on 
one array to genotype up to 720,000 SNPs in one sample 
(distinct bead sets added to the 12 sections) or, e.g., 60,000 
SNPs in 12 different samples (same bead set added to all 
12 sections). 

 Before   hybridization to the BeadArray, genomic tar-
get DNA undergoes a whole-genome amplification step, 
followed by enzymatic fragmentation producing an aver-
age target DNA fragment size of 300       bp. Each SNP is 
then scored by an enzymatic extension assay using labeled 
nucleotides. Two different systems have been developed, 
named Infinium I and II, which rely on allele-specific 
primer extension (ASPE) and single base extension (SBE), 
respectively. In both cases, a sandwich-based immunohisto-
chemical assay is subsequently used for visualization and to 
increase assay sensitivity. The ASPE assay uses two allele-
specific probes differing only at the terminal 3 �  base posi-
tion ( � interrogated SNP position) and provides a simple 
one-color readout. The SBE assay uses only one oligonu-
cleotide probe for each SNP and gives a two-color readout, 
since A and T nucleotides are labeled in one color, while C 
and G nucleotides are labeled in another. Although the SBE 
system requires only half the number of probes compared 
to ASPE, it has the limitation that it only allows genotyping 
of 83% of all common bi-allelic SNPs and not the remain-
ing 17%, which are AT or CG polymorphisms. These have 
to be scored either by ASPE or by SBE with swapped 
nucleotide labels ( Steemers and Gunderson, 2007 ). 

 Illumina   BeadArrays have been used successfully for 
genome-wide association studies, but can also be employed 
for both copy-number determination and LOH analysis. 
One of their latest products, the HumanHap550 BeadChip, 
contains probes for over 550,000 tag SNPs (ideal for 
genome-wide association studies) plus probes for numer-
ous non-tag SNPs in order to achieve even spacing across 
the human genome, which allow high-resolution copy-
number determination and LOH analysis ( Steemers and 
Gunderson, 2007 ). Although the total number of SNPs that 
can be interrogated by current Illumina BeadChip technol-
ogy ( � 720,000 SNPs per chip) is lower than that of the 
Affymetrix SNP Array 6.0 ( � 900,000 SNPs), the predomi-
nance of tag SNPs on the former may provide an advantage 
for genome-wide association studies based on LD, whereas 
the greater genomic coverage of the Affymetrix 6.0 array 
(1.8 million markers in total) could make it the optimal 
choice for high-resolution LOH and copy-number analy-
ses. In a comparative study, it has been shown that 317,000 

tag SNPs represented on the Illumina HumanHap300 
BeadArray have comparable power to the Affymetrix 
500       K Array Set in LD-based association studies ( Barrett 
and Cardon, 2006 ). 

 The   use of high-density tag SNP arrays (mainly 
Illumina Hap300 and Hap550) for genome-wide associa-
tion studies has virtually revolutionized the field and led 
to the identification of strong susceptibility loci for sev-
eral types of malignancies, including breast cancer ( Hunter 
 et al. , 2007 ;  Stacey  et al. , 2007 ), and colorectal cancer 
( Haiman  et al. , 2007 ;  Broderick  et al. , 2007 ). Likewise, 
major breakthroughts in the understanding of prostate 
cancer genetics have been accomplished by the combined 
efforts of several studies ( Witte, 2007 ), which have estab-
lished a robust association between prostate cancer risk and 
five specific SNPs (three at 8q24, one at 17q12, and one 
at 17q24.3) and identified about ten additional susceptibil-
ity loci. Presence of at least four of the five high-risk SNPs 
at chromosome 8 and 17 is associated with a remarkable 
4.47-fold increased risk of prostate cancer development 
( Zheng  et al. , 2008 ).  

    16.4.3       Custom-Made SNP Arrays 

 Whereas   the Affymetrix SNP array system is designed to 
cover the whole genome, the custom-made SNP arrays are 
designed to determine the frequency of specific SNPs, or 
sets of SNPs, of interest in specific genes. One of the most 
used examples of SNP determination on custom array is 
the method described by  Fan and colleagues (2000)  and 
 Lindroos and colleagues (2002) . There are slight differ-
ences in the exact method, but the method described here is 
an adaptation used in the authors ’  laboratory (Christensen 
and Koed, unpublished results). 

 Genomic   DNA covering the SNPs of interest is ampli-
fied in a multiplex PCR amplification (see  Fig. 16.4a   ). 
Surplus primers and nucleotides from the PCR amplifi-
cation are degraded in order to avoid interference in the 
following single base-pair extension (SBE) reaction. A 
specific SBE primer that terminates one base upstream to 
the SNP is hybridized to the single-stranded PCR product 
and extended one base in the SBE reaction using differ-
entially fluorescence labeled dideoxy nucleoside triphos-
phates. The SBE primer has a Tag sequence in the 5 � A 
end. Complementary Tag (c-Tag) sequences are spot-
ted on a glass slide with the help of a 3 � A amino group. 
Subsequently, in a silicone mold, the ddNTP-labeled SBE-
Tag primers are hybridized to the c-Tag spotted on the slide 
(see example in  Fig. 16.4b ). In each well the material from 
individual patients can be applied and each individual’s 
composition of SNPs can be determined. Alternatively, 
pooled DNA from many individuals can be used in the 
PCR amplification and thereby the frequency of different 
SNPs can be determined. 
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 Each   glass slide contains 80 wells and in each well 
100 – 200 c-Tags can be spotted. If a single bp extension 
reaction is performed in both the sense and the antisense 
direction, approximately 50 – 100 SNPs can be analyzed in 
each well.   

    16.5       DETECTION OF ALTERNATIVE 
SPLICING BY MICROARRAY ANALYSIS 

 Alternative   splicing is the process in which the exons of a 
common pre-mRNA precursor are assembled to generate 
multiple different mature mRNA isoforms. It is estimated 
that about three-quarters of all human genes undergo alter-
native splicing ( Clark  et al. , 2007 ) making it a key mecha-
nism in expanding a relatively limited number of genes into 
very complex transcriptomes and proteomes. 

 Several   different microarray platforms enabling high-
throughput analysis of alternative splicing currently exist. 
These platforms use two basic oligo-probe types to meas-
ure alternative splicing; exon body probes targeting the 
exon sequence and exon junction probes targeting the junc-
tion of two exons. Exon junction probes have the ability 
to detect the presence of specific exon/exon junctions but 
are restricted to known splice forms, whereas arrays con-
taining exon body probes have the advantage of not being 
biased towards already known splice variants and there-
fore have more potential for detection of novel splice vari-
ants. Furthermore, the exon junction probes are position 

constrained making it harder to design ideal probes. Exon 
body probes can be placed more freely within the exon and 
are therefore easier to optimize. 

 Johnson   and coworkers (2003) used a set of five arrays 
containing in total 125,000 36 nucleotide junction probes 
measuring exon/exon borders of 10,000 multi-exon genes 
in 52 tissues and cell lines. Thousands of potential tissue-
specific alternative splicing events were detected, and 150 
events were selected for experimental validation with a 
success rate of 49% (73 of 150). Pan and colleagues used 
a microarray platform utilizing both exon body and exon 
junction probes to monitor 3,126 preselected alternative 
splicing events in ten adult mouse tissues ( Pan  et al. , 2004 ). 
Six probes were designed for each splicing event, three 
exon body probes and three exon junction probes, and the 
results indicated that alternative splicing and transcription 
act independently on different sets of genes to define tis-
sue-specific expression profiles. 

 The   most current microarray platform, the Affymetrix 
Genechip Exon 1.0 ST Array, contains  � 5.5 million 25 
nucleotide probes investigating the expression of  � 1 mil-
lion known and predicted exons. This exon array can 
be used for detection of alternative splicing, but since all 
probes on the exon array are exon body probes it can also 
be used as an expression array measuring the expression 
at the gene level.  Clark and colleagues (2007)  used this 
platform to identify tissue-specific alternative splicing in 
a panel of 16 diverse normal human tissues. Experimental 
validation was successful for 86% of the selected 
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 FIGURE 16.4          Custom-made SNP array.  A.  Overview of the SNP array. First, genomic DNA is copied by multiplex PCR (the authors ’  laboratory 
routinely runs a multiplex reaction with as many as ten different primer pairs; Christensen and Koed, unpublished results), primers and nucleotides are 
degraded by exonuclease 1 and shrimp alkaline phosphatase (Exo-SAP), single-base extension (SBE) is carried out in the presence of differentially 
fluorescence-labeled ddNTPs and specific single-base extension primers with specific Tags in the 5 � A end. The Tags hybridize to complementary Tags 
(c-Tags) bound to glass slides in a definite pattern.  B.  Example of a spotted slide hybridized to labeled SBE primers (Christensen and Koed, unpublished 
results). The same c-Tags were spotted in each well, but each well represents the results from different multiplex PCR reactions.    
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 candidates (72 of 86) and pairwise comparisons of tissues 
suggested that 73% of detected genes are alternatively 
spliced. Cancer-specific splicing has also been detected 
by this platform in glial brain tumors ( French  et al. , 2007 ), 
colon cancer ( Gardina  et al. , 2006 ), and in colon, bladder, 
and prostate cancer ( Thorsen  et al. , 2008 ). These studies 
indicate that it is possible to use alternative splice variants 
to classify tumor subgroups and that these splice variants 
may be used as novel biomarkers and drug targets. Exon 
array data have also been compared with the SNP data for 
well-characterized cell lines (HapMap) to detect the impact 
of genetic variation on alternative splicing (       Kwan  et al. , 
2007, 2008 ). 

 Data   analysis of splicing microarrays is complex as 
the expression of a specific exon in a mature mRNA iso-
form is dependent on both the overall expression of the 
gene as well as the inclusion rate of the exon. To identify 
alternative splicing it is therefore important to discriminate 
between changes in gene expression and changes in splic-
ing of a specific gene. Furthermore, many different splice 
variants may exist for a single gene and data analysis must 
be able to discriminate these. Many algorithms for detec-
tion of alternative splicing have already been developed but 
experimental validation of the results is still necessary to 
validate splicing events and elucidate the sometimes many 
alternative splice variants of a gene.  

    16.6       RNAi ARRAYS  –  HIGH-THROUGHPUT 
FUNCTIONAL TESTING 

 Inhibition   of gene expression using the RNA interference 
(RNAi) pathway mediated by small interfering RNAs 
(siRNA) has rapidly become the method of choice for stud-
ying gene function in mammalian cells. This technology 
allows the use of RNAi to study gene function in mamma-
lian model systems in which classical methods are often 
limited and costly. One of the advantages of RNAi is that it 
is highly specific and that it can knock down a gene by 70 –
 100%. RNAi does not rely on interference with the trans-
lation, unlike antisense oligonucleotides, but rather leads 
to degradation of the mRNA through the cells ’  own sys-
tem. Although the treatment of cells can lead to unwanted 
induction of the interferon inflammatory pathway, much of 
this can be avoided by maintaining RNAi concentrations at 
a reasonable level. 

 One   limitation of the technique has been the uncertainty 
in predicting the efficacy of siRNAs in silencing a gene. To 
overcome this problem, siRNA sequences may be moni-
tored by their ability to reduce the expression of cognate 
target-reporter fusions with easily quantified readouts for 
the rapid and efficient identification of the most effective 
siRNA against any gene ( Kumar  et al. , 2003 ). A combina-
tion of this approach with microarray-based cell transfec-
tions has an unlimited potential in high-throughput screens 

for identifying effective siRNA probes for silencing genes 
in mammalian systems. This method facilitates the devel-
opment of large-scale siRNA libraries for large-scale func-
tional genomic studies. 

 The   microarray technology often identifies a large 
number of genes of interest for further functional studies. 
Recently, the development of a new exciting tool has car-
ried the RNAi technology into the microarray world, allow-
ing highly parallel analysis used on a genome-wide scale 
( Mousses  et al. , 2003 ). In this technology, siRNA probes 
are dissolved in a transfection matrix and spotted on poly-L 
lysine glass slides very much similar to cDNA microarrays. 
With a spot diameter of 100 – 500       mm and a center – center 
distance of 300 – 1,000       mm, there is space for 2,000 to 
15,000 spots on a standard glass slide. Subsequently, the 
slide is overlaid with a monolayer of adherent cells in a cell 
tray and incubated to allow reverse transfection. For assess-
ment of the effects of gene knock-down a highly magni-
fied digital image is recorded with a charge-coupled device 
(CCD) camera. The gene silencing may be combined with 
other experiments, such as drug treatment, starvation, and 
heat shock, and scored with the only limitation that the 
effect must induce a visible change in phenotype.  

    16.7       FUTURE ASPECTS OF THE USE 
OF MICROARRAYS 

 The   development of nano-technologies may bring the use 
of microarrays to a new level. As is stands today the whole 
human genome can be included in one microarray, look-
ing at gene expression (see also next chapter). However, 
there are still unmet needs in terms of analysis of the vari-
ation occurring in the human genome and how this may 
alter cellular behavior in relation to physiological and dis-
ease processes. The number of splice variants per gene has 
been estimated to be at least 5 – 10 per gene and the total 
number of SNPs to be more than 5 million. To be able to 
analyze these very large numbers of variables, new and 
denser array formats are needed. It also poses a statistical 
problem on the analysis in terms of the requirements to the 
materials to be analyzed. Large tissue banks will have to be 
developed, for example if disease-related variations in the 
genome have to be identified. 

 Recent   years have demonstrated that microarrays 
could have an important role in parallel analysis of cellu-
lar parameters in combination with drugs, genes, viruses, 
RNAi, and so on. The micro- or nano-format makes it pos-
sible to screen for a number of variables simultaneously, 
for example during treatment with a new drug candidate. 
The endpoints have to be measured in parallel in hundreds 
or thousands of small cell cultures. This is a challenge, 
as functional assays will have to be developed for this 
purpose such as apoptosis assays, cell cycle assays, cell 
kinetic assays, etc. Proteomic arrays have not been dealt 
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with in this chapter but are, of course, another array area 
where much is expected in the future  . Some assays based 
on the function of molecules at DNA or peptide level are 
promising, such as those for phosphorylation of peptides or 
binding assays in which binding of a transcription factor to 
DNA is analyzed with respect to binding inhibitors. Such 
biochemical process arrays are very promising as they 
make it possible to screen large libraries of compounds for 
very specific endpoints. 

 Most   array work has aimed at identifying changes in 
gene expression in clinical samples or  in vitro  in cell lines. 
The pathways and genes that change their expression are 
identified and this can be followed by  in vitro  testing of 
the effect of up- or down-regulation of the expression of 
the gene. This effect can again be analyzed by microarrays 
in a time course study of the gene expression and shifts 
in pathways. This situation in which a single parameter is 
changed and the effect is measured is quite straightforward. 
However, in the future more than one parameter will have 
to be altered, such as inhibiting one pathway and promot-
ing another to get more information on the dynamic pos-
sibilities in cellular responses. To study such changes with 
appropriate controls and many time points is costly, and 
a single factor that will promote this development is the 
lower cost of arrays. A reduced microarray cost is needed 
to be able to use multiple arrays for analysis of compli-
cated cellular networks, for example by using Bayesian 
network modeling. Apart from such increased use of arrays 
in defining cellular networks, it is expected that a clinical 
use of microarrays will be gradually introduced, especially 
in relation to cancer classification. In breast, lymphoma, 
leukemia, and bladder malignancies classifiers have already 
been published and are in clinical testing. They will make 
it possible to select the right treatment for the individual 
patient and to develop individual predictors of the disease 
course needed for individual follow-up programs. Such a 
use of microarrays may lead to great benefit for the soci-
ety and to reduced spending on ineffective treatments, and 
selection of tailored and more effective treatments.   
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 Chapter 17 

    17.1       INTRODUCTION 

 Advances   in genomics and human genetics have transferred 
DNA diagnostics firmly into medical practice in advanced 
hospitals and medical centers. There are several technolog-
ical platforms in use and in this chapter we are introduc-
ing a microarray-based approach  –  namely Arrayed Primer 
Extension (APEX). This method is well suited for both 
applications: testing for known disease-causing mutations 
and analyzing single nucleotide polymorphisms (SNPs) in 
candidate regions where tens to thousand of markers need 
to be tested using custom-made arrays. The latter is suited 
for research laboratories. Regarding the testing of known 
mutations, APEX is not limited only to point mutations. 
The size of the deletions and insertions can be determined 
if analysis is carried out simultaneously from both DNA 
strands, since this gives the starting and ending points of 
the deletion or insertion in the known DNA sequence. 
Recently, an updated version of the method, namely 
APEX-2, has been introduced, which increased the degree 
of multiplexing by approximately 100-fold for SNP testing. 
So far, more than 600-plex reactions can be routinely per-
formed in one tube, which reduces substantially the pipet-
ting time and consumables needed. 

 APEX   may be used to discover new mutations in the 
genes where this is needed (Krjutskov  et al ., 2008). For the 
 TP53  gene, a resequencing microarray has been developed, 
which also allows analyzing  de novo  mutations. It can be 
used for testing of somatic mutations directly from the 
tumor sample, with as little as 6% of mutated DNA on the 
background of normal sequence from the normal tissue (Le 
Calvez  et al ., 2005). 

 As   previously mentioned, DNA testing is currently 
mostly used for molecular diagnostics of Mendelian dis-
eases, where the results will help physicians to make deci-
sions about diagnoses, risks, and treatment modalities. 
However, in the case of common complex diseases, the 
situation is different. It might be tempting to start indi-
vidual testing for disease-related SNPs recently discovered 
through large-scale genome-wide association analyses as 
the  ‘  ‘ risk ’  ’  alleles, but the predictive value of such testing 
is in most cases insufficient for personalized recommen-
dations. Because most common diseases are caused by a 
complex interaction between the different genes, environ-
mental factors and lifestyle elements, each of which will 
add only a minor part to the overall disease risk. Although 
we can predict that this kind of SNP testing will be reason-
ably justified one day, this may still be many years away. 

 Nowadays  , DNA testing is still limited by the avail-
ability of suitable analyzing technology (e.g. lack of stand-
ardized automated mutation analyzers), comprehensive 
genetic information on disease-causing mutations, and sus-
ceptibility alleles for environmental and lifestyle factors. In 
order to make more progress in the present situation, we 
can point to two main factors, which need to be overcome. 
First, physicians of all specialties will need more com-
prehensive information about the recent developments in 
medical genetics. Second, broader availability of interna-
tional quality control schemes and panels of test samples 
for complex phenotypes would be very helpful in order to 
ensure the high quality and proper standards in DNA test-
ing. The availability of test samples is also crucial for any 
diagnostic laboratories and companies developing new 
assays.  
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    17.2       APEX TECHNOLOGY OVERVIEW 

    17.2.1       Microarray Chemistry 

 The   attachment chemistry of oligonucleotides on glass sup-
port must provide a reproducible coating process of the 
slides and functionality of the surface-bound DNA. The 
reliable chemical linkage must also be stable, produce spe-
cific binding, and eliminate undesired steric hindrance. 

 Genorama   ™  microarray slides from Asper Biotech 
have been employed for the APEX analyses. The bind-
ing chemistry of Genorama slides basically consists of 
aminosilane coating ( Guo et al., 1994 ) followed by 1,4-
phenylene diisothiocyanate linker treatment to convert 
the amino groups to amino-reactive phenylisothiocy-
anate groups. Amino-modified oligonucleotide primers 
are diluted in alkaline spotting buffer (pH 9.0) and spot-
ted onto the activated surface. The slides are later blocked 
with either ammonia vapors or 1% solution of ammonium 
hydroxide, washed with water, air dried, and stored at 4 ° C. 
In the authors ’  experience, the slides have been stable for 
at least six months. This thiocyanate functionalization has 
also been used as a reference method for other microarray 
chemistries ( Lindroos et al., 2002 ).  

    17.2.2       APEX Primer Design 

 Primers   with 25- to 35-mer specific sequence have been 
mostly used in all APEX assays performed in the authors ’  
laboratory. The primers are synthesized according to a 
consensus sequence with aminolink at their 5 �  end. The 
3 �  ends are unmodified and free for extension by the DNA 
polymerase. The 3 �  end of each primer is positioned one 
base before the base to be identified. For resequencing on 
the APEX assay, primers are designed with a single base 
shift on their sequence. For example, 1,000 primers are 
needed for identification of 1,000 bases in the sample DNA 
from one strand. As a routine, two primers have been used 
per each base pair, one for each DNA strand. Stable sec-
ondary structures (hairpins and oligonucleotide dimers) 
should be preferentially avoided. The potentially harmful 
structures are predictable by computer algorithms and the 
oligonucleotides may be designed beforehand to reduce 
stability of the secondary structures. In the case of the 
 TP53  gene APEX resequencing assay, 5.9% of the primers 
were redesigned by introducing a mismatch base to reduce 
the stability of the predicted dimers and avoid self-prim-
ing ( Tonisson et al., 2002 ). After this modification, 62% 
of these primers were found to generate signals only in 
the presence of target DNA and not from oligonucleotide 
dimers. The rest of modified primers did not give constant 
signals in the APEX reactions. Importantly, none of the 
modified primers were found to generate false-positive sig-
nals in the absence of the target DNA fitting well with the 
 ‘  ‘ yes or no ’  ’  type general philosophy of APEX analysis. 

 For   a part of the mutation sites analyzed, especially 
for more complicated mutations, enzymatic elongation of 
allele-specific primers has been implemented ( Gemignani 
et al., 2002 ). This modification of primer extension method 
adds flexibility to the primer design and increases the 
redundancy and thereby also the reliability of the infor-
mation obtained. At the negative side, extra primers also 
somewhat increase the assay development and production 
costs.  

    17.2.3       APEX Reaction Conditions 

 APEX   is a complex isothermal reaction consisting of tar-
get annealing to the oligonucleotide array and enzymatic 
primer extension reaction with fluorescent terminator 
nucleotides (dNTPs). Preparation of template (here syn-
onymous to the target) DNA for primer extension starts 
from single or multiplex amplification by PCR ( Fig. 17.1   ). 
The further step has routinely been a simultaneous asym-
metrical fragmentation of the double-stranded DNA with 
uracil DNA glycosylase and degradation of the leftover 
dNTPs by shrimp alkaline phosphatase. An engineered 
thermostable DNA polymerase (Thermo Sequenase ™ , 
GE Healthcare Life Sciences, Milwaukee, WI, USA) has 
been used for primer extension ( Pastinen et al., 1997 ;  Chen 
et al., 1999 ;  Kurg et al., 2000 ). The use of four colors per 
reaction permits a straightforward simultaneous identifica-
tion of all possible sequence variants within the same proc-
ess ( Kurg et al., 2000 ;  Lindroos et al., 2001 ). 

 The    primer extension reactions are routinely performed 
at 58 ° C constant temperature for 20 minutes ( Kurg et al., 
2000 ;  Tonisson et al., 2002 ). Incorporation of labeled ter-
minators is fast, but hybridization as an equilibrium proc-
ess needs longer reaction time. 

 Thermo   Sequenase ™  and 20 to 50 picomoles of each 
fluorescent terminator per one APEX reaction have shown 
optimal efficiency and signal-to-noise ratio. The dye labels 
used are spectrally well separated ( Table 17.1   ). The current 
set consists of (by spectral order): fluorescein, Cy3, Texas 
Red, and Cy5. All but fluorescein are stable to bleaching. 
Due to the bleaching of fluorescein, the SlowFade  ®   Light 
antifade reagent (Invitrogen Molecular Probes, Eugene, 
OR, USA) has been used for imaging.  

    17.2.4       Imaging 

 A   dedicated instrument, Genorama  ®   QuattroImager total 
internal reflection (TIRF) microarray imaging system (pat-
ent application EP1088214, Asper Biotech, Tartu, Estonia; 
 http://www.asperbio.com ), has been developed for the fast 
analysis of APEX reactions. In the current version, four 
solid-state lasers, emitting on the wavelengths 473, 532, 
594, and 653       nm, excite the fluorescence labels incorpo-
rated into the arrayed probes. The optical system consists of 
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the light reflectors, rotating prism, and cylindrical lenses 
transforming a beam of each laser into a homogeneously 
illuminated stripe, which is introduced to the microar-
ray slide from one edge. Due to the total internal reflec-
tion on the slide surfaces, the incoming beam can spread 
only inside the slide. Evanescent light field excites the 
incorporated fluorophores residing near the surface of the 
slide. A gated cooled charge-coupled device (CCD) cam-
era is used to record the emitted fluorescence. The respec-
tive narrow-band interference filters fixed on the revolving 
wheel in front of the CCD camera depress a noise radiation 

of exciting laser scattered on the slide. Four images cor-
responding to four laser wavelengths are captured, one for 
each dye-labeled terminator nucleotide ( Kurg et al., 2000 ). 
Additional features of the system include automated laser 
beam adjustment and autofocusing of the CCD camera 
lens. Because of precise spectral separation of exciting and 
emitting wavelengths, the system demonstrates a high sig-
nal-to-noise ratio. TIRF excitation also gives a low image 
background. 

 Due   to multiple variables involved (incorporation effi-
ciency, fluorophore brightness, excitation power, and sen-
sitivity of the detection system at a particular wavelength), 
the actual signal intensities have to be experimentally 
determined and used for empirical normalization ( Lindroos 
et al., 2002 ).  

    17.2.5       Analysis 

 The   process of APEX data analysis is basically compa-
rable to that of an automated four-color DNA sequencer 
consisting of intensity comparisons from different fluo-
rescent labels on the same band/dot. The strongest signal 
is the base called  . The specially developed Genorama ™  
Genotyping Software package for APEX image analysis is 
available from Asper Biotech. For mutation detection and 
resequencing, the sequence produced is compared with 
a reference sequence and diverging bases are indicated. 

 FIGURE 17.1          Schematic drawing of the conventional APEX methodology. The analyzed sequences are first amplified by PCR. A small fraction of 
dUTP in the reaction mixture allows for random asymmetric fragmentation with uracile DNA glycosylase at a later stage. The fragmented DNA is mixed 
with a suitable thermostable DNA polymerase and four fluorescently labeled ddNTP-s for APEX reaction. After the single base extension reaction and 
washing steps, the microarray signals will be quantitated and analyzed.    

 TABLE 17.1          Fluophores used in four-color primer 
extension on oligonucleotide microarray ( Kurg et al., 
2000 ). The spectral data were obtained from  http://
www.perkinelmer.com/nucleotide_analogs .  

   Fluorescent 
dye 

 Excitation 
maximum 
(nm) 

 Extinction 
coefficient 
(M  � 1 ·cm  � 1 ) 

 Emission 
maximum 
(nm) 

   Fluorescein  494  30,000  517 

   Cy ™ 3  550  150,000  568 

   Texas Red  593  85,000  612 

   Cy ™ 5  650  250,000  668 
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All divergences and heterozygous positions may be visu-
ally verified and the genotypes edited, if necessary. In its 
latest version, the analysis is recommended in the database 
(PicDB) format. This enables efficient normalization of the 
signal intensities all over the samples analyzed and imple-
mentation of expectation maximization algorithm ( Hua 
et al., 2007 ) for automated genotyping.   

    17.3       LARGE-SCALE MULTIPLEX ANALYSIS: 
APEX-2 

 APEX  -2 is a further development of the above-described 
APEX method, permitting simultaneous single-tube ampli-
fication of a large number of SNPs and mutations analyzed 
in the target DNA ( Krjutskov et al., 2008 ). So far, its multi-
plexing ability has been tested at the 600-plex level. 

 With   APEX-2, just two oligonucleotides are needed for 
amplification and single base extension (SBE), saving the 
valuable sample and reducing analysis costs and time. Each 
APEX-2 primer contains a specific region for genomic bind-
ing and a universal 5 �  tail for amplification ( Fig. 17.2   ). The 
binding to genomic DNA takes place adjacent to the stud-
ied position. Primers ’  3 �  end for both DNA strands reside 
just one base before the SNP or mutation to be addressed. 
As a final result of the amplification reaction, only the stud-
ied nucleotide is novel in the amplicon. The universal 5 �  tail 
is uniform for all APEX-2 primers and guarantees an equal 
product amplification level for all the amplicons. Being 
unique against the human genome, synthesis of the comple-
mentary sequence for universal tail is a critical step for fur-
ther amplification. The universal primer (identical to universal 
tail) can amplify only these products, which have been syn-
thesized previously by specific binding on genome. The pre-
ferred amplification or relatively short products (100 – 200       bp) 
is also achieved by the short extension time used. 

    17.3.1       Primer Design and Marker Selection 

 The   primer design of APEX-2 follows two main rules. 
First, the selected region is determined by the sequence 
around the variant position of interest and only the primer 
length can vary. The average melting temperature ( T  m ) for 
all primers is 60 ° C  �  2 ° C and primers are not shorter than 
18       bp. Also, it is noticed that primers with low GC con-
tent, which require more than 35       bp to achieve the desired 
 T  m  (i.e. 58 ° C according to Primer 3 software;  Rychlik and 
Rhoads, 1989 ) and product length higher than 120       bp, have 
increased failure rate. The universal 5 �  tail consists of 21       bp 
and has a  T  m  of 54 ° C. The primer specificity should be 
evaluated  in silico  ( Andreson et al., 2006 ) to avoid multiple 
short products (up to 250       bp). 

 The   primers are mixed together in equal concentra-
tion for multiplex PCR. The performance of a primer pair 

with low or missing signals on the microarray can some-
times be improved by a two-fold increase of both primers ’  
concentration. A more precise optimization is usually not 
required. 

 All   APEX-2 primers are amino modified at their 5 �  end, 
to enable their covalent immobilization on the microarray 
surface. This has not caused any observable problems dur-
ing PCR and column purification. 

 The   selection of the genetic markers to be studied 
depends on the assay purpose. APEX-2 enables the detec-
tion of multiallelic SNPs and different types of mutations. 
For a single base insertion, the primers are designed  similar 

 FIGURE 17.2          Large-scale multiplex amplification, APEX-2. APEX-2 
primers (APEX-2 primers 1 and 2) bind to genomic DNA sequences 
immediately adjacent to the position of interest. The primers consist of 
target-specific and common flanking sequences. This allows for simul-
taneous multiplex PCR amplification of several hundreds of SNPs and 
causative mutation sites. After primer extension, the synthesized sequence 
contains the complement of the respective APEX-2 primer and the posi-
tion of interest (SNP/causative mutation). The universal primer hybridizes 
to the 3´ end of the previously generated product. APEX-2 primers have a 
5´NH 2  modification, enabling spotting and immobilization on the micro-
array. The purified universal phase PCR product anneals to the immobi-
lized primers. The genotyping step is a four-color single-base extension 
reaction.    
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to a single base substitution and the fluorescent signal is 
complementary to the inserted nucleotide. In case of a 
singe base deletion, the first base of both primers ’  3 �  end 
is detected. For larger deletions or insertions (up to tens of 
nucleotides), APEX-2 primers detect also the first nucleo-
tide of the studied region or the first 3 �  base from the oppo-
site primer sequence, respectively. Any SNP linked  in cis  to 
the sequence variation of interest within the short amplified 
sequence may cause either an increased blank rate or allele 
dropout during analysis. In this case, a single pair of primers 
for both alleles improves the call rate and the recommended 
amplicon should contain the two polymorphic positions and 
the sequence in between ( Krjutskov et al., 2008 ).  

    17.3.2       Advantages and Potential 
Disadvantages 

 APEX  -2 approach is considered a significant advancement 
compared to most of the current PCR-based approaches. 
APEX-2 increases the multiplexing capacity of PCR by 
100-fold, being thereby very time and cost effective. The 
first step of APEX is amplification of genomic regions 
adjacent to the SNP to produce sufficient template for 
detection. Similarly, after phase I of APEX-2, the studied 
position has already been incorporated into the template 
DNA. Phase II amplification produces a sufficient prod-
uct quantity for the microarray detection. The single base 
extension step is similar to APEX SBE. 

 While   other low- to medium-throughput techniques 
are currently also employed, they require additional steps 
circumvented by the APEX-2 method, such as including 
enzymatic treatment of PCR generated probes to remove 
unincorporated primers, electrophoresis (SNaPshot from 
Applied Biosystems  ®  ) or mass differences (iPLEX from 
Sequenom  ®  ) ( Klito et al., 2007 ). Further, APEX-2 dif-
fers from well-known molecular inversion probe (MIP) 
( Hardenbol et al., 2003 ) and Illumina’s Golden Gate reac-
tion in some essential aspects: APEX-2 primers are linear 
oligonucleotides that contain neither cleavage sites nor  tag-
ctag  system sequences. 

 The   required quantity of genomic DNA per SNP or 
disease-causing mutation for APEX-2 (0.3       ng) is less than 
other multiplex PCR-based genotyping methods ( Lahermo 
et al., 2006 ) and comparable to the iPLEX (0.2 – 0.3       ng), 
MIP probe (0.17       ng), and Illumina’s Golden Gate assays 
(0.3 – 1.4       ng). 

 Unsuitable   for APEX-2 analysis are only the SNPs and 
mutations, (i) where multiple short amplicons could be 
generated during PCR, and (ii) with very similar flanking 
sequences, due to the cross-hybridization considerations. 
The experimental design allows for flexible assay setup. 
Projects like 124-plex forensic (SNPs over mitochondrion, 
Y-, and all autosomal chromosomes) have been success-
fully introduced (in preparation).   

    17.4       APEX WITH  IN SITU  SYNTHESIZED 
OLIGONUCLEOTIDE MICROARRAYS 

 Sequences   of 10 – 30% oligonucleotide primers may need 
to be changed to convert all the sites analyzed (mutations/
SNPs) into functional assays ( Tonisson et al., 2002 ;  Jaakson 
et al., 2003 ). This is a time-consuming and costly proc-
ess because of the repeated orders to be made and because 
some oligonucleotides will be eventually used only a few 
times. Use of flexible  in situ  synthesized oligonucleotide 
microarrays seems to be an efficient and attractive method 
for the fast and cost-efficient pre-screening of an eventual 
high-throughput genotyping assay ( Pullat et al., 2007 ). 

 Usually  , the initial microarray compilation is based on 
an  in silico  oligomer design and on theoretical calculations 
of interactions between all oligonucleotide probes and PCR 
fragments. The selected set of oligonucleotide probes is 
optimized thereafter by a subsequent experimental analysis. 
The respective oligomers that had performed well during 
the  in silico  selection process might be empirically found to 
perform poorly in real experimental reactions ( Pullat et al., 
2007 ). The specificity and stability of DNA duplex forma-
tion is strongly dependent on the sequence base composition 
( Wetmur and Davidson, 1968 ;  Breslauer et al., 1986 ). Also, 
the target sequence on either side of the SNP position plays 
an important role since secondary structures may strongly 
affect the annealing behavior of a target sequence ( Southern 
et al., 1999 ). Therefore, it is frequently insufficient to predict 
the performance merely on the basis of theoretical calcula-
tions. The ability to easily change the oligonucleotide array 
layout is essential in the validation stages. Several microar-
ray platforms have utilized light controlled  in situ  oligonu-
cleotide probe synthesis with photolithographic masks, or 
by micro-mirrors instead ( Fodor et al., 1993 ;  Singh-Gasson 
et al., 1999 ;  Beier and Hoheisel, 2000 ). The light-induced 
 in situ  synthesis controlled by a micro-mirror device com-
bines very good synthesis yields of more than 99.5% per 
condensation ( Fig. 17.3   ) ( Beier and Hoheisel, 2000 ). This 
enables the production of high-density and -quality oligonu-
cleotide microarrays with flexible layout and reproducible 
characteristics ( Pullat et al., 2007 ). The photolithographic 
synthesis of the entire oligonucleotide matrix is performed 
from photoprotected phosphoramidites by light irradiation. 
The synthesis using photolabile protecting groups has been 
successfully used to manufacture high-density microar-
rays in both the 3´ → 5´ and 5´ → 3´ directions ( Albert et al., 
2003 ;  Pullat et al., 2008 ). All the designed oligonucleotide 
primers can be verified at once and redesigned if neces-
sary. Empirical results from earlier experiments exploiting 
this technology can be immediately applied to the improve-
ment of the next microarray ( Bauer et al., 2003 ). The mask-
less light-directed  in situ  microarray synthesis technology 
platform is a fast and cost-effective alternative for assay 
development, reducing the time needed for ordering new
oligonucleotides. Although this platform is not well suited 
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for genomic association studies, it is ideal for analytical 
assays and assay development ( Pullat et al., 2008 ).  

    17.5       INTERNAL QUALITY CONTROL FOR 
APEX GENOTYPING 

 The   routine quality control of APEX genotyping process in 
genetic testing laboratories involves the following steps: 

      ●      DNA sample shipment check (is the tube still closed, 
labeling same as in documentation provided?),  

      ●      DNA quality check, i.e. concentration measurement, 
purity, and absence of degradation,  

      ●      Amplification check, i.e. presence of PCR products and 
amplification specificity,  

      ●      Purification of PCR products and yield of the PCR 
products after purification,  

      ●      DNA fragmentation check before APEX reactions (not 
required for APEX-2),  

      ●      Microarray quality check, i.e. presence of primer spots 
and self-extension of internal controls,  

      ●      APEX reaction check, i.e. visual detection of signals 
over the microarray,  

      ●      Quality control of diagnostic results, i.e. mutations 
detected are at least partially reanalyzed by automated 
DNA sequencing.    

 Additional   internal quality control is also done by ran-
dom blind analysis of previously tested samples.  

    17.6       APEX IN DIAGNOSTIC 
APPLICATIONS 

 APEX   microarrays have been designed and success-
fully used for molecular diagnostics of various disorders, 

such as single gene Mendelian disorders, e.g. cystic fibro-
sis ( Schrijver et al., 2005 ), Wilson disease ( Gojova et al., 
2008 ), and autosomal recessive Stargardt disease ( Jaakson 
et al., 2003 ). The next, more complex field of use of the 
microarrays is diagnostic and carrier testing of Mendelian 
disorders with more than one gene responsible for a similar 
phenotype. Although these are still  ‘  ‘ single gene disorders ’  ’  
by inheritance, a number of genes need to be tested for iden-
tifying the causal gene and its pathogenic variants. This has, 
so far, become the field of use, where APEX microarrays 
have shown most promising results, compared to the more 
conventional mutation analysis methods. The currently 
available microarrays include tests for the  β -thalassemias 
(covering mutations in the  HBB  and  HBD  genes of human 
 β -globin gene cluster) ( Kurg et al., 2000 ;  Gemignani et al., 
2002 ), hereditary sensorineural hearing loss ( Gardner et al., 
2006 ), Usher syndrome ( Cremers et al., 2007 ), Leber con-
genital amaurosis ( Zernant et al., 2005 ), retinitis pigmen-
tosa ( Koenekoop et al., 2007 ), hereditary breast and ovarian 
cancer, and others. APEX microarrays have also been used 
for the testing of somatic  TP53  gene mutations in cancer 
( Tonisson et al., 2002 ;  Kringen et al., 2005 ; Le  Calvez 
et al., 2005 ) and comprehensive carrier testing of vari-
ous diseases with increased prevalence among people with 
Ashkenazi Jewish heritage ( Schrijver et al., 2007 ). 

    17.6.1       Tests for  “ Single Gene ”  Disorders 

    17.6.1.1       Cystic Fibrosis 

 Cystic   fibrosis (CF) is the most common life-threaten-
ing autosomal recessively inherited disorder among 
Caucasians, but it also occurs in other ethnicities with vari-
able frequency. CF is caused by mutations in the gene cod-
ing for the Cystic Fibrosis Transmembrane Conductance 

 FIGURE 17.3          Maskless microarray  in situ  synthesis steps, which are involved in photolithographic addition of oligonucleotide bases. P: Photolabile 
protecting group.    
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 TABLE 17.2          CF prevalence and common disease alleles in Europe and the Americas ( Bobadilla et al., 2002 ).  

   Geographical 
location 

 Incidence per birth  Frequency of F508del  Other common disease alleles, comments 

   Europe  1:2,000 in United Kingdom 
( Dodge et al., 1997 ) to 1:25,000 
in Finland ( Kere et al., 1994 ) 

 100% in Faroe Islands 
( Schwartz et al., 1995 ), 70% in 
central, northern, western, and 
north-eastern Europe ( Estivill 
et al., 1997 ), 20% in Turkey 
( Yilmaz et al., 1995 ). 

 Additional 5 – 10 mutations account for 
10 – 15% of CF alleles: G542X in Mediterranean 
region ( Casals et al., 1993 ), G551D in 
Ireland and Brittany ( Schwarz et al., 1995 ; 
 Estivill et al., 1997 ), N1303K in Western and 
Mediterranean countries ( Estivill et al., 1997 ), 
W1282X in Ashkenazi Jews ( Kerem et al., 
1995 ), 394delTT in nordic countries ( Schwartz 
et al., 1994 ;  Teder et al., 2000 ), 3905insT in 
Switzerland ( Hergersberg et al., 1997 ), R1162X 
in Northeast Italy ( Bonizzato et al., 1995 ), 
 CFTR dele2,3(21       kb) in Slavic populations ( Dork 
et al., 2000 ). 

   North America  1:3,500 based on derivative 
populations ( Kosorok et al., 
1996 ); 1:15,000 African 
Americans ( Macek et al., 1997 ; 
 Hamosh et al., 1998 ); 1:80,000 
Native Americans ( Mercier et al.,
1994 ;  Yee et al., 2000 ); in 
Canada it varies a lot: 1:914 
Saguenay-Lac St. Jean region of 
Quebec ( Rozen et al., 1992 ;  De 
Braekeleer et al., 1998 ) 

 Most common allele in North 
America, except in Hutterites 
( Zielenski et al., 1993 ). In 
Canada p.F508del accounts for 
60 – 70% of CF alleles, except 
Hutterite population 

 About 10  CFTR  mutations with  � 0.5% 
frequency, account for 79.7% in the USA 
( Bobadilla et al., 2002 ). In Canada Hutterite 
population frequency of M1101K is 69.0% and 
frequency of F508del is 31.0% ( Kristidis 
et al., 1992 ;  Rozen et al., 1992 ;  Zielenski et al., 
1993 ;  De Braekeleer et al., 1998 ). 

   Latin America  Very heterogeneous, ranges from 
1:3,900 in Cuba ( Collazo et al., 
1995 ) to 1:8,500 in Mexico 
( Orozco et al., 2000 ) 

 Most common allele  The spectrum of  CFTR  mutations largely 
mimics Southern European countries, but 
each country has its own set of private, rare 
mutations ( Bobadilla et al., 2002 ). 

Regulator ( CFTR ; MIM # 602421), a chloride channel 
expressed at the membrane of epithelial cells ( Riordan 
et al., 1989 ;  Rommens et al., 1989 ). More than 1,300 CF-
causing CFTR mutations have been found according to the 
Cystic Fibrosis Mutation Database (CFMDB;  http://www.
genet.sickkids.on.ca/ CFTR /app ). 

 Classical   CF is characterized by chronic obstructive 
pulmonary disease, exocrine pancreatic insufficiency, ele-
vated sweat electrolytes, and infertility ( Davis et al., 1996 ). 
A wide variability in the clinical outcome is found among 
patients which have only one or few of CF characteristic 
features, e.g. congenital bilateral absence of the vas deferens 
(CBAVD) ( Chillon et al., 1995 ), disseminated bronchiecta-
sis ( Pignatti et al., 1995 ), chronic pancreatitis ( Pezzilli et al., 
2003 ), diffuse panbronchiolitis ( Dequeker et al., 2002 ). The 
prevalence of common CFTR gene disease alleles in  Europe 
and the Americas is shown in  Table 17.2    and can be also 
found in the World Health Organization Molecular Genetic 
Epidemiology of Cystic Fibrosis ( http://www.cfww.org/
WHO/WHO_HGN_CF_WG_04.02.pdf ) and the FINDbase 
database ( http://www.findbase.org ; van  Baal et al., 2007 ). 

 For   the routine genetic testing and screening of  CFTR , 
resequencing of the full  CFTR  gene is still too expensive. 

In  developed countries, CF carrier screening panels include 
only the most common mutations. A typical cut-off would 
be to screen for all mutations with a frequency of 0.5%. In 
most European countries 90 – 95% of the CF alleles may be 
identified with such cut-off. In North America, as a very 
heterogeneous region, with even a 0.1% cut-off, no more 
than 88% of CF alleles would be identified. The core muta-
tion panel of 25 mutations, recommended by the American 
College of Medical Genetics (ACMG) and the American 
College of Obstetricians and Gynecologists ( ACOG, 2004 ), 
detects 84% of CF alleles in the patients in the USA. With 
50 mutations, detection rate would increase to 86.3%. 
Using ACMG/ACOG recommended mutation panel for 
African Americans and Hispanics, the estimated detec-
tion rates of CF carrier status diminish to 69% and 57%, 
respectively. Extending ACMG/ACOG core panel with 19 
mutations, specific for African Americans and Hispanics, 
the detection rate would increase to 72.7% ( Grody et al., 
2001 ;  Bobadilla et al., 2002 ;  Watson et al., 2004 ). 

 To   improve the detection of CF alleles in ethnically 
mixed populations, a  CFTR  genotyping microarray for 254 
mutations in  CFTR  gene has been developed. The pan-
ethnic microarray (patent application WO2005006951) 
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includes a large number of mutations that are frequent 
in the Caucasian population as well as non-Caucasians 
( Schrijver et al., 2005 ). The microarray tests for 25 muta-
tions are listed in ACMG/ACOG core panel, as well as 
most prevalent mutations in non-Caucasian populations. 
The mutations are selected from 26 exons and 15 introns, 
including single-nucleotide substitutions, insertions, dele-
tions, and repeats, such as the IVS8-5T/7T/9T. IVS8-5T 
allele causes reduced levels of normal  CFTR  mRNA and 
this DNA variant is found in 79% of CBAVD patients 
( Cuppens et al., 1998 ;  Radpour et al., 2007 ). Detection of 
5T/7T/9T alleles is technically challenging. This has been 
solved with a set of allele-specific primers, which enables 
reliable detection from both DNA strands. In addition to 
CF carrier screening, the developed pan-ethnic CF APEX 
assay can serve as the initial research tool to screen muta-
tions in CFTR gene for a variety of diseases other than 
classic CF (e.g. CBAVD), followed by resequencing of the 
CFTR gene, if results are negative ( Schrijver et al., 2005 ).   

    17.6.2       Autosomal Recessive Stargardt 
Disease 

 Stargardt   disease type 1 (STGD1, MIM # 248200) is a rela-
tively common autosomal recessive macular dystrophy with 
estimated incidence 1 in 10,000 individuals. The disease 
is characterized by juvenile to young onset, central visual 
impairment, progressive bilateral atrophy of the macular 
retinal pigment epithelium (RPE) and neuroepithelium, with 
the frequent appearance of orange – yellow flecks distributed 
around the macula and/or the midretinal periphery following 
by characteristic progressive  ‘  ‘ beaten bronze ’  ’  atrophy of the 
retinal pigment epithelium of the fovea. The causative gene, 
 ABCA4  or  ABCR , is the family member of ATP binding cas-
sette (ABC) transporters ’  ABCA subfamily.  ABCA4  has a 
restricted tissue distribution, the gene expression is observed 
in the retina by Northern blot analysis and specifically to the 
photoreceptor cell layer of the retina by  in situ  hydridization 
analysis ( Anderson et al., 1995 ;  Allikmets et al., 1997 ). 

 A   detailed overview of genes and mutations involved 
in various retinal disorders, including type I Stargardt dis-
ease, may be found in the Retinal information network 
( http://www.sph.uth.tmc.edu/Retnet ), Retina international 
locus specific database for retinal diseases ( http://www.
retina-international.com ), and NEIBank database of genes 
and proteins expressed in the eye and visual system ( http://
neibank.nei.nih.gov/cgi-bin/eyeDiseaseGenes.cgi ). 

 The   initial version of  ABCA4  gene microarray for 
400 mutations was 54 – 78% effective in detecting at least 
one of the two STGD1 patients mutations, depending 
on geographical cohorts ( Jaakson et al., 2003 ). The cur-
rent ABCA4 microarray detects over 500 mutations, 
and is  � 98% effective in detecting patients ’  variations 
( Koenekoop et al., 2007 ). 

  ABCA4    involvement in autosomal recessive cone-rod 
dystrophy (arCRD) and retinitis pigmentosa (arRP) has 
been studied in patients from the Netherlands and Germany. 
Genotyping of 90 arRP patients revealed sequence varia-
tions in five individuals, suggesting that  ABCA4  mutations 
are only a minor cause (2 – 5%) of arRP, not exceeding the 
contribution of most other arRP genes. In 18 of 54 patients 
with arCRD, 27 putatively pathologic  ABCA4  alleles were 
identified in total and if combined with earlier data, the 
results suggested that  ABCA4  mutations will be present 
in approximately 67% of arCRD cases ( Klevering et al., 
2004 ). The list of other retinal diseases caused by or associ-
ated with  ABCA4  mutations includes  fundus flavimaculatus  
and age-related macular degeneration. Both these can be 
screened with the  ABCA4  microarray as well ( Koenekoop 
et al., 2007 ).  

    17.6.3       Tests for Mendelian Disorders with 
Multiple Genes Causing Similar Phenotypes 

    17.6.3.1       Hereditary Sensorineural Hearing Loss 

 Hereditary   sensorineural hearing loss (SNHL) is a very 
common disease that occurs in 1 out of every 1,000 to 
2,000 live births. SNHL includes syndromic (Pendred syn-
drome, Waardenburg syndrome, Usher syndrome, etc.) and 
non-syndromic (without other associated findings) forms. 
About 80% of SNHL is non-syndromic and the pattern of 
inheritance can be autosomal recessive (DFNB, 75 – 80%), 
autosomal dominant (DFNA, 20 – 25%), X-linked (DFN, 
1 – 1.5%), and mitochondrial (1 – 3%) (Van  Camp et al., 1997 ). 
DFNB1-linked deafness (MIM # 220290) accounts for half of 
congenital hearing loss cases ( Zelante et al., 1997 ). The genes 
responsible for DFNB1, GJB2 (MIM # 121011) and GJB6 
(MIM # 604418), encode the gap junction proteins con-
nexin 26 and connexin 30 ( Gonzalez et al., 2006 ). 

 Different   mutations of  GJB2  gene account for up to 
50% of autosomal recessive non-syndromic hearing loss in 
many world populations ( Kenneson et al., 2002 ), but also 
the dominantly inherited form of deafness (DFNA3; MIM 
# 601544). Over 100 mutations have been detected in the 
 GJB2  gene, mostly associated with early-onset deafness of 
different severity. Among these, c.35delG frameshift rep-
resents 28 to 85% of all  GJB2  mutations in Caucasians, 
depending on the population ( Estivill et al., 1998a ; 
 Gasparini et al., 2000 ). The hearing loss in individuals with 
biallelic  GJB2  mutations ranges from mild to profound and 
is most commonly non-progressive ( Denoyelle et al., 1999 ; 
 Murgia et al., 1999 ). Numerous groups have studied  GJB2  
genotype – phenotype correlations. For example, c.35delG 
homozygotes have significantly more severe hearing loss 
than do most of the c.35delG/non-c.35delG compound 
heterozygotes, although exceptions exist. Individuals with 
two non-c.35delG mutations have less severe hearing loss 
( Cryns et al., 2004 ;  Snoeckx et al., 2005 ). A 309       kb deletion 
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( GJB6 -D13S1830, previously referred as 342       kb deletion) 
truncating the  GJB6  gene was shown to be the accompany-
ing mutation in up to 50% of deaf  GJB2  heterozygotes in 
different populations (del        Castillo et al., 2002, 2005 ). 

 Dominant   or recessive non-syndromic forms of hearing 
loss (DFNA2; MIM # 600101) may be caused by mutations 
in the  GJB3  gene (MIM # 603324) encoding connexin 31 
( Xia et al., 1998 ;  Liu et al., 2000 ). Mutations in the  GJA1  
gene encoding connexin 43 (MIM # 21014) cause a com-
mon form of recessively inherited non-syndromic hearing 
loss in African Americans ( Liu et al., 2001 ). 

 Inherited   hearing loss may also be caused by mutations 
in the  SLC26  anion transport gene family. Mutations in the 
 SLC26A4  (pendrin) gene (MIM # 605646) are associated 
both with autosomal recessive non-syndromic recessive 
deafness (DFNB4; MIM # 600791) ( Baldwin et al., 1995 ; 
 Li et al., 1998 ) and with autosomal recessive Pendred syn-
drome (PDS; MIM # 274600). This is the most common 
syndromic form of deafness (up to 10% of all hereditary 
hearing loss) ( Everett et al., 1997 ;  Reardon et al., 1999 ). 
Mutations in  SLC26A5  (Prestin) gene (MIM # 604943) 
lead to non-syndromic hearing loss ( Liu et al., 2003 ). 

 Mutations   in mitochondrial DNA (mtDNA) have been 
found to cause inherited syndromic, non-syndromic, and 
ototoxic hearing loss (       Fischel-Ghodsian, 1999, 2003 ). Up 
to 3% of patients with SNHL have mutations in the mtDNA 
( Gardner et al., 2006 ). A few mutations in the mitochon-
drial 12S rRNA gene and tRNA Ser(UCN)  gene have been 
described. For example, homoplasmic 1555A      �      G muta-
tion in the 12S rRNA gene is the main cause of aminogly-
coside-induced and non-syndromic deafness in families of 
different ethnic backgrounds ( Prezant et al., 1993 ;  Estivill 
et al., 1998b ). The 7511T      �      C mutation in the mitochon-
drial tRNA Ser(UCN)  gene is known to cause non-syndromic 
deafness in families from different ethnic groups ( Sue 
et al., 1999 ;  Chapiro et al., 2002 ;  Ishikawa et al., 2002 ). 

 As   described above, non-syndromic hearing loss is 
extraordinarily heterogeneous. Therefore, a compre-
hensive APEX microarray for the detection of 198 dif-
ferent causative mutations causing non-syndromic and 
syndromic SNHL has been developed (patent application 
US2007134691). The assay detects mutations in  GJB2 , 
 GJB3 ,  GJB6 ,  GJA ,  SLC26A4 ,  SLC26A5 , and the mito-
chondrial, 12S rRNA and tRNA Ser(UCN) , genes. The 198 
mutations were selected from multiple sources includ-
ing the Connexin Deafness home page ( http://davinci.crg.
es/deafness ), mitochondrial mutation literature ( Fischel-
Ghodsian, 2003 ) and the Mitomap database ( http://www.
mitomap.org ), the Hereditary Hearing Loss home page 
( http://dnalab-www.uia.ac.be/dnalab/hhh ), and the Human 
Gene Mutation Database ( http://www.hgmd.cf.ac.uk ). The 
APEX SNHL microarray is a comprehensive molecular 
diagnostic test for inherited hearing loss and thereby can 
facilitate the management and family counseling of hearing 
loss ( Gardner et al., 2006 ).  

    17.6.3.2       Usher Syndrome 

 Usher   syndrome is inherited in an autosomal recessive 
manner and is responsible for over half of the cases involv-
ing deafness and blindness ( Williams, 2008 ). It affects 
about 1 in 23,000 individuals in the USA, 1 in 29,000 in 
Scandinavia, and 1 in 25,000 in Germany ( Boughman 
et al., 1983 ;  Otterstedde et al., 2001 ). Three clinical sub-
types can be distinguished. Patients with Usher syndrome 
type I (USH1; MIM # 276900) show severe to profound 
congenital hearing loss, arRP, and vestibular areflexia. Usher 
syndrome type II (USH2; MIM # 276905) is characterized 
by moderate to severe hearing loss, RP, and normal or vari-
able vestibular function. Usher syndrome III (USH3; MIM 
# 605472) represents with progressive hearing loss, RP, 
and variable vestibular function. USH1 and USH2 are the 
most common forms of Usher syndrome, with USH3 con-
tributing a large proportion of cases only in isolated areas, 
such as Finland ( Pakarinen et al., 1995 ) and Birmingham, 
UK ( Hope et al., 1997 ). RP, which is clinically similar to 
non-syndromic retinitis pigmentosa, develops in all types of 
Usher syndrome ( Smith et al., 1994 ). In some cases, muta-
tions in causative genes give rise to non-syndromic deafness 
or autosomal recessive RP only ( Williams, 2008 ). Eight of 
the nine USH genes are represented by 410 mutations and 
18 SNPs on the current Usher syndrome APEX microarray 
( Table 17.3   ). At present,  DFNB31  gene, involved in USH2D 
( Ebermann et al., 2007 ) and non-syndromic hearing loss, is 
not tested with the above-mentioned array. 

 For   USH1, the microarray has revealed the highest 
percentage of patients with either one or two mutations, 
51% for the European patients, 30% for the patients from 
the USA, and 46% when both groups are combined. For 
USH2, the percentages of patients with variants were 25%, 
24%, and 25%, respectively. For USH3 or USHA (atypical 
Usher syndrome), the sensitivity of the microarray has not 
been reliably assessed. The Usher syndrome microarray is 
particularly useful for the analysis of patients with USHA, 
who have been shown to carry mutations in the  MYO7A , 
 CDH23 , and  USH2A  genes ( Cremers et al., 2007 ).  

    17.6.3.3       Leber Congenital Amaurosis 

 Leber   congenital amaurosis (LCA; MIM # 204000) is the 
earliest and most severe form of all the inherited retinal 
dystrophies responsible for congenital blindness ( Perrault 
et al., 1999 ). Its incidence is 2 – 3 per 100,000 births and 
it accounts for 10 – 18% of cases of congenital blindness 
among children in institutes for the blind and for 5% of all 
retinal dystrophies ( Fazzi et al., 2003 ). Hitherto, LCA is 
considered as an autosomal recessive genetically heteroge-
neous condition (Hanein et al., 2004)  . 

 The   currently recognized criteria for a diagnosis of LCA 
are onset of blindness or poor vision (frequently before 6 
months of age), sluggish papillary reactions, roving eye 
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movements/nystagmus, oculodigital signs (eye poking, eye 
rubbing, etc.), extinguished or severely reduced scotopic 
and photopic electroretinogram (ERG), absent or abnormal 
VEPs, and variable fundus (normal, marbled, etc.) ( Fazzi 
et al., 2003 ). 

 With   the current LCA APEX microarray, 494 alleles are 
tested from 12 identified LCA genes and some other genes 
causing early-onset RP (such as  LRAT ,  MERTK ,  TULP1 , 
and  CRB1 ) ( Table 17.4   ). 

 Among   58 unrelated patients with LCA, who predomi-
nantly live in Belgium and the Netherlands, the microarray 
study has identified the molecular causes in one-third of the 
cases ( Yzer et al., 2006 ). In a different study involving 298 
individuals, the screening efficiency of the LCA microarray 
was 20.3% in Canadian, 23.8% in the USA, and 20.7% in 
patients from the Netherlands ( Zernant et al., 2005 ).   

    17.6.4       Detection of  TP53  Gene Mutations in 
Cancer 

  TP53    tumor suppressor gene is mutated in various types 
of cancer and the knowledge about mutations has multi-
ple implications for cancer detection and prognosis. Over 
24,800 somatic and 390 germ-line  TP53  gene mutations 
have been reported in the IARC TP53 Mutation Database, 
 http://www-p53.iarc.fr . An APEX microarray has been 
developed for the rapid and sensitive detection and iden-
tification of mutations in the  TP53  gene. The mutations 
are typically missense (73.4% of somatic and 77.9% of 
germ-line mutations (IARC TP53 Mutation Database) 
occur at many codons (mostly within exons 4 to 9)). The 
mutations frequently result in inactivation of p53 protein 

that is consequently unable to transactivate a wide panel 
of genes involved in cell cycle arrest, apoptosis, and DNA 
repair. Loss of these functions favors DNA replication and 
cell proliferation in adverse conditions where genomic 
and genetic alterations may accumulate. Moreover, some 
mutants have not only lost the wild-type function, but also 
acquired new,  ‘  ‘ gain-of-function ’  ’  properties ( Petitjean 
et al., 2007 ). The extent of these effects (loss of suppressor 
as well as gain of promoter function) is dependent upon the 
consequence of the mutation on p53 protein structure and 
activity. 

 Screening   for TP53 mutations gene has yet to become 
a routine in clinical or epidemiological practice. A strong 
limitation to routine analysis of  TP53  gene mutations resides 
in the fact that many tumors contain an excess of wild-type 
TP53 as compared to mutant, resulting from the presence 
of intact alleles in tumor as well as in non-cancerous cells 
(stroma, inflammatory cells, blood vessels). The first ver-
sion of TP53 APEX microarray included oligonucleotide 
probes for exons 2 to 9 of the  TP53  gene ( Tonisson et al., 
2002 ). In its current version, the microarray covers the entire 
 TP53  coding region (exons 2 to 11) and exon/intron borders. 
The detection limits of the microarray for a small fraction of 
mutated DNA were shown to be around 3 to 12%, depend-
ing on the mutation ( Tonisson et al., 2002 ; Le  Calvez et al., 
2005 ). In three evaluation studies, the APEX microarray 
has shown a comparable sensitivity to temporal tempera-
ture gradient gel electrophoresis (TTGE; see also Chapter 
6)   and denaturing high-performance liquid chromatography 
(DHPLC)   and an increased sensitivity compared to auto-
mated DNA sequencing ( Tonisson et al., 2002 ;  Kringen et al., 
2005 ; Le  Calvez et al., 2005 ). Nevertheless, DNA sequenc-
ing is sometimes required for the correct identification 

 TABLE 17.3          Genes involved in Usher syndrome and the APEX microarray content (       Ouyang et al., 2004, 2005 ;  Roux et al., 
2006 ;  Cremers et al., 2007 ;  Ebermann et al., 2007 ;  Williams, 2008 ).  

   Usher syndrome type  Subtype  % of USH types among 
subtypes 

 Gene  Known disease 
alleles 

 Mutations and SNPs 
tested on microarray 

   USH1  USH1B  39 – 55   MYO7A   118  135 

     USH1C  6 – 7   USH1C   8  9 

     USH1D  19 – 35   CDH23   52  58 

     USH1F  11 – 19   PCDH15   7  12 

     USH1G  Rare (7)   USH1G   4  6 

   USH2  USH2A  80   USH2A   88  191 

     USH2C  15   GPR98   6  6 

     USH2D  5   DFNB31   3  0 

   USH3  USH3A  Unknown   CLRN1   9  11 



Chapter | 17 Arrayed Primer Extension Microarrays for Molecular Diagnostics 277

of mutated sequence. In its future versions, this microarray 
could be updated with probes specific for most common 
small deletions and insertions of  TP53 .  

    17.6.5       Carrier Testing for Ashkenazi Jewish 
Diseases 

 A   number of serious and lethal genetic disorders occur 
at higher frequencies among members of certain ethnic, 
racial, or demographic groups than in the general popula-
tion. One example of a genetic isolate is Ashkenazi Jews, 
who have inhabited Northern and Eastern Europe since the 
9th century and account for over 90% of Jews living in the 
USA today ( Ostrer, 2001 ). In the Ashkenazi Jews popula-
tion it has been estimated that one in four individuals is a 
carrier of one of several genetic conditions like Tay-Sachs 
disease, Canavan disease, Niemann-Pick disease, Gaucher’s 

 TABLE 17.4          Overview of genes involved in LCA and/or 
early-onset RP and their coverage by APEX microarray 
( den Hollander et al., 2008 ).  

   Disease  Gene  MIM 
disease 
alleles 

 Mutations 
and SNPs 
tested on 
microarray 

 Mutation 
frequency 
in LCA 
(%) 

   LCA1, CRD6   GUCY2D   9  78  11.7 

   LCA2, RP20   RPE65   8  90   6.0 

   LCA3   RDH12   13  35   2.7 

   LCA4, 
autosomal 
dominant 
CRD 

  AIPL1   4  33   5.3 

   LCA5   LCA5   4  2   1.8 

   LCA6   RPGRIP1   8  49   4.2 

   LCA7, RP12   CRB1   0  88   9.9 

   LCA8   CRX   10  32   1.0 

   LCA10   CEP290   0  58  15.0 

   LCA11, 
autosomal 
dominant RP 

  IMPDH1   5  0   8.3 

   LCA12   RD3   1  0   0.1 

   RP14   TULP1   8  18   0.8 

   Retinal 
dystrophy, 
early-onset 
severe 

  LRAT   2  3   0.5 

   RP38, CORD   MERTK   4  8   0.6 

disease, familial dysautonomia, Bloom syndrome, Fanconi 
anemia, cystic fibrosis, and mucolipidosis type 4 (Victor 
Center for Jewish Genetic Diseases, Philadelphia, PA). 
The high frequency of more than 20 known recessive dis-
ease alleles in Ashkenazi Jewish populations compared to 
non-Ashkenazi Jews has raised multiple hypotheses ranged 
from a population  ‘  ‘ bottleneck ’  ’  ( Behar et al., 2004 ) and 
founder effects (       Risch et al., 1995, 2003 ;  Goldstein et al., 
1999 ;  Slatkin, 2004 ) to the comparative contribution of het-
erozygote advantage ( Cochran et al., 2006 ). A web data-
base with broad information coverage of Jewish disease 
heritage is available from Victor Center for Jewish Genetic 
Diseases, Philadelphia, PA:  http://www.jewishvirtualli-
brary.org/jsource/Health/genetics.html . 

 The   American College of Obstetricians and 
Gynecologists currently recommends that couples of 
Ashkenazi Jewish ancestry should be offered carrier 
screening for four inherited disorders, Tay-Sachs disease, 
cystic fibrosis, Canavan disease, and familial dysautono-
mia, based on carrier frequencies of 1:40 or less ( ACOG 
committee opinion, 2004 ). Additional severely disabling or 
fatal disorders are frequent in the Ashkenazi Jewish popu-
lation, but the genetic testing for most of these is performed 
sequentially or for a small subset of conditions. There is a 
considerable variability in the diseases, prices, and labels 
used to describe the Ashkenazi Jews carrier testing pan-
els. A total of 27 panels for three to nine diseases with 
very variable prizes were offered, as described by Leib and 
coworkers (2005). For comprehensive carrier screening and 
disease detection purposes we have developed an APEX-
based genetic test for 22 inherited disorders with total of 
77 disease-causing mutations prevalent in Ashkenazi 
Jews and other Jewish populations (patent application 
WO2008051604,  Table 17.5   ). After publishing results 
from the initial APEX microarray version ( Schrijver et al., 
2007 ), probes for the most common mutations related to 
cystic fibrosis, alpha 1-anti-trypsin deficiency, nemaline 
myopathy, Usher syndrome type 1F, familial hyperinsuline-
mia, familial hypercholesterolemia, and maple syrup urine 
disease type 3 were included to increase the coverage of 
the testing panel for Ashkenazi Jews and Jewish couples of 
mixed ancestry.   

    17.7       CONCLUSIONS 

 Among   the variety of genotyping and mutation detection 
methods available, APEX microarrays have shown their 
good potential and usefulness for molecular diagnostics and 
carrier screening of multiple different genetic disorders. 
The ability of APEX microarrays to detect somatic muta-
tions can be used in the molecular diagnostics of cancer. 

 New   assays can be added with reduced effort by utiliz-
ing the flexibility of  in situ  synthesis platforms. APEX-2 
opens up new frontiers for utilizing the microarrays in 
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 TABLE 17.5          List of disorders and efficiency of carrier screening with the Ashkenazi Jews APEX microarray (adapted from Schrijver and coworkers (2007)).  

   Disease  Gene  No. of 
mutations 

 Carrier 
frequency 

 Mutation detection with 
carrier screening 

 MIM  References 

   Tay-Sachs disease   HEXA   8  1:28   � 93%  272800   Mahuran et al. (1990) ;  Triggs-Raine et al.
 (1992) , GeneTests 

   Bloom syndrome   BLM   1  1:102   � 97%  210900   Ellis and German (1996) ;  Kaneko and 
Kondo (2004) ;  Amor-Gueret (2006)  

   Canavan disease   ASPA   4  1:40   � 99%  271900   Kaul et al. (1994) , GeneTests 

   Factor XI deficiency   F11   3  1:23   � 96%  264900   Asakai et al. (1991) ;  Bolton-Maggs (1996)  

   Familial dysautonomia   IKBKAP   2  1:30   � 99%  223900   Dong et al. (2002) , GeneTests 

   Familial Mediterranean fever   MEFV   1  1:5   � 90%  249100   Aksentijevich et al. (1999) , GeneTests 

   Fanconi anemia type C   FANCC   4  1:80   � 99%  227645   Verlander et al. (1994) ;  Whitney et al. (1994) , 
GeneTests 

   Gaucher disease   GBA   7  1:10   � 90%  230800   Diaz et al. (2000) ;  Charrow (2004) ;  Strom 
et al. (2004) , GeneTests 

   Glycogen storage disease Ia 
(von Gierke) 

  G6PC   1  1:71   � 94%  232200   Parvari et al. (1997a) ;  Ekstein et al. (2004)  

   Glycogen storage disease type 3a 
(N. African Jews) 

  AGL   1  1:35  All N. African Jews in Israel  232400   Parvari et al. (1997b)  

   Maple syrup urine disease type 1B   BCKHDB   3  1:80   � 99%  248600   Edelmann et al. (2001) ;  Henneke et al. (2003)  

   Mucolipidosis type 4   MCOLN1   2  1:100   � 95%  252650         Bargal et al. (2000, 2001) ;  Edelmann et al. 
(2002) , GeneTests 

   Niemann-Pick type A   SMPD1   4  1:80   � 95%  257200         Levran et al. (1992, 1993)  

   Non-syndromic sensorineural hearing loss   GJB2   2  1:25   � 60%  220290   Morell et al. (1998) ;  Lerer et al. (2000)  

   Torsion dystonia   DYT1   2  1:900   � 95%  128100   Ozelius et al .,  (1997) ;  Charrow (2004)  

   Cystic fibrosis   CFTR   31  1:29   � 97%  219700   Kerem et al. (1995) ;  Quint et al. (2005)  

   Alpha 1-anti-trypsin deficiency   SERPINA1   1     � 96%  107400   de Serres (2002) ;  Blanco et al. (2006)  

   Nemaline myopathy   NEB   1  1: 108   � 99%  256030   Anderson et al. (2004)  

   Usher syndrome type 1F   PCDH15   1  1:72   � 64%  602083   Ben-Yosef et al. (2003)  

   Familial hyperinsulinemia   ABCC8   2  1:167  88%  256450   Nestorowicz et al. (1996)  

   Familial hypercholesterolemia   LDLR   1  1:333   � 64% (Ashkenazi Jews 
with Lithuanian origin) 

 143890   Meiner et al. (1991) ;  Durst et al. (2001) ;  
Risch et al. (2003)  

   Maple syrup urine disease type 3 
(lipoamide dehydrogenase deficiency) 

  DLD   2  1:94   � 99%  238331   Shaag et al. (1999)  
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 custom genotyping applications. The future applications 
of the APEX microarrays will probably also include copy-
number variation testing.  
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 Chapter 18 

    18.1        INTRODUCTION 

 Progress   in the application of proteomics to disease diag-
nostics has been made at a rapid pace. This progress is man-
ifested notably by reduced emphasis on two-dimensional 
gel methodology for discovery and increased emphasis on 
mass spectrometry resulting from innovations in instrumen-
tation and experimental design and increased emphasis on 
protein microarrays given their enhanced content. 

 Proteomics   is particularly useful for disease diagnos-
tics as a substantial proportion of diagnostic tests in the 
clinical laboratory target proteins. This chapter reviews in 
particular the application of proteomics from the perspec-
tive of cancer diagnostics in view of the expertise of the 
authors. The emphasis is on the application of sound strate-
gies rather than detailed description of methodologies and 
instrumentation.  

    18.2       MASS SPECTROMETRY CENTRIC 
STRATEGIES 

 Mass   spectrometry has evolved from a tool to identify 
and characterize isolated proteins, such as from 2D gels 
and from mass peak-based profiling as in the application 
of matrix assisted laser desorption ionization (MALDI) to 
clinical samples, to a platform for interrogating complex 
proteomes by matching mass spectra to sequence databases 
to derive protein identifications ( Cox and Mann, 2007 ). At 
present, a trend has emerged to replace laborious 2D gel-
based protein separations for proteomic profiling, which 
have limited sensitivity and proteome coverage, with liq-
uid chromatography-based protein and peptide separations 
in combination with mass spectrometry-based profiling 
(see also Chapter 21)  , which is viewed as more sensitive, 
more reliable, and potentially rich in information content. 
However, as mass spectrometry technologies improve, 

yielding ever more complex sets of data, so does the need 
for more elaborate informatics and statistical analyses tools 
to deal with data complexity. 

 Only   a few years ago, the use of mass spectrometry for 
clinical applications was largely equated rather erroneously 
with the use of MALDI-based mass spectrometry profiling 
of tissues and biological fluids, namely Surface Enhanced 
Laser Desorption Ionization (SELDI), largely as a result 
of early publications that showed substantial promise of 
this approach, despite the limited resolution achieved and 
the substantial difficulty in identifying proteins and pep-
tides corresponding to potentially informative mass peaks. 
Numerous studies reported mass profiles for unidentified 
proteins that were proposed to be diagnostic for several 
common types of cancer but whose validity was subse-
quently questioned ( Ransohoff, 2005 ). In a multi-institu-
tional rigorous prostate cancer validation study a classifier 
developed with a training set failed to distinguish between 
cancer cases and controls in a validation set ( McLerran 
 et al. , 2008 ). The prior highly promising results likely 
resulted from the use of suboptimal samples with built-in 
biases for discovery. 

 Even   with substantial improvements in sensitivity and 
mass accuracy, the complexities of tissue and biological 
fluid proteomes substantially exceed the sampling capabili-
ties of mass spectrometry instruments to fully identify and 
provide measures for all protein and peptide constituents 
in a single analysis. Therefore current strategies to achieve 
in-depth coverage require sample fractionation followed 
by separate analyses of individual fractions ( Misek  et al. , 
2005 ;  Tang  et al. , 2005 ;  Wang and Hanash, 2005 ;  Faca 
 et al. , 2007 ), or capture of protein or peptide subsets, such 
as glycosylated proteins or phosphopeptides that are ana-
lyzed exclusively ( Anderson  et al. , 2004 ;  Wu  et al. , 2006 ; 
 Bernhard  et al. , 2007 ;  Zhou  et al. , 2007 ). It follows that 
there is a trade-off between in-depth analysis but with lim-
ited throughput and limited coverage of  proteome with 
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 enhanced throughput ( Fig. 18.1   ). The choice depends on 
the relative abundance of candidate markers sought and the 
dynamic range of protein abundance in the biological mate-
rial under investigation. While the emphasis in the recent 
past has been on achieving depth of analysis and reliable 
identifications using mass spectrometry, current trends 
include increased emphasis on characterization of post-
translational modifications and other types of isoforms as 
may result from alternative splicing ( Cox and Mann, 2007 ), 
development of means to further increase peak capacity 
( Liu  et al. , 2007 ), and development of high-throughput 
strategies for validation studies for a limited number of 
informative proteins and peptides in complex mixtures 
( Stahl-Zeng  et al. , 2007 ).  

    18.3       DISCOVERY APPROACHES  VS.  
APPROACHES FOR VALIDATION AND 
CLINICAL IMPLEMENTATION 

 Ideally  , discovery technologies should allow an unbiased 
quantitative analysis of all proteins and their isoforms in 
a biological sample for the purpose of identification of 
the most informative markers. Thus depth of analysis is 
particularly important ( Diamandis, 2004 ). The procedures 
and instrumentation for discovery need not be of general 
applicability in the clinical laboratory and may remain in 
the domain of the research/discovery laboratories. On the 
other hand, technologies for marker evaluation need to 
allow analysis of a predetermined set of candidates using 
accurate and reproducible procedures that are relatively 

easily implementable in various laboratories, that may be 
transferable to the clinical laboratory at a relatively reduced 
cost per sample, per marker, and that can interrogate a large 
number of samples efficiently. 

 There   is increasing interest in evaluating mass spec-
trometry as a means to quantify proteins of interest. For sin-
gle proteins, the approach is referred to as single reaction 
monitoring (SRM), and the multiplex version is referred to 
as multiple reaction monitoring (MRM). These approaches 
rely on accurate mass spectrometer filters to select specific 
peptides, fragment them, and monitor intensity of specific 
fragments in order to quantify these species in the sample. 
The use of stable isotopes of peptides as internal stand-
ards provides a very accurate and reliable way to obtain 
absolute quantitation of the peptides of interest. The mul-
tiplexing features of the MRM approach can be improved 
by fractionating the sample prior to MS analysis, coupling 
the mass spectrometer to a chromatographic system and 
performing a liquid chromatography coupled with tandem 
mass spectrometry (LC-MS/MS) experiment. This way, 
several peptides can be monitored simultaneously in a sin-
gle run ( Anderson and Hunter, 2006 ). The contributions of 
MRM to biomarker development remain to be determined 
and at the present time there are limited data available with 
respect to extent of multiplexing and the limits of sensitiv-
ity are still not reaching biomarker levels in crude plasma. 
Moreover, this technology is applicable only to previously 
well-characterized peptides. 

 There   are currently several approaches available for 
further testing of identified candidate biomarkers based 
on capture agents. Sandwich ELISA assays represent a 

 FIGURE 18.1          Proteomic strategies to identify low abundance proteins.    
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 well-established approach. However, numerous assays for-
mats are currently in use. Some rely on bead-based assays 
and others utilize flat surfaces. Beads have the advantage 
of being dispersed throughout the assay fluid, which facili-
tates reagent mixing. In contrast, concentrating capture 
reagent on a spot on a flat surface decreases reagent inter-
actions. Therefore, flat-surface assays have slower reaction 
kinetics, although the final equilibrium constants appar-
ently are the same ( Kusnezow  et al. , 2006 ). Another fac-
tor is the typical amount of capture reagent used in the two 
systems. The low amount of capture reagent in the micro-
array format will only bind about 2% of the analyte mole-
cules at saturation, which, however, are concentrated into a 
small area of high signal density ( Saviranta  et al. , 2004 ). In 
contrast, the much larger amount of capture reagent in bead 
assays will capture a higher percentage of analyte mole-
cules present in low concentration in samples, but may also 
adversely affect the lower limit of detection because non-
specific background binding is proportional to the amount 
of capture antibody present. 

 Approaches   to improve sensitivity include immuno-
PCR, which has proven to be a sensitive method for meas-
uring protein abundance with a wide dynamic range. It is 
possible to perform the sample and antibody incubation 
steps using beads or microtiter plates. Limitations with this 
methodology include an elaborate, multi-step protocol and 
the need for specialized equipment and reagents ( Niemeyer 
 et al. , 2005 ). The above considerations are presented not 
to be exhaustive but rather to make the point that discov-
ery strategies have different requirements than strategies 
focused on testing markers already discovered.  

    18.4       QUANTITATIVE APPROACHES TO 
PROFILING USING MASS SPECTROMETRY 

 The   quantitative analysis of proteomes has reached a 
mature stage, with a rich repertoire of technologies avail-
able. Quantitative methods currently available can be 
grouped into label-free methods, which compare pure pep-
tide ion intensities between MS analysis, and isotope labe-
ling methods, which compare relative peptide ion intensities 
in the MS analysis of mixture of peptides differentially 
labeled with stable isotopes. Isotope-labeling methods are 
more accurate, since isotope pairs behave identically in 
MS analysis, with several different approaches available. 
Cells grown in culture can be differentially isotope labeled 
 in vivo  using medium enriched with  15 N, or stable isotope 
labeled amino acids. The isotope labeling of samples can 
be performed during tryptic digestion with  18 O, or after 
enzymatic digestion with a vast variety of tags. Labeled 
peptides can even be isolated and enriched from peptide 
mixtures, as with the Isotope Coded Affinity Tag (ICAT) 
technology ( Gygi  et al. , 1999 ). However, if samples to be 
compared have to be processed separately until the labeling 

step, large quantitation errors may be introduced by arti-
factual variations. Quantitative proteomics is reviewed in 
 Sechi and Oda (2003) ,  Julka and Regnier (2004) , and  Ong 
and Mann (2005) . 

 Isotopic   labeling of intact proteins in a mixture has the 
advantage of reducing artifactual quantitative variation and 
allowing differential expression of protein isoforms to be 
uncovered. Although the application of isotope labeling 
of intact protein in the literature is limited, this approach 
is catching more attention and two new commercial kits 
are available exclusively for this application. The method 
termed isotope-coded protein label (ICPL) labels lysine 
residues of proteins with nicotinic acid isotopes, permitting 
the fractionation of intact proteins in a high-throughput 
mode and obtaining high-protein identification coverage 
( Schmidt  et al. , 2005 ). Another method under development 
uses the already commercialized Isobaric Tags for Relative 
and Absolute Quantitation (iTRAQ  –  Applied Biosystems) 
to tag free amines in intact proteins. The particularity of 
isobaric tags consists of the acquisition of relative quanti-
tation from fragment ions generated by Collision-Induced 
Dissociation (CID), but the greatest advantage of this 
method is the possibility of multiplex analysis of up to 
eight different samples mixed together. For both of these 
methods, there are the disadvantages of changes in isoelet-
ric point of protein and losing the tryptic sites for peptide 
cleavage due to labeled Lys residues, which obligates the 
use of alternative enzymes. 

 One   approach we have implemented for intact protein-
based analysis consists of cysteine alkylation with acryla-
mide isotopes ( Sechi, 2002 ;  Faca  et al. , 2006 ). Acrylamide 
is a small reagent (mass  �  71) that does not introduce sig-
nificant mass shift or charge changes in the protein and 
does not negatively affect protein solubility. The alkylation 
reaction is performed using standard protein solubilization 
conditions with a virtually 100% yield. Additionally, the 
reagents are relatively inexpensive, making it practical to 
perform experiments starting with large amounts of protein 
as needed for extensive fractionation and in-depth analysis 
( Faca  et al. , 2006 ). After labeling two different samples with 
the light (acrylamide) and heavy acrylamide isotopes (D 3 -
acrylamide or 1,2,3- 13 C 3 -acrylamide), samples are mixed 
and submitted to multi-dimensional protein fractionation. 

 We   utilized isotope acrylamide labeling of intact pro-
teins to identify changes in human serum associated with 
cancer. Using a two-dimensional liquid chromatogra-
phy fractionation approach (anion-exchange followed by 
reverse-phase chromatography) following mixing of dif-
ferentially labeled samples, intact proteins were fraction-
ated in about 130 fractions that were digested with trypsin 
and individually analyzed by liquid chromatography-mass 
spectrometry. Well over 1,500 proteins have been confi-
dently identified and relative quantitation information is 
obtained for more than 40%. As a remarkable characteris-
tic of this approach, proteins and protein fragments, as well 
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 as their post-translational modifications, can be separated 
and quantified.  

    18.5       MASS SPECTROMETRY-BASED 
PROFILING OF BIOLOGICAL FLUIDS TO 
IDENTIFY CANDIDATE BIOMARKERS 

 Various   types of biological fluids, notably plasma and 
urine, but also fluids more proximal to disease tissues, 
such as effusions, represent an important biomarker dis-
covery source. This is particularly advantageous given the 
ease with which the same fluids used for discovery may be 
interrogated for diagnosis in the clinical setting, unlike, for 
example, strategies whereby inferences are made from a 
tissue source to be applied to a different diagnostic source, 
namely plasma. However, studies of biological fluids 
present several challenges related to their complexity and 
vast dynamic range of protein abundance. Biological flu-
ids, notably plasma, may contain several thousand proteins 
with concentrations ranging from as high as 20 – 50       mg/ml 
for serum albumin to femtomolar concentrations for some 
known biomarkers ( States  et al. , 2006 ). Plasma consists 
of vast assemblies of proteins and complexes that reflect 
the physiologic or pathologic state of cells, tissues and 
organs, with many of the plasma proteins found in multiple 
forms ( Misek  et al. , 2005 ). Some forms result from alter-
native splicing at the RNA level and others result from 
cleavages and post- translational modifications ( Nedelkov 
 et al. , 2005 ). 

 The   reliability and reproducibility of comprehen-
sive plasma and serum proteome profiles are exquisitely 
dependent on sample preparation to the point that dif-
ferences in patterns may be elicited by no more than dif-
ferences in the gauge of the needle used to draw blood. 
Therefore it is critically important to standardize sample 
collection, storage, and distribution for proteomic analy-
sis. Plasma is preferable to serum; the choice is related to 
observations that clotting, in addition to depleting factors, 
may release breakdown products from blood cells that are 
damaged during the clotting process. There are currently 
several agents for preventing blood clotting at the time of 
sample collection, including heparin, citrate, and EDTA. 
It is currently unclear to what extent anticoagulants have a 
significant impact on mass spectrometry. Data to date ( Mei 
 et al. , 2003 ) suggest significant matrix effects caused by 
heparin and not by EDTA. In addition, heparin may bind to 
many proteins affecting their detection and identification. 
Furthermore, the anionic nature of heparin and the acidic 
properties of EDTA and citrate may have an impact on 
protein separations through ion exchange columns in LC 
systems. 

 Serum   and plasma are rich in numerous proteases which 
may cause protein degradation both  in vivo , before sam-
ple collection, and  in vitro , after sample collection ( Zhang 

 et al. , 2004 ). This raises the issue of merits of cocktails of 
various protease inhibitors for maintaining sample integ-
rity. Although quite a few studies of plasma proteins have 
included inhibitors, there is a need to assess which protease 
inhibitors, if any, have utility without analytical interfer-
ences. It should be kept in mind that EDTA is a known 
metallo-protease inhibitor; therefore the choice of EDTA 
as an anticoagulant would have added benefit as protease 
inhibitor. 

 The   development and application of methods for spe-
cifically and efficiently removing high-abundance proteins 
from various biological fluids, in particular serum and 
plasma, is being broadly pursued to enhance discovery of 
candidate disease biomarkers through the application of 
proteomics technologies. By removing the high-abundance 
plasma proteins, the tremendous dynamic range in protein 
concentration is effectively reduced, and a significantly 
greater amount of low-abundance proteins can be detected 
in downstream analyses. Antibody-based immunoaffinity 
subtraction systems are at the forefront of removal meth-
ods due to their high efficacy and superior reproducibility. 
However, despite the increasing popularity of immunoaf-
finity subtraction systems that permit better detection 
of low-abundance proteins ( Pieper  et al. , 2003 ;  Chromy 
 et al. , 2004 ;  Echan  et al. , 2005 ), questions still arise with 
regard to their comparable efficiency, reproducibility, and 
selectivity.  

    18.6       MICROARRAY-BASED PROFILING 

 Various   microarray formats in which protein capture 
agents, notably antibodies, or recombinant or natural 
proteins, or cell and tissue lysates, are arrayed and inter-
rogated are slowly complementing mass spectrometry for 
biomarker discovery and validation ( Kingsmore, 2006 )  . 
Protein microarrays provide a high-throughput, sensitive, 
and low-volume sample consumption platform for various 
assays. There are generally two major classes of protein 
microarrays. One is intended for protein profiling in which 
multiple protein capture agents, most commonly various 
types of antibodies, are spotted to assay the abundance of 
corresponding antigens or epitopes in a biological sample. 
Alternatively, multiple biological samples are spotted to 
assay for proteins that interact with a specific analyte in the 
biological samples applied to the array, such as interaction 
with particular lectins that recognize a subtype of glycopro-
teins. Another class is intended for functional protein anal-
ysis in which large numbers of purified proteins are spotted 
to study their biochemical properties. 

 Unlike   DNA microarrays, which provide only one 
measure of gene expression, namely RNA levels, many 
different features of proteins may be addressed by differ-
ent types of protein microarrays, including determination 
of their functional states, as may be deduced for example 
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 from their extent of phosphorylation. Many cellular proc-
esses are regulated by reversible protein phosphorylation. 
A systematic profiling of functional states of proteins 
involved in signal transduction pathways provides insight 
into disease development and treatment. The development 
of reagents that allow assessment of protein modification 
such as phosphorylation, glycosylation, or other function-
ally relevant protein changes has substantial utility for clin-
ical investigations and diagnostics ( Speer  et al. , 2007 ). The 
phosphorylation status of proteins can be measured using 
specific anti-phosphoprotein antibodies arrayed in microar-
rays, permitting a high-throughput and multiplexing inter-
rogation of the state of entire signaling pathways ( Gulmann 
 et al. , 2006 ). For example, protein pathway analysis of 
human rhabdomyosarcoma with this methodology revealed 
a strong association between activation (phosphoryla-
tion) of multiple components of the Akt/mTOR pathway 
and a poor disease outcome or overall survival ( Petricoin 
 et al. , 2007 ). One recently developed alternative to anti-
body microarrays consists of peptide microarrays to detect 
protein kinase activity in cell lysates by arraying substrate 
peptides for kinases ( Shigaki  et al. , 2007 ). 

 Perhaps   more than any other application of proteomics, 
the discovery of markers for early disease detection, nota-
bly cancer detection, represents a hot topic that is highly 
promising and at the same time highly challenging. For 
most tumor types, the earliest stages of tumor develop-
ment remain poorly understood and the involved tissue ill 
defined or inaccessible, thus complicating strategies for 
early detection. An ideal screening test for the early detec-
tion of cancer is a non-invasive test based on analysis of 
blood or other biological fluids that is applied to subjects 
at risk for cancer. A promising approach for early can-
cer detection is through harnessing the immune response 
directed against tumor antigens. The identification of a 
panel of antigenic markers that are tumor specific and that 
elicit immunoreactivity early in tumor development and at 
a high frequency would provide an effective strategy for 
cancer screening. There is also equal interest in identifying 
proteins associated with particular autoimmune disorders. 

 Microarray   formats have been successfully utilized 
for the discovery of tumor antigens that induce autoanti-
bodies. Recombinant protein microarrays were utilized to 
screen for autoantibodies in ovarian cancer ( Hudson  et al. , 
2007 ). Microarrays containing spotted proteins derived 
from tumors or tumor cell lines allow analysis of proteins 
and peptides in their post-translationally modified states, as 
they occur in cancer cells ( Fig. 18.2   ). Modifications, such 
as glycosylation, may be immunogenic, and therefore there 
is merit in utilizing approaches that preserve such epitopes. 
Such microarrays containing the repertoire of natural pro-
teins expressed in tumor cells have the potential to substan-
tially accelerate the pace of discovery of tumor antigens and 
could provide a molecular signature for immune responses 
in different types of cancer ( Madoz-Gurpide  et al. , 2008 ).  

  

  18.7       CONCLUDING REMARKS 

 An   important aspect of the application of proteomics to 
the identification of disease biomarkers pertains to the sub-
stantial need for informatics resources. The proteomics 
field is now capturing the attention of computer scientists 
and bioinformaticians. New computational tools are being 
developed in several different areas, ranging from better 
algorithms for protein identification and measurements of 
statistical confidence in identification, to  de novo  peptide 
sequencing and whole genome databank searches. 

 A   useful repertoire of proteomics technologies is cur-
rently available for disease-related applications, though 
further technological innovations would be beneficial 
to increase sensitivity, reduce sample size requirements, 
increase throughput, and more effectively uncover vari-
ous types of protein alterations, such as post-translational 
modifications. The application of high-throughput proce-
dures to the discovery of biomarkers leads to large data-
sets of multi-dimensional data and a certain percentage of 
false discoveries. It becomes crucial, therefore, to carefully 
design validation studies and characterize in a representa-
tive population the sensitivity and specificity ( Pepe, 2003 ) 
of each biomarker candidate. Additionally, it is more likely 
that a robust predictor of a disease state is a combination of 
markers ( Simon, 2006 ).   
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 Chapter 19 

    19.1        SUMMARY 

 Only   changes in the DNA sequence manifesting deleterious 
effects at a functional level provide pathogenic (disease-
causing) variants. Consequently, DNA variant scanning 
techniques applied on a protein level, directly interrogating 
protein function, would be most informative. However, due 
to a lack of powerful protein-based methods and of detailed 
functional knowledge, most currently applied techniques 
try to resolve variants indirectly, i.e. at the DNA level. In 
this respect, DNA variant scanning techniques applied at 
the intermediate level  –  RNA  –  have several advantages. 

 The   Protein Truncation Test has been the most widely 
applied RNA-based technique, revealing nearly exclusively 
disease-causing variants. The PTT assay generates a DNA 
copy of the RNA (the cDNA) that is translated into protein, 
immediately revealing variants that cause premature ter-
mination of protein translation, i.e. truncating variants. In 
general, RNA-based assays save work since a condensed 
target, i.e. the cDNA instead of all the exons, is analysed. 
PTT is able to scan regions as large as 3.5       kb in one analy-
sis. PTT points to the site of the variant and its detection 
efficiency is close to 100%. In addition, as an RNA-based 
technique, it reveals variants that influence the processing 
of the transcript (e.g. splicing, poly-adenylation) as well 
as the absolute level of transcription. Since processes like 
nonsense-mediated mRNA decay and non-random X-inac-
tivation may obscure the results obtained, an essential qual-
ity check to be performed is to verify whether transcripts of 
both alleles were amplified. When PTT reveals no deleteri-
ous change, the cDNA fragments generated can be used to 
apply standard DNA-based variant scanning techniques, 
e.g. to detect variants that do not truncate protein transla-
tion (including missense changes).  

    19.2       INTRODUCTION 

 Many   different changes may occur at the DNA level, 
including changes at the nucleotide sequence level (nucle-
otide substitutions, deletions, duplications, insertions), 
changes in amount (deletions and duplications at the gene 
or exon level) and changes in position (insertions, inver-
sions, translocations, and transpositions). Although these 
changes can be detected readily at the DNA level, their 
ultimate outcome for the organism is difficult to predict. 
In the cell, DNA is transcribed to RNA and then translated 
into protein. It is at this last level that the consequences of 
a change will become evident. Changes at DNA level may 
yield proteins that are non-functional, comprise altered del-
eterious function, and are produced at too high or low lev-
els and/or in the wrong tissue or at the wrong time during 
development. 

 Ultimately  , only changes in the DNA sequence mani-
festing deleterious effects at a functional level provide 
pathogenic (disease-causing) variants, i.e. the changes that 
are identified in a diagnostic setting. Consequently, variant 
scanning techniques applied at the protein level, directly 
interrogating protein function, would be most informative. 
Although theoretically simple, in practice variant analy-
sis at the protein level is very complicated. The protein 
of interest can, in general, be difficult to obtain; the tissue 
where this protein is expressed might not be available, iso-
lation can mostly give low yields and the isolate may con-
tain several co-purified contaminants. In addition, unlike 
PCR for DNA there are no techniques to amplify proteins 
to yields required for analysis. Even when purified, it is 
very difficult to test a protein on a functional level when  –  
as for many proteins  –  its exact function is unknown. 
As a result, due to the lack of powerful methods and of 
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 functional knowledge, most techniques try to resolve vari-
ants indirectly at the DNA level. 

 RNA   is the intermediate between DNA and protein. 
Isolation of RNA is rather simple and RNA can be ampli-
fied using reverse transcription and PCR (RT-PCR). Variant 
scanning techniques applied at the RNA level have sev-
eral advantages. First, especially true for large multi-exon 
genes, an RNA-based variant scanning technique saves a lot 
of work since it only analyses the condensed protein-coding 
region. Second, only analysis at the RNA level is able to 
reveal variants that influence either RNA processing (i.e. 
splicing, poly-adenylation) or its level of expression. Third, 
since the analysis generates a DNA copy of the mRNA (the 
cDNA), its translation is a way of studying the encoded 
protein. Finally, some variants that were missed at the 
DNA level, in particular certain deletions and duplications, 
may be revealed more easily at the RNA level. However, 
RNA-based analysis has some intrinsic problems. First, 
in diagnostic laboratories DNA is the standard and from 
older samples only DNA has been stored. Second, work-
ing with RNA is laborious, technically more demanding, 
and RNA degradation is a continuous threat. Finally, differ-
ences in expression from the two chromosomes in the cell 
complicate analysis, in particular the process of nonsense-
mediated mRNA decay (NMD;  Dietz and Kendzior, 1994 ) 
that tends to degrade the copy carrying the mutated allele. 
Consequently, when RNA-based assays are applied, addi-
tional controls are required proving that transcripts of both 
chromosomes have been analysed.  

    19.3       THE PROTEIN TRUNCATION TEST 

 The    “ Protein Truncation Test ”  (PTT;  Roest  et al ., 1993 ; 
Van  Der Luijt  et al ., 1994 ), also known as the In-Vitro 
Synthesized Protein (IVSP) assay ( Powell  et al ., 1993 ), 
was developed specifically to zoom in on variants that 
compromise normal protein translation. PTT was originally 
developed to study Duchenne muscular dystrophy (DMD; 
 Den Dunnen  et al ., 1989 ;  Roest  et al ., 1993 ), a neuromus-
cular disorder caused by variants in the human  DMD  
gene located on chromosome Xp21. About two-thirds of 
the pathogenic changes detectable then were large intra-
genic deletions ( � 60%) and duplications ( � 5 – 10%) that 
could simply be detected using Southern blot analysis or 
a multiplex-PCR ( Den Dunnen  et al ., 1989 ;  Den Dunnen 
and Beggs, 2006 ). However, the complexity and size of 
the gene, 79 exons spread over 2.3       Mb of DNA, made all 
efforts to scan the remaining patients for small variants 
(nucleotide changes) a daunting task. In addition, initial 
analysis showed that the gene contained many irrelevant 
variants (polymorphisms), making the available methods to 
pick up sequence variants (mobility shift assays) lighting up 
many false positive signals. It was noted, however, that the 
common denominator of the deleterious variants identified 

was that nearly all were truncating, i.e. causing prema-
ture termination of protein translation ( Monaco  et al ., 
1988 ). This observation initiated the desire to develop a 
technology that would zoom in on these truncating variants 
only; the trigger to develop the Protein Truncation Test 
( Roest  et al ., 1993 ). 

 In   the original PTT assay ( Fig. 19.1a   ) RNA is iso-
lated and copied into cDNA using RT-PCR ( Fig. 19.2a   ). 
Subsequently, the cDNA is used to generate RNA ( Fig. 
19.2b ), the RNA is translated into radioactively labeled 
protein using  3 H-Leucine incorporation, the proteins are 
size separated using gel electrophoresis, the gel is blotted 
and finally exposed to X-ray film. After exposure, shorter 
than normal-size proteins point to the presence of a prema-
ture translation terminating variants ( Fig. 19.2c ). One of 
the primers used to generate the RT-PCR products contains 

 FIGURE 19.1          The Protein Truncation Test.  A.  PTT schematic. Either 
genomic DNA or RNA can be used as a template. During PCR a tailed 
primer is used that adds an RNA polymerase promoter (T7) and a transla-
tion initiation sequence (ATG). During  in vitro  transcription/translation 
the RNA polymerase promoter is used to initiate transcription, the transla-
tion initiation sequence is used to start protein translation. When genomic 
DNA is used, PTT starts directly with PCR amplification using tailed 
primers. RNA templates are first reverse transcribed (RT) to generate a 
DNA copy (cDNA) and then amplified using PCR. Mutations affecting 
RNA splicing are detected when PCR fragments are analyzed, e.g. using 
agarose gel-electrophoresis. Mutations affecting protein translation will 
be revealed upon size separation of the translation products.  B.  Tailed 
PTT primer containing an RNA polymerase promoter, a translation ini-
tiation sequence (Kozak and ATG) and a gene target sequence.  C.  Gene 
target sequence separated in five large (first round PCR) and ten smaller 
(second round PCR) properly overlapping segments.    
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 a 5 �  tail sequence encoding both an RNA-polymerase pro-
moter (usually T7) and a eukaryotic translation initiation 
(or Kozak) sequence lined up in frame with the open read-
ing frame of the gene to be analyzed ( Fig. 19.1b ). After 
RT-PCR, when the resulting cDNA fragments are analyzed 
using gel electrophoresis, variants that affect RNA process-
ing (i.e. deletions, duplications, and variants affecting 
splicing) will be detected because they produce fragments 
of altered size ( Fig. 19.2a ). Although originally developed 
for RNA analysis, PTT can also be performed on genomic 
DNA. PTT scanning of the  APC  (Van  Der Luijt  et al ., 
1994 ) and  BRCA1/2  ( Hogervorst  et al ., 1995 ) genes, con-
taining large exons and a significant fraction of pathogenic 
variants, has been effective and very popular.  

    19.4       METHODOLOGY 

 In   general, the gene of interest will be too large to permit 
PTT analysis using one translated fragment. Consequently, 
the gene has to be split into partly overlapping 1 to 2       Kb 
segments together spanning the complete coding region 
( Fig. 19.1c ). Although proteins can be translated efficiently 
from templates up to 4       Kb, it is often difficult to amplify 
such fragments unless specific precautions are taken 
( Whittock  et al ., 1997 ;  Den Dunnen, 2004 ). Furthermore, 
optimal results to detect small mobility shifts with SDS-
PAGE are obtained using fragments of 1 to 2       Kb. To pre-
vent false negative results, the overlapping segments must 

be designed very carefully ( Fig. 19.1c ). Important rules 
include: (i) the primer-derived ATG translation initia-
tion codon should be in frame with the coding sequence; 
(ii) flanking segments should contain sufficient overlap to 
ensure detection of variants close to their ends; (iii) to pre-
vent a frame shift mutation resulting in translation termina-
tion, the reverse primer should not be selected near the end 
of a region where a large open reading frame is present in 
either of the shifted reading frames; and (iv) to minimize 
the risk of not amplifying an exon deletion allele, amplifi-
cation of at least one segment should cover the entire exon. 

 For   RNA isolation, usually a simple RNA-protocol suf-
fices, e.g. based on RNA-sol. As RNA source, the affected 
tissue is always preferred, but in general is often very dif-
ficult to obtain; at best, a tiny amount of a needle biopsy is 
available. Blood is the most frequently used RNA source, 
while cultured cells (generally fibroblasts) provide another 
valuable source. Since expression is usually low, a nested 
PCR reaction will be required to amplify sufficient mate-
rial to allow a transcription/translation reaction. During cell 
culturing, cylcoheximide treatment can be used to reduce 
the effect of NMD, equaling expression level of both alle-
les ( Lamande  et al ., 1998 ;  Den Dunnen, 2004 ). Other RNA 
sources that have been used successfully are buccal swaps 
and excrements (e.g. stool). 

 RT  -PCR can be performed using random or specifically 
primed cDNA synthesis ( Fig. 19.1a ) and different labs have 
different preferences. To reduce the danger of contamina-
tion, a continuous threat in PCR-based diagnostics, assays 

 FIGURE 19.2          Results from PTT analysis.  A.  Agarose gel-electrophoresis of RNA-derived PTT-PCR fragments (M      �      marker, 1      �      PCR control, 6      �      no 
template control). Amplification of sample 5 failed, while samples 3 and 4 show shorter fragments derived from abnormally spliced RNA molecules 
(indicated by arrows).  B.  PCR fragments obtained using tailed PTT primers were  in vitro  transcribed and separated using agarose gel-electrophoresis. 
Note that the input (double-stranded) DNA fragments migrate slower than the derived (single-stranded) RNA molecules.  C.  PTT-result;  3 H-leucine-
labeled  in vitro  transcription/translation products, separated using PAGE, blotted and analyzed using X-ray autoradiography. Note that lanes 1 to 4 
contain, next to the normal product, shorter translation products indicating the presence of premature translation termination mutations.  D.  Comparison 
of label incorporation versus N-terminal tagging. Label incorporation was performed using botinylated-lysine, the N-terminal protein tag was detected 
using an antibody. Lanes 1 and 3 control, 2 and 4 mutant (arrow      �      truncation fragment). Note that label incorporation shows a background of many 
translation products that are not visible using N-tag detection; the background products thus probably derive from secondary translation initiation.    
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 that include a one-tube RT-PCR reaction are preferred.  In 
vitro  transcription and translation can be performed using 
either a coupled or two separate reactions ( Fig. 19.2b ). 
Coupled transcription/translation is simple while perform-
ing separate reactions gives flexibility and advantages to 
sort out methodological problems when these occur.  In 
vitro  translation has been nearly exclusively performed 
using rabbit reticulocyte lysates. When translation of a 
fragment is problematic, i.e. low translation yields, a wheat 
germ lysate may provide a good alternative ( Hope and 
Struhl, 1985 ). 

 Initially  , detection of translation products could only be 
achieved using incorporation of radioactive-labeled amino 
acids ( Powell  et al ., 1993 ;  Roest  et al ., 1993 ). Later, biotin-
labeled amino acids were released ( Fig. 19.2d ), facilitat-
ing detection with fluorescently labeled antibodies ( Gite 
 et al ., 2003 ). Recently, fluorescently labeled amino acids 
became available facilitating in-gel detection of the trans-
lation products ( Traverso  et al ., 2003 ). Since these labeled 
amino acids are available in four different colors and they 
obviate the need to blot the protein gel after electrophoretic 
separation, their use is very attractive and at the same time 
reduces the overall analysis time. 

 N  - and C-terminal tagging of the translation products, i.e. 
the addition of a specific protein tag sequence encoded by 
the tailed primer(s) used during RT-PCR amplification has 
revolutionized the PTT assay ( Fig. 19.2d ). First, N-terminal 
tagging ( Rowan and Bodmer, 1997 ) gives a significant 
reduction in background since no signals are obtained 
from secondary translation initiation products ( Fig. 19.2d ). 
Second, the signal obtained from the truncated and the nor-
mal allele are equal (label incorporation yields stronger 
signals for larger translation products). Third, detection, 
purification, and/or concentration of the translation prod-
ucts can be done in multiple ways. Fourth, C-terminal tags 
can be used to detect run-off translation products, i.e. those 
products that do not encounter a translational stop codon in 
the shifted reading frame ( Kahmann  et al ., 2002 ). Finally, 
determining the ratio of signals obtained from antibodies 
directed against the N- and C-terminally tagged translation 
products can be used to detect truncating changes without 
electrophoretic separation. This gives attractive opportuni-
ties to increase throughput and facilitates automation of a 
PTT assay ( Traverso  et al ., 2003 ).  

    19.5       ALTERNATIVE DETECTION SYSTEMS 

 Thus   far, the translation products of the PTT have been ana-
lyzed mainly using size separation, mostly polyacrylamide 
gel electrophoresis. When the focus is other than the length 
of the product, i.e. aiming at the detection of truncating 
variants, alternative approaches can be used as well. These 
include protein band shift assays like 2D gels and isoelec-
tric focusing (IEF), analyses that might reveal variants 

yielding amino acid substitutions when these affect protein 
structure/folding. Recently, the use of mass spectrometry 
(MALDI-TOF, see also Chapter 21)   was reported, facili-
tating the high-throughput analysis of exon-sized transla-
tion products ( Garvin  et al ., 2000 ). Notably, based on the 
molecular weight, MALDI-TOF analysis will not only 
reveal premature translation terminating variants but amino 
acid substitutions as well. 

 An   alternative way to detect truncating variants is through 
expression cloning ( Ishioka  et al ., 1997 ;  Suzuki  et al ., 
1998 ). One application focuses on the reading frame  per se , 
i.e. detecting premature translation termination through 
protein fusion products, e.g. by simply scoring the fraction 
of blue/white clones obtained through gene fusion clon-
ing in  β -galactosidase vectors. Blue clones should contain 
fragments with an open reading frame, white clones inserts 
with translation terminating changes; an increased fraction 
of white clones thus pointing at the presence of a truncating 
mutation in the fragment analyzed. Another approach uses 
the generation of deleterious/toxic fusion products yielding 
clones only when they derive from transcripts containing 
protein truncating variants ( Ishioka  et al ., 1997 ); increased 
clone numbers pointing to truncating variants, and sequence 
analysis revealing the deleterious variant. 

 Theoretically  ,  in vitro  transcription/translation (PTT) 
can be used to generate the full-length protein, in particu-
lar when analyzing smaller genes. For genes where a func-
tional test of the protein is possible, an assay could then be 
designed that uses these translation products to directly test 
their function, e.g. their DNA binding properties or enzy-
matic activity. To our knowledge this approach has not yet 
been used in practice although variants containing an inter-
mediate expression cloning step were reported. For exam-
ple, to test the DNA binding properties of p53-derived PCR 
products,  Ishioka  et al . (1993)  cloned these in yeast, and 
assayed them for transcriptional activity in a simple growth 
assay. Similarly, variants containing segments of RT-PCR 
products have been used in complementation cloning in 
yeast (PEX genes) and to follow protein trafficking upon 
overexpression in mammalian cells ( Wang  et al ., 2006 ).  

    19.6       FALSE POSITIVES/FALSE NEGATIVES 

 A   false positive PTT result, i.e. the detection of a truncat-
ing fragment that does not derive from a causative vari-
ant, only rarely occurs. The most prominent false positive 
derives from secondary translation initiation ( Fig. 19.2d ); 
these products can be easily detected since they will appear 
in all samples analyzed for a specific gene fragment. 
Another false positive might result from PCR errors intro-
ducing a truncating variant during amplification. Such an 
error is unlikely and will be detected by performing inde-
pendent duplicate assays (i.e. from a second sample of the 
same patient or, when this is not available, starting with a 
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 second RT reaction). Theoretically, another false positive is 
a truncating variant that does not cause disease. Although 
truncating but seemingly neutral variants in a heterozygous 
state have been reported (dopamine D5 receptor ( Sobell 
 et al ., 1995 )), they are rare. A unique  “ false positive ”  was 
discovered by  Laken  et al . (1997) , a variant in the  APC  
gene causing colon cancer predisposition through the crea-
tion of a hypermutable region. This variant, a nucleotide 
substitution at the DNA level, caused a range of deletions 
and insertions at the RNA level yielding a weak smear of 
truncated proteins that could only be detected after cloning 
and sequencing individual cDNA fragments. 

 False   negatives, i.e. a truncating change is present but 
not detected, can occur due to several causes. In most cases 
they result from a failure of the amplification of the mutated 
allele, e.g. when using an RNA sample that is of insufficient 
quality to ensure reliable analysis. Another prominent cause 
is amplification of only one of the two alleles expressed 
in the sample analyzed. The most obvious causes behind 
amplification failure include the presence of a sequence var-
iant (polymorphism) in one of the primers used, a genomic 
deletion or inversion encompassing the sequence analyzed 
and a prominent difference in the level of expression of the 
two alleles. The latter effect can be direct, e.g. as a conse-
quence of non-random X-inactivation or variants affecting 
transcription levels, or indirect as a consequence of differ-
ences in RNA stability and/or the specific degradation of 
one of the two transcripts by processes like NMD ( Dietz 
and Kendzior, 1994 ). False negatives may also derive from 
transcription/translation failure of either or both alleles, e.g. 
as a consequence of using a bad-quality translation kit or a 
low-quality forward primer. Regarding the latter, it is nota-
ble that forward PTT primers are rather long and hence if 
produced at low yields the 5 �  end that contains the RNA 
polymerase promoter sequence is significantly affected 
( Den Dunnen, 2004 ). 

 Another   cause of false negative results is when trun-
cated proteins cannot be detected. This occurs when (a) 
the translation products migrate near the separation limit of 
the gel (both large and small), (b) background fragments 
obscure truncated fragments, (c) no label is incorporated, 
(d) the sequence change does not produce a stop codon in 
the shifted reading frame, and (e) when variants change 
the translation initiation (ATG) and termination codon. A 
proper and thoughtful design of the PTT assay is instru-
mental in preventing most of these false negative results, 
in particular ensuring sufficient overlap between flanking 
segments (see section 21.4). In addition, as for the analysis 
of DNA samples and especially when pathogenic changes 
are not detected, it is absolutely essential to assess whether 
transcripts/translation products of both alleles were ana-
lyzed. When a variant (single nucleotide polymorphism; 
SNP) in either of the two alleles is known, this quality 
check is rather simple to perform; when a variant is not 
known this check can be very difficult. 

 When   truncating variants occur near the extreme ends of 
a protein (N- or C-terminal), the question is whether this has 
any deleterious effects. Early N-terminal truncations, includ-
ing those affecting the ATG translation initiation codon, 
either produce no protein or cause secondary translation 
initiation. When no protein is produced the variant should 
be deleterious by reducing expression to 50%. Very short 
N-terminal proteins may theoretically have (dominant) neg-
ative effects but in practice are often very instable and non-
functional. Sometimes, early truncations lead to secondary 
translation initiation and relatively mild phenotypes ( Puel 
 et al ., 2006 ). Similarly, late C-terminal truncations produce 
a near normal protein and are unlikely to be disease causing 
(e.g. BRCA2,  Mazoyer  et al ., 1996 ). When the translation 
stop codon is affected, proteins get an extended C-terminal 
tail which in most cases has deleterious consequences.  

    19.7       APPLICATIONS 

 The   PTT assay became a big success, although less for the 
disease it was originally designed for, i.e. Duchenne and 
Becker muscular dystrophy (DMD/BMD). In blood, expres-
sion of the DMD gene is extremely low, making reliable 
amplification cumbersome. Consequently, samples from 
a muscle biopsy are preferred, but more difficult to obtain 
routinely. For males, variant detection is sensitive enough, 
but for female carrier detection the presence of the other 
allele that is normally expressed often causes detection 
problems. Not only is expression of the mutated allele often 
reduced by NMD, it can also be affected by non-random 
X-inactivation. For other genes, in particular tumor sup-
pressor genes, PTT has become an attractive and very reli-
able methodology to reveal pathogenic changes, especially 
when it can be performed using a DNA template. The latter 
is the case when a gene of interest contains a large exon 
in which many disease-causing variants are found, like in 
the  APC ,  BRCA1 , and  BRCA2  genes (Van  Der Luijt  et al ., 
1994 ;  Hogervorst  et al ., 1995 ). 

 Potential   target genes for PTT include: tumor suppres-
sor genes (colon cancer ( FAP  and  HNPCC ), breast can-
cer, neurofibromatosis,  ATM ,  TSC , etc.), genes involved 
in diseases mainly caused by truncating variants (muscu-
lar dystrophy (B/DMD, EMD), polycystic kidney disease 
and many others), and genes involved in diseases with 
a complex variant spectrum of which a significant frac-
tion is caused by truncating changes (cystic fibrosis (non-
p.F508del variants), collagen genes, Hunter syndrome 
and OTC-deficiency). The flexibility and dynamics of the 
PTT technique is elegantly demonstrated by the work of 
 Traverso  et al . (2003) . These authors developed the PTT 
into a sensitive, semi-automated, high-throughput assay 
that was applied in various situations, including the early 
detection of rare truncating variants in stool samples of 
potential colon cancer patients.  
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    19.8        CONCLUSIONS 

 Although   technically demanding and laborious, PTT has 
several attractive characteristics; unlike other techniques it 
pinpoints the position of a variant, it has an excellent sen-
sitivity and a low false positive rate, and, most importantly, 
it nearly exclusively highlights pathogenic variants. In 
addition, since it is an RNA-based technique, PTT facili-
tates the detection of variants that affect RNA processing. 
The main technical hurdles experienced with PTT relate to 
the fact that it uses an RNA target, including the difficul-
ties arising from the potential differential allelic expression 
and stability of the transcripts derived from the two alleles 
present in diploid organisms.   
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 Chapter 20 

    20.1       INTRODUCTION 

 The   ability to investigate large numbers of proteins with 
excellent precision in extensive series of patient samples, 
first in research and then clinically, will greatly impact 
healthcare through improved opportunities for molecu-
lar diagnostics. Having the total human genome sequence 
information in our hands, we now face exciting oppor-
tunities for analyses of all the protein products that are 
encoded in our genomes. Efficient protein assays will yield 
improved functional understanding of physiological and 
pathological processes, and measurements of the amounts 
of specific proteins and their modifications and interac-
tions can provide new approaches to molecular diagnostics. 
The field of protein diagnostics is attracting great interest 
because of its potential to allow early diagnosis, serving to 
reveal subclinical, still treatable diseases. It can also help 
selection of the optimal treatment and monitoring disease 
progression, thus offering important benefits in healthcare. 
Sufficiently efficient and robust methods will permit such 
analyses to be performed at the point-of-care, or even in 
households, to diagnose infections and demonstrate signs 
of disease. It is clear, however, that methods that have been 
available for protein detection until recently fail to permit 
the parallel and highly resolving analyses that will now be 
needed for extensive analyses of proteins, both in research 
and clinically. In addition, high-throughput techniques for 
proteome analyses are required in order to take advan-
tage of the large collections of human samples that are 
being organized in the form of extensive biobanks ( Yuille 
 et al ., 2008 ). This represents a valuable resource for the 

identification of diagnostic protein markers, provided 
appropriate methods become available. 

 Proteome   analyses are complicated by the enormous 
concentration ranges of protein classes in samples, such 
as serum, and even within individual cells, placing strin-
gent demands on the ability to distinguish proteins that 
may differ by many orders of magnitude in concentra-
tion. This selectivity problem is further compounded by 
the often closely similar but functionally different variants 
of proteins that arise due to mechanisms like differential 
splicing, processing, and post-translational modification 
(PTM). Moreover, protein function is manifested not only 
by changes of levels of proteins, but also by the rearrange-
ment of proteins in complexes, necessitating measurement 
of interactions among sets of proteins, as well as of indi-
vidual protein molecules. 

 While   mass spectrometry has emerged as a powerful 
research tool for mapping the protein composition in bio-
logical samples (see also next chapter), assays based on 
reagents with affinity for specific proteins remain the most 
promising avenue for protein-based diagnostics. However, 
this approach is complicated by the difficulty of generating 
suitable affinity reagents. This is in contrast to the situation 
for nucleic acid analyses, where the simple rules direct-
ing base pairing can be employed to design hybridization 
probes, and the combination of such hybridization probes 
with nucleic acid-specific enzymes serves to improve the 
selectivity and sensitivity of detection, i.e. via amplifica-
tion reactions. It is gratifying to note that several initia-
tives are under way aiming to raise comprehensive sets of 
affinity reagents against large subsets of, and ultimately all, 
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human proteins ( Taussig  et al ., 2007 ). It is unlikely, how-
ever, that completely monospecific affinity reagents can 
be developed against all human proteins, given the risk 
for cross-reactivity for antigenic epitopes in other, perhaps 
more abundant, proteins. Moreover, individual binders can 
only assess epitopes that represent a small part of a protein, 
while multiple diagnostic determinants may be distributed 
in remote locations on a target protein or protein complex. 
Accordingly, test architectures must be developed that 
require simultaneous binding to multiple epitopes on tar-
get molecules for enhanced selectivity and reduced risks of 
cross-reactivity. 

 In   this chapter, we will provide a brief description of 
current methods for protein analysis, as a background to 
a description of a general molecular strategy for protein 
analysis, the so-called proximity ligation assays; we also 
discuss future developments of this technique.  

    20.2       BINDING THE PROTEOME 

 Binding   reagents are of central importance in a majority 
of methodologies used to study proteins. The complexity 
of protein binding currently precludes prediction of suit-
able binding reagents, in contrast to the situation for DNA 
binding by hybridization probes. Protein binding reagents 
are therefore typically obtained by processes of  in vivo  or  in 
vitro  selection from large repertoires of molecules with con-
stant and variable sequence elements. Depending on how 
reagents are generated and selected, they may preferentially 
recognize linear or context-dependent determinants. As a 
consequence, they may differ in their suitability for assays 
where proteins are mostly in a native configuration, such as 
in analyses of tissue lysates or serum protein in solution, or 
ones where proteins have been fixed and often denatured, 
such as in immunohistochemistry and Western blots. 

 Polyclonal   and monoclonal antibodies are the most 
commonly used source of protein binders. The diversity 
of antibodies generated by rearrangements of gene seg-
ments, in combination with somatic hypermutations or 
gene conversion, provides a wide repertoire of antibodies 
for selection of high-affinity binders against any target pro-
tein. Besides  in vivo  immunizations, antibody fragments 
can be selected from large libraries in, e.g., bacteriophages, 
or expressed by ribosome or RNA display. These  in vitro  
selection techniques have also permitted the development 
of a growing list of so-called scaffold proteins, with vari-
able sequences that can form protein-binding clefts and 
surfaces ( Nygren and Uhlen, 1997 ;  Binz  et al ., 2005 ). In 
addition, DNA or RNA aptamers can be selected from 
nucleic acid libraries to bind proteins with high affinity 
( Tuerk and Gold, 1990 ;  Bock  et al ., 1992 ). Moreover, there 
is a large repertoire of natural ligands that can be used to 
bind receptors, and lectins can be employed to detect pro-
tein glycosylation. 

 A   number of projects have been initiated to establish 
comprehensive repertoires of binding agents against large 
numbers of, and eventually all, human proteins. Examples of 
such initiatives include the Human Proteome Atlas ( http://
www.proteinatlas.org ), raising polyclonal affinity-purified 
antibodies against human proteins, the National Cancer 
Institute preparing monoclonal antibodies against proteins of 
special interest in malignancy, and ProteomeBinders ( http://
www.proteomebinders.org ), coordinating activities among a 
large number of mainly European groups, developing pro-
tein binding reagents. It is therefore reasonable to assume 
that reliable clonal and replenishable binding reagents that 
can be widely shared among labs will be increasingly avail-
able for protein detection in years to come. Accordingly, 
assays must now be established that allow such reagents to 
be applied for extensive analyses of the proteome.  

    20.3       CURRENT AFFINITY-BASED PROTEIN 
DETECTION ASSAYS 

 Early   protein detection assays depended on target bind-
ing by single antibodies, such as the radio-immunoassays 
developed in the late 1950s ( Yalow and Berson, 1960 ). 
Sandwich immune assays, first published almost ten years 
later, improved detection selectivity, sensitivity, and con-
venience by requiring binding by two antibodies, one 
immobilized and another detectable one added in solu-
tion after binding of antigen ( Wide  et al ., 1967 ;  Engvall 
and Perlman, 1971 ). In a different manner, Western blot 
evaluates proteins both with respect to migration during 
gel electrophoresis and binding by an antibody, thereby 
improving selectivity over single-binder assays ( Towbin 
 et al ., 1979 ). The immobilization of different antibodies in 
array format can permit simultaneous analysis of several 
labeled proteins in a sample. The selectivity of detection in 
such array-based assays can be improved by using a sand-
wich format where secondary, labeled antibodies are added 
in solution. The rapidly increasing risks of cross-reactive 
binding among non-cognate antibody pairs tend to limit 
such multiplex assays to a few tens of analytes, however 
( Fig. 20.1   ) ( Nielsen and Geierstanger, 2004 ). Imaging pro-
tein assays are also of interest by demonstrating the distri-
bution of target proteins in cells and tissues. Such assays 
can be performed by staining specific proteins with the 
help of labeled antibodies that are added to tissue sections 
in immunohistochemical reactions. 

 To   enable detection of bound antibodies in these vari-
ous assays, the antibodies can be modified by covalently 
attaching detectable moieties such as fluorophores, heavy 
metals, radioisotopes, or enzymes. Fluorescent dyes gen-
erate a signal proportional to the amount of bound anti-
bodies, and the signal can be enhanced by increasing the 
amount of fluorophores present per antibody. However, 
for low-abundance proteins or in cases of high fluorescent 
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background, signal amplification may be required for detec-
tion. Reactions involving antibody-conjugated enzymes 
result in signal amplification when substrate molecules are 
converted into a detectable product. The strength of the 
signal increases over time, potentially allowing detection 
of lower concentrations of antigens, although often also 
increasing non-specific signals in parallel and thus limiting 
any improvement of signal over background. 

 The   advantages of polymerase-based DNA amplification 
have been exploited in protein detection assays by conjugat-
ing DNA molecules to antibodies. Thereby, immuno-PCR 
can be used to exponentially amplify detection signals 
from bound antibodies with attached DNA strands by using 
PCR ( Sano  et al ., 1992 ). The mechanism lends itself to 
multiplex assays where each antibody is conjugated to a 
unique DNA oligonucleotide that can be amplified by PCR 
and identified. The amount of each PCR product correlates 
to the amount of antibody bound to an antigen. For local-
ized detection in, e.g., tissue sections, another method of 
DNA amplification, rolling circle amplification (RCA), 
can be used. A very processive DNA polymerase such 
as the bacteriophage phi 29 DNA polymerase can gener-
ate a long single-stranded concatemer of complements of 
a circular DNA strand used to template the reaction. The 
DNA molecule that forms can reach tens of micrometers 
in length, but it is typically rolled up in a ball of DNA of 
submicrometer dimensions. The RCA technique has been 
used in immuno-RCA ( Schweitzer  et al ., 2000 ;  Wiltshire 
 et al ., 2000 ;  Gusev  et al ., 2001 ), where oligonucleotides 
are conjugated to antibodies and used to prime RCA reac-
tions of subsequently added circular DNA strand. By 
hybridizing oligonucleotides labeled with fluorophores to 
the repeated sequences in the rolling circle products, the 
bundles of DNA can be easily visualized by fluorescence 
microscopy as brightly fluorescent spots, and the location 
of the binding event can be deduced. A main consideration 

for all kinds of binders is their selectivity for a target mol-
ecule. For positive identification of a protein, the binder 
should ideally interact with the correct protein with high 
affinity, and it should exhibit minimal cross-reactivity 
to other proteins. As discussed above, the selectivity of the 
detection reaction can be increased by adding a second cri-
terion, such as binding by a second antibody or by distin-
guishing target proteins according to molecular weight or 
isoelectric charge  –  as used in sandwich immune assays, 
Western blots, and after 2D-gel electrophoresis, respec-
tively. In a related manner, proximity ligation reactions 
depend on proximal binding by two or more proximity 
probes to increase the selectivity, while the sensitivity of 
the assays are ensured using DNA amplification.  

    20.4       PROXIMITY LIGATION ASSAYS FOR 
DETECTING PROTEINS IN SOLUTION 

 In   proximity ligation assays (PLA), single-stranded DNA 
oligonucleotides are conjugated to antibodies, and the con-
jugates are referred to as proximity probes. One antibody 
is coupled to an oligonucleotide via the 3 � -end and another 
antibody is coupled to a second oligonucleotide via the 
5 � -end. When two proximity probes with different DNA 
strands bind the same target protein or protein complex, a 
subsequently added connector oligonucleotide can hybrid-
ize to the ends of the conjugated DNA strands and guide 
their joining by enzymatic ligation. This creates a DNA 
molecule that can then be amplified and quantified by, for 
instance, real-time PCR, whereas remaining non-ligated 
DNA strands cannot be amplified. By taking measures to 
ensure that minimal ligation products form in the absence 
of target, sub-pM levels of proteins can be detected by sig-
nal amplification through real-time PCR in a homogene-
ous assay ( Fredriksson  et al ., 2002 ;  Gullberg  et al ., 2004 ) 

A B

 FIGURE 20.1          The risk of cross-reactive binding among non-cognate antibody pairs increases when the number of proteins detected simultaneously in a 
sandwich immunoassay is increased.  A.  When proteins are detected in singleplex, the risk of cross-reactive binding is low since the target proteins must 
be recognized by both the capture antibody and the detection antibody for a positive identification.  B.  In the case of multiplex detection, several types of 
target proteins are captured simultaneously and can therefore give rise to false positive signals if the detection antibody binds non-specifically to other 
captured proteins.    
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( Fig. 20.2   ). In a solid-phase variant of PLA, the target mol-
ecules to be detected are first captured by antibodies immo-
bilized on a surface  –  as in sandwich ELISA  –  while other 
components are removed by washes. Thereafter, a pair of 
proximity probes is added and after renewed washes the 
ligation reaction is performed, followed by amplification. 
The method provides further increased sensitivity of pro-
tein detection, and even single infectious units of micro-
bial pathogens can be demonstrated using this solid-phase 
format of PLA ( Gustafsdottir  et al ., 2006 ). Generally, this 
assay format has particular advantages for detecting rare 

molecules in dilute samples or in samples that contain 
components that can interfere with the detection reaction, 
while the benefit of the homogeneous variant of PLA is the 
requirement for very small amounts of sample, and the pos-
sibility for parallel detection in a simple procedure with no 
need for washes ( Fredriksson  et al ., 2007 ). 

 In   another variant of PLA, 3PLA, the proximity 
probes are designed to require recognition by three prox-
imity probes and two ligation events to form a complete 
PCR template. The requirement for simultaneous binding 
by several affinity binders decreases background due to 

 FIGURE 20.2           A.  Schematic description of a homogeneous proximity ligation assay. (1) The target protein is recognized by the affinity-binding parts of 
two different proximity ligation probes, which brings the DNA strands of the probes in proximity. (2) Next, a connector oligonucleotide is hybridized to 
the ends of the DNA strands allowing these to be joined by enzymatic ligation. (3) The newly formed DNA template is then used for PCR with real-time 
detection of the accumulating amplification products.  B.  An illustration of a typical PLA-based real-time PCR result that can be used for quantification 
of the target protein, here, tumor necrosis factor  α  (TNF α ).    
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target-independent ligation or cross-reactivity for related 
target molecules, and hence even lower concentrations of 
the correct target protein can be detected over background 
signals. Furthermore, assays that depend on three binding 
events can be used for detection of complex protein inter-
actions or modifications involving three target epitopes 
( Schallmeiner  et al ., 2007 ). Recently, PLA has been suc-
cessfully combined with array readout for parallel protein 
detection in a small-scale experiment, and the method is 
also suitable for identification of pairs of interacting pro-
teins among a large set of proteins ( Ericsson  et al ., 2008 ). 
The proximity ligation technique has also been adapted to 
examine interactions between proteins and specific DNA 
sequences ( Gustafsdottir  et al ., 2007 ), illustrating the ver-
satility of this new detection mechanism.  

    20.5        IN SITU  PROXIMITY LIGATION 
ASSAYS 

 Information   about the subcellular location of protein and 
protein complexes, and about their cell-to-cell variations 
within a tissue, can provide important insights into the 
functional status of cells. PCR is not suitable as an ampli-
fication method for localized detection in cells or tissues, 
since the PCR products tend to diffuse freely. By instead 
combining a PLA with RCA, a prominent localized detec-
tion signal can be obtained at the site of specific recogni-
tion of individual target molecules, and with minimal 
background. For this purpose, samples are first incubated 
with pairs of proximity probes. If these probes bind in 
proximity, then their attached DNA strands can serve as 
templates in a ligation reaction joining the ends of two 
oligonucleotides that are included in the ligation reaction. 
This gives rise to DNA circles that can next be replicated 
by RCA, using one of the antibody-bound oligonucleotides 
as a primer. The localized amplification products are then 
visualized using fluorescently labeled oligonucleotides that 
hybridize to the resulting RCA product ( Soderberg  et al ., 
2006 ) ( Fig. 20.3   ). The intensity of the brightly fluorescent 
spots, representing individual RCA products, reduces prob-
lems with background fluorescence. The individual fluo-
rescent signals can be quantified digitally with the help of 
a freely available software package  ‘  ‘ BlobFinder ’  ’  devel-
oped by Allalou and W ä hlby ( http://www.cb.uu.se/~amin/
BlobFinder ) for objective evaluation of the results. 

 The   requirement for dual recognition by the proximity 
probes greatly improves the selectivity of the method com-
pared to immuno-RCA, as individual detection probes and 
other nucleic acids fail to give rise to circular DNA strands 
and, as a consequence, no RCA products form unless dual 
recognition is achieved. The two proximity probes can be 
selected to bind to the same molecule for increased selec-
tivity of detection, but they can also target two different 
proteins in a complex. In the standard format of the assay, 

determinants located within several tens of nanometers 
of each other can give rise to detection signals. Such an 
approach was used to study the heterodimerization between 
c-Myc and its binding partner Max ( Soderberg  et al ., 2006 ; 
 Vermeer  et al ., 2008 ), and between inositol 1,4,5-triphos-
phate receptors and protein kinase B/Akt ( Szado  et al ., 
2008 ). In analogy to what has been described for homoge-
neous PLA,  in situ  PLA assays can be designed to require 
more than two recognition events for the formation of an 
amplifiable ligation product. The approach can be used 
to visualize multicomponent interactions, as exemplified 
by the visualization of c-Myc/Max transcription factor 
complexes located in proximity of the transcribing RNA 
polymerase II ( Soderberg  et al ., 2006 ). 

  In   situ  PLA has also been used to study post-
translational modifications by using one antibody directed 
against platelet-derived growth factor receptor beta 
(PDGFR β ), and one antibody binding the modification, in 
this case a phosphorylated tyrosine residue of the ligand 
stimulated receptor ( Jarvius  et al ., 2007 ). In these experi-
ments, the samples were first incubated with a polyclonal 
rabbit antiserum against the receptor and a mouse mono-
clonal antibody directed against the phosphorylated residue. 
Next, two oligonucleotide-conjugated antibodies directed 
against rabbit and mouse immunoglobulin, respectively, 
were added to perform an  in situ  PLA. With this approach, 
standard oligonucleotide-conjugated secondary antibodies 
can be used for  in situ  PLA as long as the pair of primary 
antibodies is derived from two different animal species. 
This eliminates the need for constructing antibody-oligonu-
cleotide conjugates for all primary antibodies, thereby sav-
ing time, costs, and effort.  

    20.6       CONCLUSION AND FUTURE 
PERSPECTIVES 

 As   discussed herein, opportunities for protein diagnostics 
are excellent. Increasingly, the development of new thera-
pies will be accompanied by analyses of molecular surrogate 
markers, both nucleic acids and proteins, to evaluate clini-
cal responses. Some of these assays will likely also follow 
the drugs into clinical routine use in the form of theranostic 
approaches. Molecular diagnostics can also be expected to 
become more broadly accessible through the development of 
simple new detection formats that vastly increase the scope 
for point-of-care diagnostics. Development of reagents and 
test architectures proceed along several lines. We believe 
that the combination of a wide variety of protein-bind-
ing reagents with information-carrying, amplifiable DNA 
strands could serve a central element of many new diagnos-
tic approaches. The mechanism provides valuable opportu-
nities for increasing both the selectivity and sensitivity of 
detection. In contrast to more standard approaches, multiple 
proteins can potentially be investigated in parallel without 
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 FIGURE 20.3 A.          A schematic presentation of  in situ  PLA. Dual binding by a pair of proximity probes (antibodies with attached DNA strands) serve to 
template the formation of circular DNA molecules by ligation, provided that the antibodies have bound in sufficient proximity. The circular DNA mol-
ecules that form are then amplified by rolling-circle amplification (RCA) primed by one of the proximity probes. The localized amplification reaction 
gives rise to a concatemeric amplification product covalently attached to one of the proximity probes, and the RCA product can subsequently be detected 
by hybridization of fluorescence-labeled oligonucleotides.  B.   In situ  PLA using secondary species-specific proximity probes in combination with a pair 
of primary antibodies, directed against platelet-derived growth factor receptor  β  and one of its phosphorylated tyrosine residues, respectively, was per-
formed to visualize the phosphorylated receptor. Phosphorylated receptors are visualized as red dots in cells that have been counterstained with antibod-
ies directed against actin (green) and with the DNA binding Hoechst dye (blue) to visualize the cytoplasm and the nucleus, respectively ( Jarvius  et al ., 
2007 ).  Note : The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    



Chapter | 20 Protein Diagnostics by Proximity Ligation 305

rapidly growing problems with cross-reactivity by ensur-
ing that only cognate pairs of proximity probes give rise to 
detection signals. Proximity ligation lends itself both for 
assays where protein levels are measured, and where their 
distribution is visualized in tissues, illustrating functional 
effects of signal transduction, developmental processes, as 
well as effects of disease and of therapeutic intervention. 

 There   are exciting opportunities for further develop-
ment of the technique. At this point it is not clear what 
level of multiplexing of protein measurement can be 
achieved by proximity ligation but the assay is compatible 
with a wide range of readout formats, including separate 
real-time amplification reactions ( Fredriksson  et al ., 2007 ), 
or novel microarray detection mechanisms ( Ericsson  et al ., 
2008 ), and it should also be suitable for digital recording 
of individual proximity probe ligation products using new 
parallel DNA sequencing techniques ( Schuster, 2008 ). 
Also the  in situ  forms of the assay can likely be adapted 
to permit simultaneous analysis of numerous proteins and 
their different interactions in the same sample for a bet-
ter understanding of cellular responses. The diagnostic 
value of measuring multiple protein interactions and post-
translational protein modifications currently is largely  
unexplored, but this must be viewed as one of many exist-
ing opportunities that currently emerge.  
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 Chapter 21 

    21.1       INTRODUCTION 

 Mass   spectrometry has become an indispensable tool in 
biological research ( Aebersold and Mann, 2003 ;  Domon 
and Aebersold, 2006 ). Apart from the ability to characterize 
sugars ( Harvey, 2003 ), lipids ( Han and Gross, 2005 ), and 
other small molecules by mass spectrometry, the possibility 
of identifying proteins in an unbiased, sensitive, and rapid 
way ( Ferguson and Smith, 2003 ;  Steen and Mann, 2004 ) has 
led to important, otherwise impossible, insights in biology. 
Together with other high-throughput technologies, modern 
mass spectrometry triggered conceptual changes in the way 
we understand modern basic and applied biological research 
and thus is one of the key technologies enabling the realiza-
tion of systems biology ( Weston and Hood, 2004 ). The con-
cept of systems biology can be defined by the use and the 
integration of systematically acquired large-scale genomic, 
metabolomic, or proteomic data sets to construct mathemat-
ical and predictive models of a biological system ( Ideker 
 et al ., 2001 ). Such systems might be a protein complex, a 
specific pathway, a cell, a physiological system, such as the 
immune system, or even a whole organism. 

 The   aim of systems biology is to understand these sys-
tems, to build mathematical models of these systems, to fur-
ther refine and interrogate them and to predict their behavior 
to external signals perturbing it. Although understanding the 
function of single genes and proteins is important, this con-
cept aims at understanding the additional properties of the 
structure and dynamics of a biological system as a whole. 
Naturally, the features of a system are not just defined by 
combining the properties of the involved individual proteins. 

 The   first step enabling systemic approaches in biology 
was to define the part lists of these systems by sequencing the 
genomes of most model organisms. The next level of analy-
sis would be provided by a systematic view into the system 

by building a diagram of the interconnections between these 
parts. Next, it will be necessary to define the regulatory net-
works and the physicochemical nature of the interactions 
such as their affinities or kinetics. Increased experimental 
complexity will be encountered at each further level of the 
analysis. Obviously, the systematic analysis of biological 
systems and the subsequent construction of models require 
the acquisition of standardized comprehensive sets of quanti-
tative data of the constituting parts of the system under study. 

 The   idea of systems biology has a potentially high 
impact upon pharmaceutical and medical research. The 
striking applications include detailed models of regulatory 
events, especially signal-transduction cascades and mod-
ules to provide critical and systematic insights for mecha-
nism-based drug discovery ( Fishman and Porter, 2005 ). 

 An   important part of this new and systemic approach in 
biology has emerged based on the capabilities of modern 
mass spectrometry, especially the ability to identify thou-
sands of proteins in a single experiment. This discipline 
within biology, termed proteomics, is devoted to the study 
of the proteome, the protein equivalent of the genome, 
present in protein complexes ( Alberts, 1998 ), organelles 
( Andersen and Mann, 2006 ), cells, organs, or even whole 
organisms. Other techniques ( Ito  et al ., 2001 ;  Uetz  et al ., 
2000 ) have been used to create protein – protein interaction 
data sets but the vast majority of proteomic data sets are 
being generated by mass spectrometric platforms of ever-
increasing performance. The success of state-of-the-art 
mass spectrometry was mainly triggered by the two sepa-
rate inventions of soft ionization techniques capable of 
efficiently ionizing proteins and peptides, electrospray ion-
ization (ESI) ( Fenn  et al ., 1989 ), and matrix-assisted laser 
desorption/ionization (MALDI) ( Karas  et al ., 1987 ). 

 There   are two major and fundamentally different 
approaches to studying the proteome. From a historical point 
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of view, expression-based proteomics is the original concept 
of proteomics which can be defined as the attempt to catalog 
the expression of all proteins present in a specific biological 
system such as a cell. Such experiments are often performed in 
a differential and quantitative manner, by the analysis of bio-
logical systems, differing in specific physiological or patho-
physiological phenotypes. This strategy has been successful 
( Andersen and Mann, 2006 ;  Anderson and Anderson, 2002 ; 
 Andrade  et al ., 2007 ) and was also extended to the analysis 
of the dynamic behavior of post-translational modifications 
(PTMs) of proteins ( Blagoev  et al ., 2004 ;  Kruger  et al ., 2008 ). 
However, it is still not possible to completely cover complex 
proteomes such as those present in body fluids, although the 
recent years have seen a dramatic improvement in sensitivity, 
throughput, and dynamic range of signal detection of mod-
ern mass spectrometers. The huge dynamic range of protein 
expression in such biological systems, with proteins present 
at low copy-numbers frequently hidden by abundant proteins 
is still preventing substantial progress towards the ambitious 
aim of characterizing the complete expressed proteome. In the 
human plasma proteome, protein concentrations are spanning 
over ten orders of magnitude ( Anderson and Anderson, 2002 ). 
An important field within expression-based proteomics, called 
peptidomics, studies the low mass regions of expressed gene 
products such as neuropeptides, which are not covered by 
routine mass spectrometric protocols ( Hummon  et al ., 2006 ). 
Expression-based proteomics is also limited by the challenges 
associated with precise protein quantitation ( Ong and Mann, 
2005 ;  Zhang  et al ., 2004 ). Furthermore, the interpretation of 
quantitative data from patients is complicated by the natu-
ral variation of protein expression, caused by genetic differ-
ences and the environmental factors affecting each individual. 
Additionally, most cellular and pathological processes are 
influenced by post-translational modifications (PTMs), still 
difficult to analyze in a comprehensive and quantitative man-
ner ( Jensen, 2004 ;  Mann and Jensen, 2003 ). When used in a 
biomedical context, expression-based proteomics might lead 
to correlative relationships between diseases and protein pro-
files. However, owing to the dynamic range of protein expres-
sion, the obtained results are seldom pointing to regulating 
proteins such as transcription factors or kinases, expressed 
at low copy-numbers. The correlative nature of the results 
implies that extensive validation is required. 

 The   other approach was termed functional proteom-
ics. The naming derives from the concept that the associa-
tion of proteins to protein complexes would also suggest 
their common involvement in a biological function. Also, 
it was hypothesized that many if not all cellular functions 
are not performed by proteins acting in an independent 
fashion but instead executed by protein complexes, acting 
like molecular machines ( Alberts, 1998 ). The composition 
of these protein complexes is dynamic, and many of their 
components associate and dissociate depending on regula-
tory events such as phosphorylation. Naturally, the physi-
cochemical binding properties of the complex members are 

neither equal nor constant, with subsets of proteins tending 
always to act together by founding core structures of a pro-
tein complex (Le  Hir and Andersen, 2008 ). The essence of 
protein complexes relies on the cooperative effects within 
its components ( Whitty, 2008 ). In addition, many proteins 
can have multiple and regulatory functions in more than 
one protein complex ( Gavin  et al ., 2006 ). 

 A   plethora of different methods for studying protein –
 protein interactions was developed, ranging from genetic 
methods such as the two-hybrid assay ( Chien  et al ., 1991 ; 
 Fields and Song, 1989 ), immunoprecipitations, and affin-
ity purifications ( Terpe, 2003 ). During the last decade, a 
number of crucial breakthroughs have been achieved in the 
large-scale characterization of protein complexes of entire 
organisms ( Gavin  et al ., 2002 ;  Ho  et al ., 2002 ) or signal 
transduction pathways ( Blagoev  et al ., 2003 ;  Bouwmeester 
 et al ., 2004 ). In addition, the composition of a constantly 
increasing number of selected molecular machines has 
been elucidated ( Riedel  et al ., 2006 ;  Vanacova  et al ., 2005 ). 
Finally, the proof that the proposed protein complexes 
really exist was delivered by the three-dimensional struc-
tures of molecular assemblies ( Groll  et al ., 2005 ; Le  Hir 
and Andersen, 2008 ;  Lorentzen  et al ., 2005 ;  Nickell  et al ., 
2006 ) revealing features that strongly support the hypoth-
esis functional proteomics was built upon. 

 The   success of the first experimental results of func-
tional proteomics and the connected conceptual changes in 
biology resulted in the tendency that the characterization of 
the molecular partners of a protein has become a critical 
part of most biological studies. An additional but related 
line of research investigates the interaction of small mol-
ecules with proteins such as drugs ( Bantscheff  et al ., 2007 ; 
 Rix  et al ., 2007 ). There is also the connected field of struc-
tural proteomics, exploring the structure of the proteome 
by methods such as high-throughput protein crystallogra-
phy ( Stevens  et al ., 2001 ). 

 The   true value of large-scale proteomics data sets will 
emerge from the integration of data from the different sys-
tematic approaches. So far, integrative approaches have 
just begun to provide additional insights into the function 
and the evolution of biological systems ( Ideker  et al ., 2001 ; 
 Sharan and Ideker, 2006 ;  Tornow and Mewes, 2003 ). 

 Taking   a look at current large-scale interaction data, 
the available protein interaction maps and their compila-
tions are currently incomplete and are lacking the required 
dynamic resolution. Either proteome maps are derived 
from specific single cellular states, or, more commonly, 
they represent a superposition of many different condi-
tions. However, it is conceivable that future maps will not 
only describe the cellular activities in a comprehensive and 
potentially even quantitative fashion but also resolve the 
time axis by studying the changes in protein composition of 
a complex during biological events such as the cell cycle. 

 Driven   by the vision of a future quantitative biology, the 
quantitation of proteins is an emerging trend in proteomics. 
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In order to obtain such data sets, various methods have been 
developed to allow the quantitative analysis of proteomics 
samples. In functional genomics, these tools are not only 
used to distinguish complex components from contami-
nating proteins ( Blagoev  et al ., 2003 ;  Mann, 2006 ;  Ranish 
 et al ., 2003 ) but also used to determine the stoichiometry of 
the proteins present in a complex ( Hochleitner  et al ., 2005 ). 
More importantly, they can also be used to determine the 
dynamic composition of protein complexes such as changes 
reacting upon stimulation or inhibition. 

 Summarizing  , functional proteomics and expression-
based proteomics provide complementary views onto the 
ensemble of proteins and their associations within a biolog-
ical system. The previous advances in proteomic methodol-
ogies and mass spectrometric technologies have influenced 
biological research already to a great extent. However, 
the practical impact of the technology on medicine and 
the drug discovery process is still relatively low ( Butcher, 
2005 ). Application of proteomic approaches to medically 
oriented research have only begun, which will lead to 
important improvements in our understanding of pathologi-
cal processes and ultimately in clinical practice ( Anderson 
and Anderson, 2002 ;  Araujo  et al ., 2007 ;  Fishman and 
Porter, 2005 ;  Weston and Hood, 2004 ).  

    21.2       FUNCTIONAL PROTEOMICS 

 It   was a fundamental and surprising discovery that not only 
a selected subset of the proteins are associated to protein 
complexes but rather a vast majority of the proteins act 
in ensembles which can be seen as molecular machines 
( Alberts, 1998 ). In order to elucidate the function of a pro-
tein it is critical to define the interacting proteins because 
the function of a specific protein is not only defined by 
its sequence and structure but also by its partners and the 
associated protein network. Logically, protein – protein 
interaction experiments have become a crucial part of most 
biological research studies. By the identification of the 
interacting proteins, a protein can be mapped in a relatively 
straightforward manner to biological pathways, with the 
complication that certain proteins participate in more than 
one complex. As already mentioned, a number of func-
tional proteomics technologies are available to this purpose. 
The common theme of all methods is the fishing of prey 
proteins by their physical interaction with the bait protein. 

 The   yeast two-hybrid approach ( Chien  et al ., 1991 ;  Fields 
and Song, 1989 ) maps binary interactions between proteins 
by genetic means. Its premise is that many transcription fac-
tors can be split into two fragments and still activate tran-
scription when the two fragments are indirectly connected. 
Using this method, plasmids are generated expressing a 
fusion protein in which the DNA-binding domain fragment 
is fused to one target protein. Another plasmid is engineered, 
producing a protein fused to the activation domain. The 

assay is performed with a whole cDNA library represent-
ing most of the proteins expressed in a particular organism 
or tissue. If the bait and prey proteins interact then the two 
domains of the transcription factor are indirectly connected 
and transcription of the reporter gene can occur. A problem-
atic aspect of the assay is its relatively high false positive 
rate, mirrored by the low overlap of the results obtained in 
several large-scale studies. 

 Phage   display technology ( Rodi and Makowski, 1999 ) 
screens for the interaction of immobilized bait proteins 
with proteins expressed on the surface of phage particles. 
The potential preys are expressed by introducing cDNA 
libraries into the genome of the phages. Interacting pro-
teins are identified indirectly by the phages binding to the 
immobilized protein. These proteins can then be identified 
by amplification of the phages followed by sequencing the 
DNA sequences of the putative interacting molecules. 

 Protein   microarrays ( Cahill, 2001 ;  Zhu and Snyder, 
2003 ) are conceptually similar to DNA microarrays but 
instead of DNA, proteins are spotted onto a chip surface. 
These proteins can be recombinant proteins ( Zhu  et al ., 
2001 ), samples from patients ( Paweletz  et al ., 2001 ), or 
antibodies ( Huang  et al ., 2001b ). Protein microarrays have 
been used to detect protein – protein, protein – nucleic acid 
interactions and biochemical functions such as kinase activ-
ity ( Zhu  et al ., 2000 ). Detection of the monitored features 
is based on fluorescent ( Hamelinck  et al ., 2005 ) or chem-
oluminescent probes, radioisotope labeling ( Zhu  et al ., 
2000 ), or mass spectrometry ( Davies  et al ., 1999 ). 

 Although   all these methods can identify protein – protein 
interactions, the experimental conditions of these methods 
are very far from the  in vivo  situation. This might be a criti-
cal limitation because PTMs, localization to a specific com-
partment or interaction with other members of the complex, 
might be required for binding. Also, all of the above meth-
ods are only able to map binary interactions; therefore, the 
results generated by these methods nicely complement the 
results obtained by the characterization based on protein 
complex purification. 

 A   completely different approach aims for the charac-
terization of protein complexes by biochemical means. The 
aim of biochemical purification of protein complexes is the 
characterization of their components by mass spectrometry 
( Aebersold and Mann, 2003 ). As opposed to techniques 
such as the yeast two-hybrid assay, these methods are per-
formed in a near to physiological context. The interactions 
between proteins are not studied in an artificial environment 
such as a chip surface, but in their correct  in vivo  situation. 
Consequently, interactions can be characterized in the proper 
cell type and the proteins will be correctly post-translationally 
modified. Instead of finding a number of potentially binary 
interactors, the entire protein complex will be identified, and 
eventually even parts of other molecular machines interacting 
with the complex associated with the bait protein. A compli-
cation in the data interpretation process is that the proteins 
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present in a purified complex may represent the superposi-
tion of different subcomplexes or variations of one complex. 
These various forms may represent the different temporal 
or spatial variants of the same entity. It should be noted that 
neither binary interactions can be easily defined by protein 
complex data nor information about a protein complex can 
be automatically retrieved from binary data sets. 

 The   analysis can be extended to the characterization 
of biological processes, signaling pathways, or even cells 
by using more entry points. In the analysis of pathways, a 
typical number of entry points might be a number between 
five ( Major  et al ., 2007 ) or as many as 32 ( Bouwmeester 
 et al ., 2004 ) of bait proteins. In the large-scale analysis of 
whole organisms, a much larger number of entry points 
have to be used, optimally all expressed proteins in a given 
cell. A larger number of entry points result in redundant 
information but greatly increase confidence in the data set 
and allow easier data interpretation. 

 All   protein purification strategies share their depend-
ence on mass spectrometric methods to identify the isolated 
proteins. Currently, state-of-the-art mass spectrometry is 
the only method capable of analyzing thousands of proteins 
rapidly and with the required high sensitivity ( Aebersold 
and Mann, 2003 ). 

 Most   protein complex characterization methods isolate 
endogenous protein complexes from cells. However, a very 
straightforward  in vitro  approach identifies interacting pro-
teins by their capture on immobilized recombinant proteins. 
The other approaches for purifying endogenous protein 
complexes can be divided into immunoprecipitations, bio-
chemical purification methods, and affinity chromatography. 

 A   traditional method for purifying protein complexes 
are biochemical purifications using techniques such as size 
exclusion chromatography or ultracentrifugation. However, 
usually these methods only allow for partial enrichment and 
the numerous purification steps which might be required 
can result in disassembly of the protein complex. An indi-
vidual purification strategy must be tested and developed 
for each type of complex. The strategy is limited to abun-
dant and stable protein complexes such as the ribosome, the 
proteasome, or the spliceosome ( Hua  et al ., 1996 ;  Huang 
 et al ., 2001a ). Intact protein complexes can also be sepa-
rated by native gel-electrophoresis prior to the final mass 
spectrometric analysis ( Meyer  et al ., 2007 ). 

 A   very versatile method is based on immunochemical 
capture of the bait protein and its interactors. In immuno-
precipitations, protein complexes are isolated from a cell 
lysate by using an immobilized antibody to a component 
of a putative complex ( Harlow and Lane, 1988 ). First, non-
specifically binding proteins are removed by washing steps, 
followed by elution of the protein complex by harsh condi-
tions. The main limitation of this method is the need for 
a specific and efficient antibody. If such an antibody can 
be generated, immunoprecipitations of protein complexes 
can be performed from all types of biological sources such 

as tissue samples from patients. The second limitation con-
cerns the necessity of eluting the protein complex from 
the antibody without massive amounts of the antibody co-
eluting from the column. Ideally, this can be partially 
achieved by covalently cross-linking the antibody and mild 
or antigen-specific conditions for elution. The approach has 
not been applied to large-scale studies but projects to gen-
erate antibodies to the entire human proteome might enable 
such studies in the future ( Uhlen and Ponten, 2005 ). A sig-
nificant background of contaminating proteins is character-
istic for immunochemical purifications, requiring extensive 
validation experiments. 

 Affinity   purification-based techniques exploit the bio-
chemical properties of a tag genetically fused to the sequence 
of the bait protein. This tag is then used for isolating the tar-
get protein, but also to co-purify the other components of the 
respective protein complex. 

 The   target-protein and the peptide-tag coding sequences 
are fused by using standard cloning techniques, followed 
by expression of the tagged protein in a model organism. A 
large number of tags and their respective affinity materials 
have been described. They include histidine ( His ) tags, glu-
tathione S-transferase (GST) tags, Flag tags, the calmodulin-
binding peptide, the streptavidin-binding peptide, or the  in 
vivo  biotinylation of the target tagged peptide using co-
expression of the BirA ligase ( Waugh, 2005 ). Each tag is 
specifically captured by an affinity material such as beads-
bound nickel ions binding  His  tags. In addition to the indi-
vidual tags, several combinations of them have been also 
used in various configurations. 

 As   an example, the spliceosomal U1 small nuclear ribo-
nucleoprotein was one of the first protein complexes char-
acterized by tagging technology in conjunction with mass 
spectrometry ( Neubauer  et al ., 1997 ). Here, a  His  tag fused 
to a known component of the protein complex was used 
and the complex was isolated by nickel – nitrilotriacetic acid 
affinity chromatography. 

 A   dramatic improvement of the technology was 
achieved by the development of the tandem affinity puri-
fication (TAP) tag technology ( Puig  et al ., 2001 ;  Rigaut 
 et al ., 1999 ). In this method, two sequential enrichment 
steps are used, exploiting two different tags. Originally 
developed for yeast, the TAP tag is composed of a protein 
A tag, followed by a tobacco etch virus (TEV) protease 
cleavage site and a calmodulin binding peptide. The tag 
can be fused to the N- or C-terminus of the target protein. 
It might be required to generate both variants of the con-
struct because one variant of the fusion protein can have an 
impaired function or interacting properties. In yeast, bait 
proteins are expressed by replacing the endogenous gene 
by homologous recombination with its tagged construct 
( Rigaut  et al ., 1999 ). This strategy not only allows for the 
expression of the tagged protein under its native promoter 
but also simultaneously results in abolishing expression of 
the native gene product. As a consequence, the quantities 
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of the bait are similar to the native conditions, avoiding 
overexpression of the construct. Also, the tagged protein 
does not have to compete for binding its interaction part-
ners with the native protein, resulting in higher total yields 
of the recovered protein complex. 

 After   cell lysis, the target complex is enriched on an 
immunoglobulin gamma (IgG) affinity resin and contami-
nants are removed by washing steps. Very mild conditions 
are used to release the complex from the beads by cleaving 
the protein A tag from the fusion protein with the highly 
specific TEV protease. The next affinity purification is per-
formed with calmodulin bound to another column exploit-
ing the high affinity of the calmodulin-binding peptide to 
calmodulin in the presence of calcium. From this mate-
rial, the protein complex can be easily eluted by addition 
of a metal ion chelating agent such as ethylene glycol 
tetraacetic acid. In contrast to other protocols, all binding 
and elution steps are performed in mild buffer conditions. 
Other two-step approaches have been used by combining 
other tags, such as the combination of protein G, a TEV 
protease cleavage site, and streptavidin-binding peptide 
( Burckstummer  et al ., 2006 ;  Drakas  et al ., 2005 ;  Forler 
 et al ., 2003 ;  Knuesel  et al ., 2003 ;  Puig  et al ., 2001 ). 

 In   mammalian or other higher eukaryotic systems, 
expression of the tagged protein in a cell-line cannot be 
achieved as easily as in yeast. Especially, it is not practi-
cal to replace the native gene by the tagged construct and 
express the construct in the natural chromosomal con-
text. For these systems, retroviral-mediated gene trans-
fer ( Bouwmeester  et al ., 2004 ) or transient transfection 
( Westermarck  et al ., 2002 ) of the bait is the method of 
choice. As already mentioned, the expression level of the 
tagged protein of interest is critical and overexpression 
of the bait protein should be avoided. Apart from disturb-
ing the biological system under study by many possibly 
unknown ways, the problems likely associated with over-
expression are caused by misfolded proteins, resulting in 
their association with heat shock proteins. They may also 
be mislocalized or aberrantly interact with other proteins 
than their natural partners. In addition to overexpression, 
transient transfection might also induce a cellular shock 
caused by the surge of newly translated target proteins. The 
potentially reduced recovery rate, caused by competition 
with the endogenous gene product, can be avoided by RNA 
interference-mediated knock-down ( Forler  et al ., 2003 ). 

 The   decision to choose a specific tagging strategy is dif-
ficult. Numerous successful constructs have been published 
and each protocol seems to have advantages and disadvan-
tages. Also, a specific purification protocol might work 
best for a specific protein complex in one model organism 
depending on unknown variables, such as the strength of 
interactions. Already, the fundamental decision whether a 
one-step or a two-step procedure might be optimal for the 
protein complex under study seems not to be easy to take. 
Purifications from eukaryotic cells have been reported by 

both one-step and two-step purifications, showing a clear 
trend of higher recovery rates for one-step purifications. On 
the other hand, they also lead to a higher number of con-
taminating proteins. Two-step procedures, such as the TAP-
tag, tend to yield cleaner complexes but weaker interactors 
might not be detected ( Burckstummer  et al ., 2006 ). The 
difference in recovery rates can be estimated to be approx-
imately five times higher for methods using a single step 
of purification. However, a shorter list of potentially inter-
acting proteins obtained with a two-step procedure might 
exceed the disadvantage of lower recovery rates because 
data validation by additional biological experiments is the 
most time-consuming step. 

 The   epitope tag can interfere with the function of the 
protein; therefore, it might be required to use both N- and 
C-terminal fusion proteins for the experiment. It was esti-
mated that the function of the fusion protein is impaired 
significantly in 10 to 15% of the cases ( Bauch and Superti-
Furga, 2006 ). However, even in cases where the bait pro-
tein is still functional, its structure might be changed and 
its binding properties might be impaired, resulting in lower 
recovery rates and false negative results. 

 A   relatively new approach in mass spectrometry and 
functional proteomics is the characterization of unsepa-
rated and undigested protein complexes in their native 
form with mass spectrometry ( Benesch  et al ., 2006 ). 
Similarly to other top-down approaches in mass spectrom-
etry ( Kelleher  et al ., 1999 ), these experiments are currently 
limited to very abundant and relatively homogeneous com-
plexes, such as ribosomes ( Benjamin  et al ., 1998 ), protea-
somes ( Sharon  et al ., 2006 ), or exosomes ( Hernandez  et al ., 
2006 ). Following this approach, dedicated instrumentation, 
manual data interpretation, and large amounts of the puri-
fied protein complex are required. 

 Another   interesting method relates to the main limita-
tion that loosely bound interacting proteins might be lost 
during the protein purification process. Stringent washing 
conditions or dual tagging strategies further exacerbate this 
problem. Another shortcoming of the technology is that the 
topology of the protein complex is not directly amenable. 
To overcome these difficulties, cross-linking methodology 
has been successfully applied to the study of protein com-
plexes ( Rappsilber  et al ., 2000 ). These approaches can be 
combined with regular biochemical purification methods 
( Vasilescu  et al ., 2004 ). Studying the topology between 
proteins, identified cross-linked peptides contain amino 
acid sequence stretches from directly interacting proteins. 
Identification of these peptides poses a challenge for analy-
sis and bioinformatic data interpretation but proves that 
there is a direct interaction and gives clues about their 
binding interfaces between the interacting partners. Several 
successful experiments have been reported, but topology 
mapping experiments require relatively large amounts of 
the purified complex, the specific detection of the cross-
linked peptides, and bioinformatic tools of their detection.  
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    21.3       SAMPLE PREPARATION AND 
SEPARATION TECHNOLOGIES 

 Regardless   of the type of proteomics experiment, mass 
spectrometric analysis aiming for protein identification 
is optimally performed with proteolytic peptide mixtures 
generated from the isolated proteins ( Fig. 21.1   ). There are 
a number of reasons for following this analytical strategy. 
First, mass spectrometers have a lower limit of detection 
for peptides than for proteins. In electrospray ionization, 
ionized proteins are simultaneously present at many dif-
ferent charge states, diluting the overall signal strength 
for a single mass to charge ( m / z ) value. Second, differ-
ent isoforms and potentially present post-translational 
modifications will further dilute the signal intensity of a 
protein; whereas many peptides will be generated from a 
common and unmodified region of these different forms 
of the protein and lead to a maximum of signal strength. 
Third, medium size peptides can be readily extracted from 
sodium dodecylsulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) gels or separated by high-performance liquid 

chromatography (HPLC) or isoelectric focusing. Finally, 
the cleavage pattern generated by specific proteases such 
as trypsin provides additional information crucial for the 
protein identification process.                    

 In   parallel with improvements of the existing protocols 
and methods relying on the indirect identification of pro-
teins via the analysis of their proteolytic peptides, there is 
an emerging trend of analyzing undigested intact proteins 
( Kelleher  et al ., 1999 ). As mentioned, such an analysis 
comes with a number of disadvantages, but allows theoreti-
cally the complete characterization of a protein, including 
the precise primary structure including eventually occur-
ring post-translational modifications ( Siuti and Kelleher, 
2007 ). Although this approach is tedious and less sensi-
tive, a number of successful analyses have been performed 
( Thomas  et al ., 2006 ). Currently, the approach requires 
higher sample quantities and is restricted to proteins with 
a relatively low molecular weight. Increasing the global 
information about the protein studied, top-down analysis 
might also be combined with an independent analysis of 
the proteolytic peptides generated from the same protein, 

 FIGURE 21.1          Main routes to protein identification by mass spectrometry are depicted. Depending on the complexity of the sample, increasing numbers 
of separation steps are required. Samples containing few proteins present at similar concentrations can be digested without a separation step and the 
resulting peptides can be analyzed directly. Very complex samples require separation of proteins by methods such as SDS-PAGE gel electrophoreses 
and/or online HPLC separation of the peptide mixture prior to the mass-spectrometric analysis.    



Chapter | 21 Mass Spectrometry and its Applications to Functional Proteomics 313

thus reducing some of the current shortcomings of the top-
down technology ( Kjeldsen  et al ., 2003 ). 

 Traditionally  , many analytical routines start with the 
separation of the isolated protein mixtures by SDS-PAGE 
gel electrophoresis ( Fig. 21.1 ). The highly complex protein 
mixtures typical for expression-based proteomics experi-
ments might even require maximal separation power achiev-
able with two-dimensional gel electrophoresis ( Gorg  et al ., 
2004 ). In functional proteomics experiments, the complexity 
of the samples and the dynamic range of the quantities of 
the proteins present in the sample are much lower; there-
fore, proteins are rather separated in only one dimension. 
The gels are usually stained with a mass spectrometry com-
patible dye such as silver ( Shevchenko  et al ., 1996 ), fluo-
rescence-based dyes such as SYPRO ruby ( Berggren  et al ., 
2000 ), or Coomassie. As a positive side effect, SDS-PAGE 
separation removes potentially interfering buffer compo-
nents such as detergents from the sample, and the complex-
ity of the protein mixture is decreased by separating the 
proteins according to their molecular weight. Additionally, 
the staining pattern of the gel can be used as semiquantita-
tive assessment of the experiment, for example to evaluate 
the quantity of the bait protein versus the interacting compo-
nents or the comparison with a control sample. Depending 
on the experiment, individual protein bands of interest 
are excised or the entire lane is cut into slices. These gel 
slices are first incubated with reducing and alkylating rea-
gents in order to cleave eventually present cysteine bonds 
( Shevchenko  et al ., 2006 ). After several washing steps the 
proteins are in-gel digested with a specific protease, such as 
Lys-C, chymotrypsin, or in most cases trypsin, to produce 
peptides for mass spectrometry analysis ( Shevchenko  et al ., 
2006 ). The digested peptides are extracted from the gel 
pieces and after an optional sample clean-up and desalting 
step ( Erdjument-Bromage  et al ., 1998 ) analyzed by mass 
spectrometry. The combined extraction and in-gel diges-
tion efficiency of typical tryptic peptides from a gel is only 
about 20% and is highly dependent on the primary structure 
of the peptide ( Havlis and Shevchenko, 2004 ). 

 Although   SDS-PAGE offers a number of practical fea-
tures such as a first quality assessment of the biological 
experiment and an efficient protein separation, it is also 
time consuming and results in the multiplication of mass 
spectrometric analysis time because each gel-band is ana-
lyzed separately. In order to circumvent these disadvan-
tages, protein mixtures can be digested in solution without 
prior separation of individual components and analyzed by 
mass spectrometry ( Link  et al ., 1999 ). The main advan-
tages of in-solution digestion protocols are the reduction of 
the total time required for analysis and a higher recovery 
of peptides when compared to in-gel digestion. However, 
without initial separation of the proteins in the mixture, 
online separation of the generated complex peptide mix-
ture is generally required. Buffer components, such as 
detergents, might prohibit a direct analysis of the sample 

because they can interfere with the ionization process. If 
these conditions cannot be avoided during the purification 
protocol, the proteins can be precipitated with trichloroace-
tic acid and acetone, cleaned and dissolved in a digestion 
buffer containing the appropriate protease. Naturally, any 
additional sample preparation steps reduce the overall sen-
sitivity of the analysis. In-solution digests of protein mix-
tures absolutely require separation of the generated peptide 
mixtures by HPLC. If required, an option to improve the 
total peak capacity of the separation is two-dimensional 
liquid chromatography ( Link  et al ., 1999 ;  Washburn  et al ., 
2001 ). Obviously, the combination of chromatographic 
methods should ensure a maximum of orthogonality. Most 
commonly, peptide mixtures are separated by strong ion 
exchange in the first dimension followed by reverse phase 
chromatography ( Washburn  et al ., 2001 ). As an alternative, 
combinations of two reversed phase separations, operated 
at two different pH conditions, can be preformed. These 
techniques can be applied by using one HPLC system 
without collecting fractions. There is also the possibility of 
using isoelectric focusing for the first dimension, with the 
individual fractions loaded on the reversed phase HPLC 
system online coupled to the mass spectrometer. In the first 
dimension, immobilized metal affinity chromatography 
(IMAC) or other affinity chromatography methods might 
be also used for enrichment of specific peptides, such as 
phosphopeptides ( Posewitz and Tempst, 1999 ). 

 The   proteolytic peptide mixtures can be either directly 
analyzed by mass spectrometry ( Wilm and Mann, 1996 ; 
 Wilm  et al ., 1996 ) or separated by HPLC before mass-
spectrometric analysis (Fig. 21.1). Simple samples can 
be analyzed by directly electrospraying the unseparated 
peptide mixture into the mass spectrometer ( Wilm  et al ., 
1996 ). Such an analysis is faster when compared to liquid 
chromatography-mass spectrometry (LC-MS/MS) because 
the loading of a sample onto a liquid chromatography sys-
tem and subsequent separation is a time-consuming proce-
dure, with gradient time frames of 30 minutes up to several 
hours. On the other hand, the use of online-coupled HPLC 
systems not only results in a dramatically higher number 
of detected peptides but also greatly facilitates automation. 
Typically, an even greater number of proteins can be iden-
tified using two-dimensional peptide separations such as 
combining strong ion exchange with conventional reversed 
phase separation ( Washburn  et al ., 2001 ). 

 It   is of high importance to aim for a good chromato-
graphic resolution because the resulting sharp elution pro-
files will ensure high ion counts, resulting in lower limits 
of detection. It is also critical to match the expected peak 
capacity of the complete separation strategy with the 
expected complexity of the sample. In practice, laborato-
ries aim to achieve chromatographic resolutions between 
10 and 20 seconds at full width half maximum (FWHM). 
Another important aspect of the LC-MS/MS instrumenta-
tion is the flow rate, which inversely affects the ionization 
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efficiency and thus the sensitivity of the analysis ( Haskins 
 et al ., 2001 ;  Luo  et al ., 2005 ;  Wilm and Mann, 1996 ). In 
general, low-complexity samples can be analyzed simply 
and rapidly without peptide separation, whereas complex 
samples require chromatographic separation before mass-
spectrometric analysis (Fig. 21.1).  

    21.4       MASS SPECTROMETRY 

 The   aim of the mass-spectrometric analysis is to characterize 
the proteins present in the isolated samples. Theoretically, this 
could be achieved by measuring the intact masses of these 
proteins with high precision and searching these data against 
a database. However, the measured intact molecular mass is 
rarely identical with the mass predicted from the genomic 
information; therefore, this approach does not lead to correct 
protein identifications. However, if the ionized intact protein 
is fragmented in the mass spectrometer into its characteris-
tic fragments, the additional sequence-specific information 
allows protein identifications with extremely high confidence. 

 Currently  , protein identifications are usually based on 
the analysis of their proteolytic peptide mixtures. The iden-
tification is based on peptide masses alone, where the mass 
lists of experimental data sets are compared to the theoreti-
cal mass lists of tryptic peptides based on databases. The 
preferable option is to fragment as many peptides as pos-
sible, record the  m / z  (mass divided by charge) values of the 
fragment ions and to search the mass list of fragment data 
combined with the mass of the corresponding precursor ion. 
This approach is feasible because peptides tend to fragment 
in a specific and characteristic way ( Steen and Mann, 2004 ). 
In most instruments, peptides can be very efficiently frag-
mented by collisional-activated dissociation (CAD), also 
called collisional-induced dissociation (CID). When real-
ized in a triple quadrupole mass spectrometer, peptides col-
lide with neutral gas molecules and at the same time a low 
electric potential is applied. Under these conditions, pep-
tides fragment in a defined way with the main fragmenta-
tion channel leading to cleavage of the peptide bond to form 
so called b- and y-ions ( Roepstorff and Fohlman, 1984 ). 
The specific nature of these fragment ions allows search-
ing of such data against a database and programs have been 
developed automatically comparing experimental data sets 
against data stored in protein databases ( Eng  et al ., 1994 ; 
 Perkins  et al ., 1999 ). There is another main type of ion proc-
ess leading to the fragmentation of peptides. By reaction of 
low energy electrons with peptide ions in a radical proc-
ess, called electron capture dissociation (ECD), the amine 
bond of the peptide backbone is preferentially cleaved, lead-
ing to c- and z-ions ( Zubarev, 2004 ;  Zubarev  et al ., 1998 ). 
Recently, another technique was invented where electrons 
are transferred onto peptides by an ion – ion reaction from 
small organic anions, called electron transfer dissociation 
(ETD), leading to a fragmentation pattern similar to ECD 

( Syka  et al ., 2004 ). Both techniques can be used to identify 
proteins. In addition, post-translational modifications, such 
as phosphorylation, acetylation, or methylation, can be iden-
tified, with ECD and ETD being the techniques of choice to 
characterize labile modifications ( Jensen, 2004 ). 

 Although   many different types of mass spectrometers 
exist, which are capable of generating the required data 
for protein identification, the general configuration of their 
components is very similar. First, the analyte molecules are 
ionized and transferred into the gas phase. This is done in 
the ion source of the instrument exploiting one of the two 
soft ionization techniques, electrospray ionization (ESI) 
( Fenn  et al ., 1989 ) or matrix-assisted laser desorption/ioni-
zation (MALDI) ( Karas  et al ., 1987 ) (Fig. 21.2a, b). Apart 
from ion transfer components, the second and essential 
component in a mass spectrometer is the mass analyzer. Ion 
traps (Paul traps), quadrupole mass analyzers, time-of-flight 
analyzers (ToF), Fourier transform ion cyclotron resonance 
(Penning traps), and the Orbitrap are the most commonly 
used mass analyzers, all analyzing the  m / z  ratios of the ana-
lyte molecules (Fig. 21.2c – f). Some of these devices can 
perform multiple rounds of ion manipulation, such as ion 
traps, which can perform in theory an unlimited number of 
ion selection, fragmentation, and ion analysis experiments. 
On other types of instruments, several mass analyzers 
might be operated in series. For example, triple quadrupole 
mass spectrometers have three quadrupole mass analyzers 
aligned with each other along the axis of the ion beam. On 
such an instrument, tandem mass spectrometry (MS/MS) 
is performed by using the first quadrupole for selecting 
ions of interest, the second quadrupole for fragmentation, 
and in the third quadrupole the product ions are analyzed. 
There are variations of mass spectrometers termed hybrid 
instruments, such as quadrupole ToF instruments, com-
bining different mass analyzers. Ingenious solutions have 
been developed, such as orthogonal ion extraction in order 
to fit together devices working with constant ion beams 
such as quadrupoles with devices, such as ToF analyzers 
( Chernushevich  et al ., 2001 ). The last and equally essential 
component of each mass spectrometer is the detector, such 
as microchannel plate detectors (MCPs), where the ions are 
detected. Many different combinations of ion sources with 
mass spectrometers have been constructed, with specific 
combinations easier to realize such as MALDI ion sources 
generating pulses of ions and ToF analyzers. 

 In   the most common instrumental designs, ESI ion 
sources are installed on mass spectrometers capable of per-
forming tandem mass spectrometry (MS/MS) experiments. 
Currently, ion traps (Paul traps), quadrupole time-of-flight 
instruments (Q-ToF), Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometers, and the Orbitrap are the 
most frequently used types of instrumentation used in high-
end protein analysis (Fig. 21.2c – f). A critical factor for the 
unambiguous identification of proteins is the mass accuracy 
achievable with the mass spectrometer ( Clauser  et al ., 1999 ), 
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with FT-ICR mass spectrometers allowing the highest mass 
resolution and precision ( Marshall  et al ., 1998 ). High sensi-
tivity and high-sequencing speed might, nevertheless, com-
pensate for lower mass accuracy by generating more MS/MS 
spectra per protein. Although all of the above-mentioned 
mass spectrometers can be used for protein identification, 

a specific analytical question might be answered optimally 
using specific mass-spectrometric instrumentation. For exam-
ple, sequencing of labile modifications might favor choos-
ing ECD for fragmentation, which in turn requires FT-ICR 
technology ( Zubarev, 2004 ). Q-ToF instruments now have 
mass accuracies for typical tryptic peptides of approximately 

 FIGURE 21.2          Electrospray ionization (ESI, A) and matrix-assisted laser desorption/ionization (MALDI, B) are the two soft ionization techniques 
capable of ionizing macromolecules and transferring them into the gas phase with high efficiency. Schemes of the ionization processes are shown in 
panels  A  and  B.  Some important mass spectrometers are depicted schematically in panels C to F. Their general configuration is very similar. First, ions 
are generated with one of the two soft ionization sources. Second, the ions are separated in a mass analyzer, followed by their detection. In tandem mass 
spectrometry, the initially detected ions are selected individually, fragmented, and their fragmentation products are separated and detected.  C.  The linear 
ion trap-Orbitrap mass spectrometer is a hybrid instrument assembling a linear ion trap with the Orbitrap. The  m / z  values of the ions are measured in 
the Orbitrap, with high resolution and high mass accuracy. Mass analysis is based on trapping ions in an electrostatic field. Trapped ions are oscillating 
around the ring electrode of the instrument, with their frequency inversely proportional to their  m / z . Ions of interest are then isolated in the linear ion 
trap and fragmented. The fragment ions can be detected either in the linear ion trap or in the Orbitrap, each device associated with different duty cycles, 
sensitivities, and mass accuracies.  D.  The three-dimensional ion trap (Paul trap) captures the ions in an electromagnetic field. By changing the field, 
selected ions can be ejected from the trap and measured in a detector, generating a mass spectrum. For tandem mass spectrometry experiments, ions of 
a particular  m / z  can be selected and then fragmented in the trap, followed by analyzing the fragments to generate a tandem mass spectrum.  E.  The quad-
rupole time-of-flight (ToF) instrument combines the front part of a triple quadrupole instrument with a reflector ToF section for measuring the masses of 
the ions with a higher mass accuracy. Quadrupole mass analyzers can separate ions based on the stability of their trajectories in an electromagnetic field, 
analogous to ion traps. In a ToF analyzer the ions are accelerated to an identical kinetic energy and are then separated along a field-free flight tube as a 
result of their different velocities. For tandem mass spectrometry, the  m / z  values of the ions are first measured in the ToF part of the instrument, to obtain 
their molecular masses. Second, ions are selected in the first quadrupole (Q) and fragmented in the collision cell (q). The product ions are then recorded 
in the ToF analyzer.  F.  The Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer is an ion trapping instrument, exploiting the ion trap-
ping ability of magnetic fields. Upon excitation, ions move in phase and the frequency of their image current can be detected, again inversely propor-
tional to their  m / z . The figure depicts a hybrid instrument combining a linear ion trap with an FT-ICR mass spectrometer. The FT-ICR mass spectrometer 
is used for measuring the intact peptide ions with high mass accuracy and resolution, while the linear ion trap is used for fragmentation and, eventually, 
for measuring the masses of the product ions.    



Molecular Diagnostics316

10 parts per million (ppm), the Orbitrap can achieve mass 
accuracies of better than 2 ppm, and FT-ICR instrumentation 
can be optimized for sub-ppm mass accuracy. 

 It   should be kept in mind that the low mass accuracies 
typically achieved on ion traps of triple quadrupole instru-
ments can also lead to the unambiguous identification of 
proteins. Using these instruments, it might be necessary to 
employ fragmentation data from more peptides to ensure 
correct protein identifications, while it might be very criti-
cal to assess the used parameters of the search software by 
validation against a decoy database ( Elias and Gygi, 2007 ). 

 As   mentioned above, ESI-MS experiments are typically 
performed by directly coupling an HPLC system to the mass 
spectrometer. Such experiments are performed in a data-
dependent acquisition mode, whereby precursor ion selec-
tion and MS/MS acquisition are automatically triggered by 
the instrumentation software. The  m / z  values of the peptides 
eluting at a given time from the column are recorded, and 
the peptide with the most intense signal is automatically 
selected, fragmented and a product ion spectrum is recorded. 
This procedure can be repeated with the other eluting pep-
tides, but is limited by the duty cycle of the mass spectrom-
eter, detection limits, and the  m / z  value of the peptides. 

 An   alternative method to ESI-MS is MALDI-MS, usu-
ally performed with ToF instruments recording only the 
mass spectrum of the peptide ions. The obtained data sets 
can then be searched against a database. This analytical strat-
egy is rapid but protein identification, based on single stage 
MS data, relies on dramatically less statistical information 
as compared to tandem MS data sets. This can be problem-
atic when analyzing protein mixtures or samples containing 
modified proteins, common in samples from higher eukary-
otes. Instruments such as MALDI – Q-ToFs ( Shevchenko 
 et al ., 2000 ) or MALDI-ToF/ToFs ( Medzihradszky  et al ., 
2000 ) can operate in an MS/MS mode. Although these 
instruments are capable of precursor ion selection, tryptic 
peptide mixtures from complex samples are usually sepa-
rated offline with an HPLC system and the resulting frac-
tions are spotted on the MALDI target. The MALDI ion 
sources generate mostly singly charged ions which might 
result in weaker fragment ion spectra when compared to 
those generated by multiply charged electrospray ions. 

 Generally  , the time required for analysis is a critical 
factor for most proteomics laboratories. Although MALDI-
ToF offers the fastest route to protein identification, sam-
ples with high complexity or with peptide concentrations 
spanning over a wider dynamic range can seldom be ana-
lyzed to a sufficient analytical depth. In any case, MALDI-
ToF-based protein identification requires prior separation 
of proteins by gel electrophoresis or HPLC, both time-
consuming techniques. Shotgun ESI LC-MS/MS analysis 
of in-solution digested protein samples ( Washburn  et al ., 
2001 ) might be the method leading to faster and unambigu-
ous identification of protein complexes, with the advantage 
of being easily automatable.  

    21.5       QUANTITATIVE PROTEOMICS 

 Proteins   can be relatively quantified using mass spectrometry 
( Bantscheff  et al ., 2007 ) by comparing two or more samples 
containing variable amounts of a protein. The result of such 
an experiment is a ratio of the measured protein abundance 
in the analyzed samples. On the other hand, some biologi-
cal questions require the absolute quantification of proteins 
( Bantscheff  et al ., 2007 ), such as in experiments analyz-
ing the stoichiometry of a protein complex. Such data can 
be generated by spiking a peptide mixture with isotopically 
labeled already quantified peptides ( Gerber  et al ., 2003 ). 

 In   expression-based proteomics experiments, the relative 
quantitation of the proteins is essential, especially when com-
paring two different biological conditions or patient samples 
with healthy individuals. Functional proteomics experiments 
are less dependent on quantitative data. However, quantita-
tive results can aid in discriminating  bona fide  components 
of the complex from contaminating proteins ( Ranish  et al ., 
2004, 2003 ) and can characterize the stoichiometry of pro-
tein complexes. Mass spectrometry is becoming increasingly 
popular for quantifying and identifying proteins at the same 
time. It can also be used to quantify the differential modifi-
cations between samples, such as phosphorylation ( Kruger 
 et al ., 2008 ). Unfortunately, mass spectrometric results are not 
quantitative  per se , because the signal strength of a peptide ion 
depends not only on its concentration but also on the ioniza-
tion efficiency and on other parameters which are not known 
 a priori . In addition, the various steps before mass spectro-
metric analysis, such as extraction from gel slices, introduce 
sample losses depending on the physicochemical properties of 
the peptides. 

 Several   solutions have been found to address this issue. 
The most accurate results can be achieved by incorporating 
a stable isotopic label into the peptides. This can be done 
at various points during the entire workflow of the experi-
ment. Obviously, the sooner the label is introduced and 
the two samples can be mixed, the less unspecific sample 
losses during the biochemical and analytical manipulations 
will distort the result. Stable isotope labeling with amino 
acids in cell culture (SILAC) ( Mann, 2006 ) is a method for 
 in vivo  incorporation of the isotopic labels into the proteins 
at the starting point of the experiment. First, the cell popu-
lations are grown separately in media containing amino 
acids with different isotopic compositions. In the next step, 
the biological experiment is performed and before starting 
further protocols, such as purification of protein complexes, 
the two samples are mixed. In the final mass spectromet-
ric experiment, each peptide will appear as a pair of peaks 
with the intensity ratio reflecting the ratio of quantities. 

 Labeling   at a later stage can be performed before tryptic 
digestion such as by labeling the cysteines of the proteins 
with the isotope-coded affinity tag (ICAT) ( Gygi  et al ., 
1999 ). In the final mass spectrometric experiment each pep-
tide will appear as a pair of peaks with the intensity ratio 
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reflecting the ratio of quantities. Using an even later stage 
of labeling, isobaric tags for relative and absolute quantifi-
cation (iTRAQ) label the N-terminal amino group and the 
lysine residues of each peptide ( Ross  et al ., 2004 ). These 
tags are different in the sense that each sample is labeled 
with a tag of the same mass unit. In contrast to ICAT or 
SILAC, the observed  m / z  values are equally shifted for all 
differentially modified samples. The differences between 
the tags appear only after fragmentation, because each tag 
generates a unique reporter ion and the ratios between the 
signal intensities of these reporter ions reflect the ratios of 
the relatively quantified samples. 

 Quantification   can also be achieved without introducing 
an isotopic label. Spectral counting exploits the fact that 
abundant proteins are identified with a higher number of 
tandem mass spectra than low abundance proteins. Using 
this strategy, the samples are analyzed independently with 
the same analytical protocol. The protein abundance in 
each sample is approximated from the number of MS/MS 
spectra for each protein present in the sample, normalized 
for the number of theoretical tryptic peptides for each pro-
tein ( Ishihama  et al ., 2005 ). 

 The   third possibility is to compare different biologi-
cal samples in separate mass spectrometry experiments 
acquired under identical conditions. First, the chromato-
graphic runs have to be aligned by means of computational 
tools ( Jaffe  et al ., 2006 ), followed by comparing the sig-
nal intensities of the peptides and computing protein ratios 
from the peptide ratios. The approach is compatible with 
applications that require profiling of multiple biologi-
cal samples, such as proteomics-based candidate biomar-
ker discovery. The drawbacks of this method include the 
increased computational complexity and the required tech-
nical and biological repeats to account for the higher statis-
tical variation of this method. 

 For   all quantitative methods, a significant complication 
relates to the ambiguity in assigning peptides to proteins 
( Nesvizhskii and Aebersold, 2005 ;  Rappsilber and Mann, 
2002 ). If peptides are shared between different proteins of 
a protein group, its quantification will no longer be a reli-
able measure of the abundance of the corresponding pro-
teins. Consequently, the quality and reliability of protein 
identification determines the quality of the corresponding 
quantification.  

    21.6       DATA INTERPRETATION, 
VALIDATION, STANDARDIZATION, AND 
BIOINFORMATIC ASPECTS 

 As   already mentioned, proteins are identified either on the 
list of proteolytic peptide masses or on the combined sets 
of peptide masses and fragment ion masses. In contrast to 
the plethora of methods to analyze these peptide mixtures, 
the approaches to analyze the obtained data sets are fairly 

similar. First, the raw data files are processed by the soft-
ware supplied by the manufacturing company of the mass 
spectrometer. Additional software might be applied for 
other processing steps ( Gentzel  et al ., 2003 ). Typical soft-
ware tools apply smoothing, centroiding, deisotoping, and 
charge-state deconvolution algorithms to the acquired spec-
tra. The processed data sets are at one point translated into 
mass lists and are searched against a protein database. 

 Manual   interpretation of tandem mass spectra and 
searching defined information such as sequence tags is pos-
sible ( Mann and Wilm, 1994 ), but antiquated and not ade-
quate for the large data sets generated by LC-MS/MS. The 
diverse LC-MS/MS platforms have in common that thou-
sands of tandem mass spectra are acquired per experiment. 
Their assignment to peptide sequences and the subsequent 
identification of proteins poses an enormous computational 
challenge. Obviously, the identification process is essential 
for proteomics and should be done with as little false posi-
tive or false negative assignments as possible. Currently, 
the two most commonly used algorithms use either a proba-
bilistic approximation such as the search engine MASCOT 
( Perkins  et al ., 1999 ) or a mathematical correlation method 
such as SEQUEST ( Eng  et al ., 1994 ). The output of these 
software tools is a list of identified proteins and peptides, 
each assigned with a characteristic score, reflecting various 
aspects of match between the experimental data and the 
data stored in the database. Although these and other search 
engines differ in their mathematical approach and their 
exact statistical methods ( Colinge  et al ., 2003 ;  Craig and 
Beavis, 2004 ), the most crucial factor reducing the obtained 
false positive negative rate is the experimentally obtained 
mass accuracy. The scores obtained for individual protein 
identifications facilitate the discrimination between cor-
rect and false positive hits. Consequently, the greatest care 
should be taken in defining the thresholds of the minimum 
scores and the allowed mass tolerances for the precursor 
ion and the fragment ions. A valid approach for validation 
of the chosen parameters is to search the obtained data sets 
against a decoy protein database ( Elias and Gygi, 2007 ), 
obviously at the cost of increasing the total search time. 
An alternative and faster method is used by the program 
PeptideProphet ( Keller  et al ., 2002 ). By applying a statis-
tical model and using a discriminant function calculated 
from the scores obtained from the original data set prob-
abilities for protein identifications are calculated. The soft-
ware also uses an algorithm that applies a statistical model; 
the specific protein from a protein group ( Rappsilber and 
Mann, 2002 ) is present in the sample ( Nesvizhskii and 
Aebersold, 2005 ;  Nesvizhskii  et al ., 2003 ). Grouping of 
identified proteins is important because a set of identified 
peptides might match to a group of similar proteins, which 
are often homologous proteins or different isoforms of the 
same reading frame ( Nesvizhskii and Aebersold, 2005 ; 
 Rappsilber and Mann, 2002 ). Several algorithms have 
been developed to group these proteins, facilitating easier 
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assessment and interpretation of data. Auxiliary informa-
tion such as retention times of the reversed phase sepa-
ration prior to mass spectrometry might be used in the 
validation process ( Nesvizhskii and Aebersold, 2005 ). 

 Also  , the initial protein identification process might be 
followed by further filtering the obtained protein lists by 
setting additional thresholds such as a minimum peptide 
length or a specific number of peptides to consider a pro-
tein identification to be correct. There is no consensus in 
the field about the specific requirements for protein iden-
tification such as minimum mass accuracies or acceptable 
false positive rates. In addition, a controversy exists over 
the question whether protein identifications by tandem 
mass spectrometry data should be based on a minimum of 
two identified tryptic peptides or if protein identifications 
based on a single tandem mass spectrum with very high 
statistical significance or MS/MS/MS ( Olsen and Mann, 
2004 ) data of a single peptide might be sufficient. 

 These   questions are directly related to the issues of 
data standardization in mass spectrometry and proteomics 
because they have a direct impact on the quality of future 
databases of proteomics data sets and on the assessment of 
already published data. The progressively growing amount 
of protein – protein interaction data and expression-based 
proteomics data has to be standardized in a similar fashion 
as DNA-based data sets. Naturally, the different types of 
mass spectrometers and ionization processes, and the dif-
ferent types of chromatographic systems, search engines 
and other software tolls, make the assessment of published 
data increasingly difficult. For systems biology, integration 
of large-scale data sets is of utmost importance. Without 
common standards in data formats, data acquisition, data 
interpretation, and data storage sharing of data sets will be 
always limited. 

 There   are efforts to define the standards for generating 
and publishing mass-spectrometric data and other param-
eters of proteomics experiments. Although this process is far 
from complete and different groups of researchers already 
defined their own standardization protocols ( Brazma  et al ., 
2006 ), large-scale data sets require a common format of pub-
lishing and storing of proteomic data ( Taylor  et al ., 2007 ). 

 Some   fundamental experimental information which 
should be reported includes the mass-spectrometric instru-
mentation and resolution, mass accuracy, software for data 
interpretation, HPLC flow rates, and composition or type 
of MALDI sample plates. 

 Naturally   an analogous standardization should be 
applied for the protein identification process. Currently, 
there is no consensus about specific minimum require-
ments for protein identification such as an acceptable false 
positive rate. In addition, there are a number of search 
engines used in the protein identification process, and the 
results obtained by the different algorithms are not identi-
cal. Standardization in this area would result in the detailed 
descriptions of the software used, input parameters such as 

the database queried, the restrictions applied to the search, 
the cleavage agents, and the mass tolerances used. Specific 
requirements for publishing the output of the identification 
process, such as the accession codes of the identified pro-
teins, the protein scores or the obtained sequence coverage, 
have also been defined. In addition, any publication report-
ing proteomics data should contain a statistical analysis of 
the data, such as the determination of the false positive rate. 

 Standardization   should also be applied to the final output of 
proteomic protein – protein interaction studies ( Orchard  et al ., 
2007 ). In recent years, several public databases have been 
created for storing functional proteomics data sets. Currently, 
the data are curated manually, and most of the data are still 
extracted from the literature. Obviously, common standards 
would facilitate uploading protein – protein interaction data 
sets into such databases. A number of parameters are obvi-
ous for the format. For example, they should use unambigu-
ous protein identifiers and clear descriptions of experimental 
conditions. Identical requirements should apply to the publi-
cation of large-scale data sets.  

    21.7       DATA VALIDATION AND 
INTERPRETATION 

 An   unwanted side aspect of the constantly increasing sen-
sitivity of mass spectrometry is that various contaminating 
proteins, such as keratins or highly abundant proteins, are 
also identified in most protein complex purifications. 

 In   the case of small-scale experiments, these con-
taminants do not impose substantial problems, because a 
manual interpretation of the data sets based on biological 
knowledge and experience is still possible. There is also 
the option to perform additional experiments for validation, 
such as co-localization studies and gain-of-function or loss-
of-function experiments. The already mentioned quantita-
tive methods in mass spectrometry can also facilitate this 
process ( Mann, 2006 ;  Ong and Mann, 2005 ;  Zhang  et al ., 
2004 ). The components of the protein complex can be dis-
tinguished from contaminant proteins by comparison with 
a control experiment ( Ranish  et al ., 2003 ). This approach 
could also be applied to large-scale studies. In such experi-
ments, the subjective and individual evaluation of the 
results is no longer possible, simply because the amount 
of data does not allow removal of contaminating proteins 
based on individual judgments. Proteins co-purifying with 
protein complexes are either abundant proteins or proteins 
with the tendency to enrich during the specific purification 
procedure. Therefore, a possible solution to remove con-
taminating proteins in high-throughput data is to quantita-
tively compare them against core proteomes ( Schirle  et al ., 
2003 ). These core proteomes have been defined as the sub-
set of proteins which will always be identified in a mass-
spectrometric analysis of a cell lysate. They represent the 
highly abundant proteins in a specific cell type. 
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 By   taking the conditions of the purification protocol 
into account, likely contaminants are defined as repeti-
tively identified proteins. If a protein is identified in a 
larger number of pull-down assays than a specific cut-off 
value ( Krogan  et al ., 2006 ) or is present in pull-downs of 
unrelated proteins ( Bouwmeester  et al ., 2004 ) then it will 
be removed automatically from the data set. 

 Judging   the data published from the yeast studies using 
the TAP tagging technique, contaminating proteins appear 
to be a relatively moderate problem. In part, the technol-
ogy allows a relatively clean isolation of protein complexes 
in yeast. In addition, the redundancy obtained with tagging 
several if not all members of protein complex, character-
istic for large-scale studies enables a robust statistical and 
probabilistic analysis ( Gavin  et al ., 2006 ;  Krogan  et al ., 
2006 ). However, in experiments using cell-lines derived 
from higher organisms, contaminating proteins have proved 
to be a problematic issue stressing the necessity of valida-
tion experiments or aiming for a similar or better coverage 
of technical repeats and entry points. 

 Large  -scale experiments require a completely auto-
mated interpretation routine. This interpretation can be 
based on mathematical  a priori  models. For example, pro-
tein complexes can be simplified as static entities, by the 
creation of networks in which the edges represent proteins 
shared between complexes ( Gavin  et al ., 2002 ). This does 
not fully reflect the dynamics of complex composition 
and showed to be very sensitive to false positive results, 
even after surviving the initial statistical filtering. Another 
simplified model assumes that each identified protein in 
a pull-down interacts with each other protein in the same 
complex, large networks can be computed in which each 
protein is represented as an entity connected to various 
degrees with other proteins, in a network of binary interac-
tions similar to those generated by two-hybrid screens ( Ito 
 et al ., 2001 ;  Uetz  et al ., 2000 ). Protein complexes can also 
be represented as modular entities consisting of core com-
ponents that are always grouped together and alternative 
attachments of one or more other proteins ( Gavin  et al ., 
2006 ). Decomposed this way, the modular organization of 
the interactome allows for the prediction of evolutionarily 
more conserved elements represented by the core elements 
and more variable and less conserved attachments as well 
as for diversification of function based on a combination of 
limited sets of components ( Gavin  et al ., 2006 ).  

     21.8       LIMITATIONS AND FUTURE 
PERSPECTIVE OF FUNCTIONAL 
PROTEOMICS 

 During   the last decade, technical developments in protein 
complex purification, mass spectrometry and bioinformat-
ics enabled large-scale protein – protein interaction studies. 
Studies in yeast ( Gavin  et al ., 2006 ;  Krogan  et al ., 2006 ) 

and animals have been reported, and there are plans to 
tackle the human proteome. The underlying aims of these 
efforts surpass the intrinsic value of an infant building plan 
of a cell. Proteomic studies are an important part of the 
toolbox of stem biology, trying to elucidate the dynamic 
nature of the proteome composition and complex assembly 
and disassembly, the absolute and relative quantitation of 
the parts of these complexes, and the proteome as a whole. 
The final aim of systems biology is to build predictive 
models of biological systems similar to the construction 
plans of engineered machines. 

 Current   experimental limitations of the technology still 
hamper the mapping of transient or weak protein – protein 
interactions, the analysis of many membrane proteins, the 
detection of proteins present at low copy-numbers in the 
presence of highly abundant proteins, and the comprehen-
sive characterization of post-translational modifications. 

 Given   the tremendous and continuous improvements 
of mass spectrometry, HPLC technology, bioinformatics, 
and protein purification techniques it is foreseeable that 
all these limitations will be overcome. It is evident that the 
most rewarding challenge will be the application of these 
technologies to medicine (see also Chapter 18)  . Although 
efforts in this direction have been made, medical proteom-
ics is still in its infancy, and medicine and pharmaceuti-
cal sciences will profit enormously from these emerging 
trends ( Goh  et al ., 2007 ). Apart from the far distant pos-
sibility of using comprehensive and quantitative models of 
pathological systems in clinical practice, the possibility of 
identification and characterization of prognostic mole-
cules and the discovery of new targets for therapeutics are 
close visions of future directions in medicine ( Weston and 
Hood, 2004 ).   
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 Chapter 22 

    22.1       INTRODUCTION 

 Adverse   drug effects account for approximately 100,000 
deaths per year in the USA ( Lazarou  et al ., 1998 ). It is the 
hope of many that adverse reactions and therapeutic fail-
ures will be a thing of the past with the advent of person-
alized medicine. Advances made over the last 30 years in 
molecular biology, molecular genetics and genomics, and 
in the development and refinement of associated methods 
and technologies have had a major impact on the under-
standing of the action of drugs and other biologically active 
xenobiotics. The tools that have been developed to allow 
these advances, and the knowledge of fundamental princi-
ples underlying cellular function, have become quintessen-
tial and indeed indispensable for almost any kind and field 
of biological research, including future progress in bio-
medicine and health care. Over the past few decades it has 
been known that genetic variability affects drug response 
and efficacy (       Vesell and Page, 1968a, b ). With the end of 
the Human Genome Project ( Venter  et al ., 2001 ) and the 
wealth of information readily available online ( Marsh  et al ., 
2002 ), the promise of personalized medicine looms large, 
but the generalization into clinical applications of phar-
macogenomics has been more challenging. This is mainly 
due to the complexity of both disease (disease heterogene-
ity, i.e. several phenotypes in a single disease) and genetic 
involvement (several genes contributing to a single pheno-
type), as well as the difficulty in prospective validation of 
pharmacogenetic markers in controlled trials. 

 In   pharmacogenetics, most research involves determin-
ing the effect of polymorphisms (changes in the genetic 
code that occur in at least 1% of the population) on a given 
drug response. A polymorphism may be a single nucleotide 
change in the DNA sequence (single nucleotide polymor-
phism, SNP), an insertion or deletion of nucleotides or a 

change in the number of gene copies (copy-number varia-
tion or CNV; see also Chapter 12)  . While the focus of early 
pharmacogenetic investigations was oriented towards func-
tional polymorphisms found in exons (i.e. coding regions), 
functional variation can be found in any area of the gene 
including introns, untranslated regions (UTRs), upstream 
of the transcriptional start site, and sometimes in nearby 
genes ( Brenner and Duggan, 2004 ). 

 This   chapter aims to provide the necessary information 
in regard to how the discipline of genetics and genomics 
can impact drug discovery and development, and more 
broadly to the practice of health care. Particular emphasis 
will be placed on examining the role of pharmacogenetics 
and pharmacogenomics with regard to common complex 
diseases. Readers will find this chapter a useful source for 
standard definitions for some of the terms that are in wide 
use today, almost always sorely missing from both aca-
demic and public policy-related documents on the topic. 
We will also describe in detail the use of pharmacogenet-
ics in current clinical care, those pharmacogenetic can-
didates  ‘  ‘ not quite ready for prime time ’  ’ , the ethical and 
legal implications of pharmacogenetics, and finally we will 
provide an overview of the publicly available web-based 
genetic resources.  

    22.2       DEFINITIONS AND HISTORY 

 Pharmacogenetic   research started from the observation 
that not all patients responded the same way to the same 
medication and that genetic differences between individu-
als may account for these observed differences ( Vogel, 
1959 ). Current drug development practices consider patient 
populations to come from a relatively homogeneous group 
(i.e. all hypertensive subjects will respond similarly to the 
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same medication). When differences in drug response or 
effect is anticipated, as in the case of organ (kidney and 
liver) impairment, specific studies are conducted. However, 
genetic variation may contribute an additional amount of 
the variability to drug response. So while drugs in Europe 
and the USA are usually tested in Caucasian patients with 
defined disease states, doses for the medication are mar-
keted for all patients, without distinction of their geo-
graphical origin and the heterogeneity of certain diseases. 
Thus, the contribution of genetics to the variability in drug 
response is what the field of pharmacogenetics and phar-
macogenomics aims to answer. 

    22.2.1       Pharmacogenetics Versus 
Pharmacogenomics 

 The   term pharmacogenetics was first coined by Vogel 
in 1959 to describe the inheritance of an aberrant drug 
metabolism. Pharmacogenetics has since been defined as 
the study of the variation in drug response as it relates to 
an individual’s genetic makeup. Pharmacogenomics usu-
ally refers to a broader use of genome-wide association 
studies (GWAS) and potential complex interactions as 
well as alteration in gene expression that correlates to drug 
response. Both sciences deal with the germ-line heritable 
effects of the patient’s genetic variation on drug response, 
and their goals are overlapping.  

    22.2.2       History of Pharmacogenetics 

 Prior   to the discovery of DNA and the effect of genetic 
polymorphisms, scientists made observation on the het-
erogeneous nature of human drug response. Garrod and 
coworkers (1931) stated there was such a thing as human 
biochemical individuality. His foresight into the tenants 
on pharmacogenetics can be seen in the following pas-
sage:  ‘  ‘ Even against chemical poisons taken by mouth, or 
by other channels, there are some means of defense. Every 
active drug is a poison, when taken in large enough doses; 
and in some subjects a dose which is innocuous to the 
majority of people has toxic effects, whereas others show 
exceptional tolerance to the same drug ’  ’  ( Garrod, 1931 ; 
 Snyder  et al ., 1949 ). In 1932, the first large-scale study 
testing the ability of family members to taste phenylthio-
carbamide was conducted and showed a clear autosomal 
recessive inheritance to what was then called  ‘  ‘ taste blind-
ness ’  ’  ( Fox, 1932 ). This was also the first study to show an 
interethnic difference in the frequency of this phenotype. 
In the 1950s several case studies showed the role of genetic 
variation in the metabolism and response to drugs, such 
as variation in isoniazid acetylation ( Hughes  et al ., 1954 ) 
and decreased cholinesterase activity in the action of succi-
nylcholine, which leads to prolonged sedation ( Kalow and 
Staron, 1957 ). These case studies raised the real possibility 

of pharmacologically heritable differences that may be 
clinically important. 

 In   the paper by Arno Motulsky entitled  ‘  ‘ Drug reac-
tions, enzymes and biochemical genetics ’  ’  in 1957, the 
author outlined the genetic basis for the adverse reactions 
to primiquine and succinylcholine as well as barbiturate-
precipitated attacks and hereditary hyperbilirubinemia 
( Motulsky, 1957 ). Even with these landmark studies and 
papers, the most well-known drug metabolizing defect 
discovered to affect drug metabolism was found by 
Matsunaga and coworkers ( Matsunaga  et al ., 1989 ); the 
poor debrisoquine metabolizer phenotype found in 8% of 
Caucasian livers was attributed to a deficiency in CYP2D6. 
The phenotype for this deficiency was found independ-
ently by two groups. In London, Dr. Robert Smith and 
some of his coworkers ingested 32       mg of debrisoquine (an 
obsolete anti-hypertensive drug); Dr. Smith experienced 
prolonged orthostatic hypotension hours after the dose 
( Smith, 1986 ). This effect was not seen in his coworkers. 
A subsequent study in medical students and three families 
solidified the  ‘  ‘ poor ’  ’  and  ‘  ‘ extensive ’  ’  metabolizer phe-
notype ( Mahgoub  et al ., 1977 ). During this same time, 
Michael Eichelbaum was studying the pharmacokinet-
ics on sparteine (an antiarrhythmic agent) when two indi-
viduals experienced nausea, diploplia, and headaches 
( Eichelbaum  et al ., 1979 ). It was later confirmed that these 
two independent observations were the result of the same 
genetic deficiency. However, the molecular genetics of this 
apparently simple phenotypic defect was found to be com-
plex, with frameshift mutation, splicing defects, and a stop 
codon resulting in absent enzyme activity of the CYP2D6 
enzyme. SNPs within the gene result in low enzyme activ-
ity, and gene duplication results in high enzyme activity. 
Because of its importance in the metabolism of several pre-
scribed drugs and the dramatic clinical manifestation seen 
with aberrant metabolism,  CYP2D6  has become one of the 
most studied pharmacogenetic genes (see section 22.4.4.2 
for the most recent application of this phenotype). 

 These   case studies and investigations laid the ground 
work for what is now the modern pharmacogenetic disci-
pline. The advances in the field have led to Food and Drug 
Administration (FDA) label changes (see section 22.4.3), 
a guidance for industry and FDA staff on the pharmaco-
genetic and genetic tests for heritable markers (see  http://
www.fda.gov/cdrh/oivd/guidance/1549.pdf ), and to unique 
methodology and the beginning of understanding of the 
genetic basis of complex diseases.  

    22.2.3       Analytical Methods in 
Pharmacogenetics 

 Currently  , a variety of approaches are used to associate 
genotype (the specific nucleotide combination at a given 
position in the genome) with phenotype (an observable 
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physical or biochemical characteristic), such as decreased 
drug clearance or increased drug toxicity, as well as altered 
efficacy of a medication.  Figure 22.1    provides some com-
mon definitions used in pharmacogenetics and pharma-
cogenomics. Some commonly used strategies include: 
(1) candidate gene approach (i.e. phenotype/genotype or 
phenotype/haplotype association studies) in which SNPs 
are correlated to phenotype, (2) candidate pathway-based 
studies, which investigate several genes with respect to 
the pharmacology of a specific drug, disease, or biological 
pathway for variations that may contribute to phenotypic 
differences, or (3) GWAS, in which thousands of SNPs are 
spaced throughout the genome. Each of these methods has 
advantages and disadvantages. GWAS comprehensively 
survey the genetic variation in the entire genome, but their 
power to detect moderate associations is greatly limited 
because 500,000 to 1,000,000 SNPs may be typed leading 
to multiple statistical tests, thus requiring correction for 
false positive associations. In addition, they require large 
sample sets to achieve adequate power. However, these 
studies do provide a unique opportunity to discover novel 
genes not previously known to effect drug response. The 
candidate gene approach narrows the focus to a few impor-
tant genes/SNPs and therefore has higher power. Because 
there is a rationale to the selection of these genes, the SNPs 
found are usually biologically plausible. However, candi-
date gene studies may miss the real causative SNP and are 
limited to the available knowledge. 

 Within   the candidate gene approach, the haplotype/phe-
notype approach in which haplotypes (i.e. groups of SNPs 
closely linked on one chromosome and inherited as a unit) 
are correlated to phenotype holds the added advantage of 
assaying for unknown variation in linkage disequilibrium 
(LD) with the genotyped SNPs. LD refers to the non-random 
association of alleles at two or more loci, meaning alleles 

that are located close to each other on the same chromo-
some have the tendency to occur and be inherited together. 
This also means that a small number of SNPs can be used to 
capture information about a larger region. This is commonly 
referred to as a haplotype tagging approach. Regardless of 
the approach used, all positive findings need to be replicated 
in independent data sets to confirm their validity. There are 
several current reviews of statistical methods in pharmaco-
genetics ( Balding, 2006 ;  Montana, 2006 ).   

    22.3       PHARMACOGENETICS IN DRUG 
DEVELOPMENT 

 The   advent of pharmacogenetics has had a mixed response 
in the pharmaceutical industry, with many executives 
expressing concern that the technology remains unproven, 
expensive, and disruptive to the overall revenue in drug 
sales ( Danzon and Towse, 2002 ;  Hopkins  et al ., 2006 ). 
There are foreseeable benefits to the addition of pharmaco-
genetics into the drug development process. Pharmaceutical 
companies want to get their new drugs out to market sooner 
with reduced risk of failure. A prime example of the benefit 
pharmacogenetics could have on the drug develop-
ment processes is seen in the case of troglitazone (an oral 
hypoglycemic agent use to treat type II diabetes). This drug 
was taken off the market due to severe and sometimes fatal 
hepatotoxicity. A pharmacogenetic case control study of 
troglitazone-induced hepatotoxicity showed strong correla-
tion between elevated liver enzymes and functional muta-
tions in GSTT1 and GSTM1 (phase II metabolic enzymes; 
 Watanabe  et al ., 2003 ). Early evaluation of these pharmaco-
genetic variants may have saved a therapeutically important 
drug. Currently, most large pharmaceutical companies have 
an internal pharmacogenetics program, but these programs 

 FIGURE 22.1          Common definitions in pharmacogenetics.    

Genotype – The specific nucleotide combination at a given position in the genome.

Phenotype – An observable physical or biochemical characteristic, such as decreased 
drug clearance or increased drug toxicity.

Allele – One of the variant forms of a gene at a particular location (i.e. locus) on a 
chromosome.

Polymorphism – Difference in DNA sequence among individuals. Genetic variations 
occurring in more than 1% of a population.

Single nucleotide polymorphism (SNP) – A genetic marker resulting from variation in 
sequence at a particular position within a DNA sequence. SNPs can result from a base 
transition (A for G, T for C), transversion (G or A for T or C), or single-base deletion.

Haplotype – Groups of SNPs closely linked on one chromosome and inherited as a unit.

Linkage disequilibrium (LD) – Non-random association of alleles at two or more loci, 
meaning alleles that are located close to each other on the same chromosome have the 
tendency to occur and be inherited together.



Molecular Diagnostics330

are utilized to weed out poor candidates in the drug devel-
opment process. Therefore, a large amount of the publicly 
available pharmacogenetic data in the field still comes from 
academia. Part of the reluctance from the drug industry 
comes from the concern that the FDA will delay the regis-
tration process. Steps within the FDA were taken in March 
2005 to encourage the voluntary submission of pharmacoge-
netic data with the guidelines emphasizing the neutral effect 
on the registration processes ( US Department of Health and 
Human Services, 2005 ). Hopefully this will encourage the 
collection of pharmacogenetic data on the large Phase III 
cohorts used in the approval process. The European Agency 
for the Evaluation of Medicinal Products (EMEA) has cre-
ated new internal structures to support pharmacogenetic 
development, with guidance to sponsors provided through 
briefing meetings ( European Medicines Agency, 2007 ). Yet 
within Europe the German, Irish, Dutch, and UK national 
agencies have received few requests from sponsors to con-
sider pharmacogenetic data. 

    22.3.1       Pharmacokinetics and 
Pharmacodynamics 

 Most   pharmacogenetic investigation involves genes or 
pathways related to pharmacokinetics and pharmacody-
namics. Pharmacokinetic effects are due to interindividual 
differences in absorption, distribution, metabolism (with 
regard to both activation of pro-drugs, inactivation of the 
active molecule), or excretion of the drug. The pharma-
cokinetic genes are obvious targets for pharmacogenetic 
research given that drug levels are easily measured and, for 
some drugs, correlated to drug response (i.e. therapeutic 
drug monitoring). Differential effects caused by variation 
in pharmacokinetic genes are due to the presence at the 
intended site of action of either inappropriate concentra-
tions of the pharmaceutical agent, or inappropriate metabo-
lites, or both, resulting either in lack of efficacy or toxic 
effects or both. Pharmacogenetics, as it relates to phar-
macokinetics, has been recognized as an entity for more 
than 100 years, going back to the observation commonly 
credited to Archibald Garrod that a subset of psychiatric 
patients treated with the hypnotic, sulphonal, developed 
porphyria. Since then, the underlying genetic causes for 
many of the previously known differences in enzymatic 
activity have been elucidated, most prominently with 
regard to the P450 enzyme family, and these have been 
the subject of many reviews ( Evans and Relling, 2004 ; 
 Ingelman-Sundberg  et al ., 2007 ; see also  http://www.imm.
ki.se/CYPalleles ;  Table 22.1   ). However, such pharmacoki-
netic effects are also seen with membrane transporters, such 
as in the case of differential activity of genetic variants of 
the  ABCB1  gene that affect the effective intracellular con-
centration of antiretrovirals ( Fellay  et al ., 2002 ), antican-
cer agents ( Nooter  et al ., 1990 ), and anticonvulsants ( Kwan 

and Brodie, 2005 ), or of the purine-analog-metabolizing 
enzyme thiomethyl-purinetransferase ( Dubinsky  et al ., 
2000 ).  Table 22.1  outlines several examples of phase I and 
phase II drug metabolizing enzymes of pharmacogenetic 
relevance for drug therapy. 

 Pharmacodynamic   effects, in contrast, may lead to 
interindividual differences in a drug’s effects despite the 
presence of appropriate concentrations of the active drug 
compound at the intended site of action. Genetic varia-
tion in how the target molecule or another (downstream) 
member of the target molecule’s mechanistic pathway can 
respond to the medicine modulates the effects of the drug. 
 Table 22.2    gives examples of some of the pharmacody-
namic genes that have been shown to effect drug response. 

    Figure 22.2    is an example of how genetic variation in a 
complex disease affects treatment; in this example hyper-
tension (phenotype, blood pressure). In this example the 
phenotype is composed of three mechanisms, in which 
only one is dysfunctional and causes symptomatic disease. 
A palliative treatment may address one of the pathways 
that, though not dysregulated, contributes to the overall 
deviant physiology (see  Fig. 22.2 ; lane F); the respec-
tive pharmacogenetic/pharmacodynamic scenario would 
occur if this particular pathway, due to a genetic variant, 
was not responsive to the drug chosen (see  Fig. 22.2 ; lane 
G). If a genetic variant changes the overall contribution of 
each mechanism to the overall phenotype as in lane H (i.e. 
M2 is impaired because of a genetic polymorphism, M3 is 
upregulated to maintain homeostasis), a treatment targeting 
M2 will not yield the expected results (see  Fig. 22.2 ; lane 
F), but will produce little change in the phenotype (see  Fig. 
22.2 ; lanes I and J).   

    22.4       PHARMACOGENETICS IN 
CLINICAL CARE 

    22.4.1       Population Differences 

 Difference   in drug response between ethnic populations was 
seen in the early 1920s, when differential cardiac effects 
of atropine were reported between Caucasians and African 
Americans ( Paskind, 1921 ). Similar population-specific 
effects were seen with antimalarial medication used in 
African American soldiers ( Motulsky, 1960 ), and pupillary 
dilation after various mydriatic eye drops used in Caucasians, 
Asians, and African Americans ( Chen and Poth, 1929 ). 

 These   differences in drug metabolism and response may 
have arisen for several different reasons, mainly, differ-
ent allele frequencies and/or haplotype structures between 
populations derived from (1) population-specific mutations 
which affect the enzyme function, (2) mutations in a spe-
cific population, which garners an evolutionary advantage, 
or (3) mutations arising after populations have separated. 
Much of the inter-ethnic variation we see has to do with the 
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early human migration out of Africa into Asia and Europe 
( Tishkoff and Williams, 2002 ). The genetic variation seen 
outside Africa is generally thought to be a subset of the 
variation found within Africa ( Cavalli-Sforza and Feldman, 
2003 ). This migration caused populations to be genetically 
isolated and allowed population-specific mutations to arise. 
Mutations which cause decreased enzyme function, such as 
glucose-6-phosphate dehydrogenase deficiency, posed an 
evolutionary advantage. In this case, this variation confers 
protection against malaria, and therefore rose in frequency 
in African populations ( Motulsky, 1960 ). It is also widely 
recognized that populations of recent African ancestry 
tend to have considerably more genetic variation (i.e. more 
sites within the genes are likely to be polymorphic), and 
the extent of LD can be much lower than in populations of 
recent European or Asian ancestry ( Tishkoff and Verrelli, 
2003 ), meaning that the length of the haplotypes found in 

African Americans is significantly shorter that Caucasians 
and would require typing more haplotype tagging SNPs 
to obtain similar assessment of the genetic variation. 
Therefore, pharmacogenetic studies based on Caucasian 
subjects may not always translate into an observed affect in 
another population, and should be taken into consideration 
when designing pharmacogenetic studies. 

 The   genetic definition of race or ethnicity has usually 
corresponded to the continental or subcontinental regions 
which include the following populations: sub-Saharan 
Africans, Europeans, western Asians, northern Africans, 
eastern Asians, Polynesians and other inhabitants of 
Oceania, and Native Americans ( Rosenberg  et al ., 2002 ; 
 Bamshad  et al ., 2003 ). However, 5 – 15% of genetic vari-
ation occurs between these groups, with the remaining 
variation occurring within such groups ( Jorde  et al ., 2000 ). 
This makes classification of individuals into distinct racial 

 TABLE 22.1          Examples of pharmacogenetic effects in pharmacokinetic genes.  

   Enzymes  Effected drugs/substances 

    Phase I enzymes    

   Aldehyde-dehydrogenase  Acetaldehyde 

   Alcohol-dehydrogenase  Ethanol 

   CYP1A2  Caffeine 

   CYP2A6  Nicotine, coumarin 

   CYP2C9  Phenytoin, warfarin, tolbutamide, glipizide, fluvastatin 

   CYP2C19  Mephenytoin, omeprazole, pantoprazole, amitryptyline, imipramine 

   CYP2D6  Dextromethorphan, debrisoquine, sparteine, tamoxifen, nortryptyline, 
clomipramine 

   CYP2E1  Chloroxazone, caffeine 

   CYP3A4  Erythromycin 

   CYP3A5  Tacrolimus, saquinavir 

   Serum cholinesterase  Benzoylcholine, butyrylcholine 

   Paraoxonase/arylesterase  Paraoxon 

    Phase II enzymes    

   Acetyltransferase (NAT2)  Isoniazid, sulfamethazine, caffeine, procainamide, dapsone 

   Dihydropyrimidine-dehydrogenase  5-Fluorouracil 

   Organic anion transport protein 1B1 (SLCO1B1)  Pravastatin 

   Thiomethyltransferase  2-Mercaptoethanol, D-penicillamine, captopril 

   Thiopurine-methyltransferase (TPMT)  6-Mercaptopurine, 6-thioguanine, azathioprine 

   UDP-glucuronosyl-transferase 1A1 (UGT1A1)  Bilirubin, irinotecan 

   UDP-glucuronosyl-transferase 2B7 (UGT2B7)  Oxazepam, ketoprofen, estradiol, morphine 
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categories difficult and often inaccurate. This is evident in 
the case of people who self-identify as African Americans. 
This  ‘  ‘ race ’  ’  has some European ancestry, as measured 
through genetic markers, ranging from an estimated 7% 
for a sample of Jamaicans to 23% for a sample of African 
Americans from New Orleans ( Parra  et al ., 1998 ). A recent 
commentary highlights the difficulty of the categorization 
of Asians ( Po, 2007 ). Drug response and efficacy may vary 
widely in these populations on patients; however, categori-
cal distinction in both pharmacogenetic studies and drug 
recommendations are rarely made. 

 It   should be noted that several pharmacogenetic-relevant 
genes show population-specific differences. These differ-
ences may explain differences in drug tolerability, efficacy, 
and disease susceptibility. A specific example can be seen 
with the drug metabolizing enzyme CYP3A5. A com-
mon splice variant in the  CYP3A5  gene results in a non-
functional enzyme (named  CYP3A5*3 ). This variant is 
quite common in European populations, but less common in 
Africans and African Americans. This means that African 
populations have a higher frequency of the  functional 
enzyme than non-African populations ( Kuehl  et al ., 

2001 ). Among several examples of the clinical role of 
this variant, this polymorphism has been associated with 
increased tacrolimus dose in transplant patients ( Op den 
Buijsch et al., 2007 ). This may explain differences seen 
in organ transplantation between Caucasians and African 
Americans ( Dirks  et al ., 2004 ). It should be noted that 
accounting for population differences has been conducted 
on relatively few drugs. Therefore the gap seen in the phar-
macogenetic world and that in the clinical trial and clinical 
practice setting is yet to be bridged.  

    22.4.2       Complex Phenotypes 

 With   the completion of the Human Genome Project, 
researchers have found that SNPs are ubiquitous, occur-
ring approximately once in every 1,000 – 3,000 base pairs 
( Sachidanandam  et al ., 2001 ). However, determining 
which of these SNPs is responsible for variation in drug 
response has been a daunting task. This association proc-
ess becomes increasingly complicated when more than 
one gene is involved in the pharmacologic effect seen. 

 TABLE 22.2          Examples of pharmacogenetic effects in 
pharmacodynamic genes.  

   Gene  Affected drugs/disease 

   5-Lipoxygenase  Monolukast (asthma) 

    ApoE2   LDL-C level 

    ACE   ACE inhibitors (hypertension) 

   Beta 2 adrenergic receptor  Albuterol (asthma) 

   Beta 1 adrenergic 
receptor 

 Beta blockers (hypertension) 

   Corticotropin-releasing 
hormone 

 Antidepressants 

   Dopamine receptor  Selective serotonin reuptake 
inhibitors (depression) 

    EGFR   Gefitinib, cetuximab (cancer) 

   ER alpha  Bone mineral density 

    FCGR3A   Infliximab (Crohn’s disease) 

   HMGCoA reductase  Statins (cholesterol lowering drugs) 

    NEF3   Response to antipsychotics 

    TNF   Anti-TNF therapy (Crohn’s disease 
and rheumatoid arthritis) 

   Serotonin receptor  Selective serotonin reuptake 
inhibitors (depression) 

    VKORC1   Warfarin dose (anticoagulation) 

 FIGURE 22.2          Three molecular mechanisms (M1, M2, M3) contribute 
to the phenotype.  Lane A : Normal physiology.  Lane B : Diseased physi-
ology caused by disruption of M1.  Lane C : Diseased physiology after 
treatment targeted at M1.  Lane D : Diseased caused by disruption of M3. 
 Lane E : Diseased physiology identical to that seen in lane D, after treat-
ment targeted at M1: treatment does not address cause.  Lane F : Diseased 
physiology identical to that seen in lane B, after treatment targeted at M2. 
While the treatment does not address the abberent pathway, the pheotype 
is returned to normal.  Lane G : Diseased physiology identical to that seen 
in lane B, after treatment targeted at M2. However, a genetic variant in 
M2 results in a less than optimal response and the phenotype remains 
above normal levels.  Lane H : Normal physiology. However, a genetic 
variant causes differential contribution of M1 and M2 to the normal phe-
notype.  Lane I : Diseased physiology seen in lane B; however, with the 
differential contribution of M1 and M2 caused by a genetics variant. After 
treatment targeting M1, no significant change is seen in the phenotype. 
 Lane J : Diseased physiology identical to that in lane I after treatment 
targeting M2. No significant change is seen in the phenotype. Solid bars: 
Normal function; stippling: pathological dysfunction; hatching: therapeu-
tic modulation (from  Lindpaintner, 2003 ; with permission).    
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 Figure 22.3    depicts the range of effects that can be seen 
from polymorphisms in genes that affect the pharmacoki-
netics (i.e. drug metabolizing enzymes) and/or the drug tar-
get. The combination of these effects leads to a wide range 
of phenotypes. These added complexities require not only 
knowledge of gene – drug interaction but also of the entire 
pathway affected by the drug. 

 Common   complex diseases, and thus the vast majority 
of what is to be clinically applied genetics, behave almost 
fundamentally differently from rare, classic, monogenic, 
Mendelian diseases: whereas in the latter the impact of the 
genetic variant is typically categorical in nature due to high 
penetrance, in the former case the presence of a disease-
associated genetic variant is merely of probabilistic value, 

raising (or lowering) the likelihood of disease occurrence 
to some extent, but never predicting it in a black-and-white 
fashion. This becomes evident in a pathway-based view of 
the problem of drug response. While differences in drug 
metabolism and mutations within drug targets contribute to 
the variability seen, other factors such as polymorphism in 
regulatory genes (i.e. transcription factors), down-regulation 
of essential hormone mediators, and abnormalities in 
promoter sites, to name just a few, contribute to the drug 
response variability. These variables still do not take into 
account the effect of environmental factors. Therefore, for 
a pharmacogenetic test to be viable in this atmosphere, all 
these variables must, in some form, be accounted for. An 
example of the role non-genetic factors along with genetic 

 FIGURE 22.3          This figure from  Evans and McLeod (2003)  depicts the different roles genetic polymorphisms can play in drug response. The first row 
shows the effect of genetic variation in drug metabolizing enzymes, with an increasing area under the curve (AUC) associated with the variant allele (V). 
The second row shows the effect of genetic variation on drug targets, with decreased efficacy associated with the V allele. The combination of both types 
of variation leads to the therapeutic effect and/or the toxicity seen in patients. In essences, these two SNPs in combination can result in nine different 
phenotypes ( Evans and McLeod, 2003 ).    
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factors play in pharmacogenetic testing can be seen in war-
farin dosing discussed in section 22.4.3.3. 

 Communicating   this difference to a public that has long 
been misled into a perception of everything genetic being 
of deterministic, Mendelian quality, represents a second, 
no less important and difficult challenge. Unless this effort 
is successful, by engaging in a true dialog with all stake-
holders, in providing the basis for informed discourse and 
sensible decision-making on the societal level, the full 
potential of our deepening understanding of biology and of 
these technological advances will not be recognized. 

 Inroads   into understanding the genetic basis of complex 
diseases have been made through the advent of the GWAS. 
While criticized by some for being non-hypothesis driven 
(i.e. no  a priori  hypothesis is given on which gene and/or 
variant contributes to the disease in question), GWAS are 
revolutionary because they permit interrogation of the 
entire human genome in thousands of unrelated individuals, 
unconstrained by prior hypotheses regarding genetic asso-
ciations. The past 5 years have been flush with replicated 
findings in GWAS. These include complex diseases such as 
type II diabetes ( Zeggini  et al ., 2008 ), obesity ( Loos  et al ., 
2008 ), and Crohn’s disease ( Rioux  et al ., 2007 ) as well as 
prostate ( Eeles  et al ., 2008 ), breast ( Easton  et al ., 2007 ), 
colon ( Tenesa  et al ., 2008 ), and lung cancer ( Hung  et al ., 
2008 ). GWAS has also identified important pharmacoge-
netic associations, as seen in the recent paper which showed 
an association between an SNP in  SLCO1B1  (encoding an 
anionic-transporting polypeptide) and myopathy after statin 
use (a cholesterol lowering agent) ( Link  et al ., 2008 ). These 
investigations have led to the association of important sus-
ceptibility loci, such as the  NOD2  in Crohn’s disease and 
 FTO  for obesity. One of the most important outcomes of 
these studies has been the discovery of new biological 
associations in genes or regions previously unrecognized 
to have a role in each disease. It is interesting to note that 
many of the associations found have relatively small effect, 
with typical odd ratios of about 1.5 to 2.0. These stud-
ies have also found that a substantial amount of the asso-
ciation to disease arose from regions outside of the coding 
gene regions. This is not surprising given that non-coding 
variation may effect gene regulation and is preponderant of 
coding regions in the human genome. Several groups are 
currently working on GWAS applied to clinical pharmaco-
genetics and these results are expected to be available in the 
public domain in the near future.  

    22.4.3       Pharmacogenetic Information in 
Drug Labels and FDA Label Changes in 
Dosing 

 Currently  , the field of clinical pharmacogenetics has shown 
the greatest utility in oncology, where many drugs show 
a narrow therapeutic index. In oncology, the two major 

examples of the advancing role of pharmacogenetics in 
the prevention of drug toxicities are  TPMT  and 6-mercapto-
purine (6-MP) along with  UGT1A1  and irinotecan, both of 
which resulted in drug label changes. The most recent FDA 
label change has been the addition of pharmacogenetic 
testing recommendations for  CYP2C9  and  VKORC1  to the 
drug label of warfarin. In general, these changes state a rec-
ommendation to test and not a requirement. 

 Approximately   10% of labels for drugs approved by the 
FDA contain pharmacogenetic information. In the context 
of drug labels, this information can be classified on the 
basis of their specific use such as clinical response and dif-
ferentiation, risk identification, dose selection guidance, 
susceptibility, resistance and differential disease diagnosis, 
and polymorphic drug targets. It should be noted that many 
of the labels containing pharmacogenetic information do 
not provide recommendations for a specific action (i.e. 
genetic testing). A complete list of valid genetic biomark-
ers can be found at the FDA website ( http://www.fda.gov/
cder/genomics/genomic_biomarkers_table.htm ). 

    22.4.3.1       UGT1A1 and Irinotecan 

 Currently  , there are over 60 known polymorphisms in the 
 UGT1A1  gene ( Hasegawa  et al ., 2006 ), many of which 
have functional consequences ( Tukey and Strassburg, 
2000 ). Because of its role in bilirubin clearance, several 
investigators identified polymorphisms within  UGT1A1  
that contribute to a common benign familial condition of 
decreased bilirubin glucuronidation (Gilbert’s syndrome) 
( Bosma  et al ., 1995 ;  Monaghan  et al ., 1996 ). 

 The    UGT1A1*28  polymorphism, which is an insertion 
of an extra thymine-adenine (TA) repeat in the promoter, 
is associated with enzyme expression inversely related to 
repeat length. This insertion polymorphism affects the 
TATA box upstream of  UGT1A1  transcription initiation 
site, which is responsible for the binding of general tran-
scription factor IID, which plays an important role in the 
initiation of transcription ( Bosma  et al ., 1995 ). Therefore, 
individuals that are homozygous for seven TA repeats (i.e. 
(TA) 7,  or  UGT1A1*28 ) have a 70% reduction in UGT1A1 
gene expression compared to those possessing the (TA) 6  
allele ( Beutler  et al ., 1998 ).  UGT1A1*28  is thought to 
explain up to 40% of the variability in  in vitro  enzyme 
activity of UGT1A1 ( Peterkin  et al ., 2007 ). Two addi-
tional alleles at this location have been identified in per-
sons of African ancestry, (TA) 5  ( UGT1A1*36 ) and (TA) 8  
( UGT1A1*37 ). Another common functional polymor-
phism found in exon 1 of the gene, denoted as  UGT1A1*6 , 
is found in Asian populations, and results in the substitu-
tion of an arginine for a glycine ( Aono  et al ., 1995 ). The 
allelic frequency of  UGT1A1*6  in Asians ranges from 18 
to 23% ( Akaba  et al ., 1998 ;  Takeuchi  et al ., 2004 ), with a 
40% reduction in enzyme activity as compared to the wild-
type enzyme ( Jinno  et al ., 2003 ). A complete list of all 
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known functional polymorphisms can be found at the UGT 
nomenclature home page ( Bock  et al ., 2005 ). 

 Recent   evidence points to a more complex picture of 
the metabolism by UGT1A1 and functional  UGT1A  poly-
morphisms. Because of the structure of the  UGT1A  locus 
(unique exons 1 for each isoform with common exons 
2 through 5), haplotypes may exist between the coding 
regions at this locus that affect the function of one or more 
of the UGT1A enzymes. A haplotype effect over the effect 
of  UGT1A1*28  alone at this gene locus has been recently 
postulated ( Paoluzzi  et al ., 2004 ;  Sai  et al ., 2004 ;  Innocenti 
 et al ., 2005 ;  Lankisch  et al ., 2005 ). 

 Irinotecan   is approved for the treatment of metastatic 
colorectal cancer, and is often used in combination with 5-
fluorouracil, leucovorin, bevacizumab, and/or cetuximab. 
Irinotecan is a pro-drug, with therapeutic activity found in 
its active metabolite, 7-ethyl-10-hydroxycamptothecan (SN-
38), which is a potent topoisomerase I inhibitor ( Gupta  et al ., 
1994 ). The SN-38 AUC has been correlated to neutropenia 
( Pitot  et al ., 2000 ). The major route of clearance for SN-
38 is glucuronidation to SN-38 glucuronide (SN-38G) by 
UGT1A1, although it is possible that UGT1A9 and UGT1A7 
(extrahepatic) may also have a role ( Gagne  et al ., 2002 ). 

 The   initial clinical association between SN-38 glucuro-
nidation and irinotecan toxicity was described by Gupta and 
coworkers ( Gupta  et al ., 1994 ). The evidence that this was 
due to variability in  UGT1A1  came from two case reports in 
patients with Gilbert’s syndrome ( Wasserman  et al ., 1997 ), 
as well as studies by Iyer and coworkers (1999), demonstrat-
ing that SN-38 is a substrate for UGT1A1. Furthermore, the 
extent of metabolism was inversely correlated to the number 
of TA repeats in the promoter region ( Iyer  et al ., 1999 ). The 
association between  UGT1A1 *28 and the risk of severe 
diarrhea and/or neutropenia in patients receiving irinotecan 
was seen in a retrospective study by Ando and coworkers 
( Ando  et al ., 2000 ).  Iyer and coworkers (2002)  conducted 
the first prospective trial of irinotecan pharmacogenetics, 
which showed an association between  UGT1A1*28  and 
decreased SN-38 glucuronidation rate. This study was 
amended to increase the dose of irinotecan to 350       mg/m 2  
( Innocenti  et al ., 2004 ). Under the revised protocol, by 
 Innocenti  et al . (2004) , the investigators found a signifi-
cant association of  UGT1A1*28  with incidence of grade 
4 neutropenia. Following this initial work, several stud-
ies found association of  UGT1A1*28  and pharmacokinetic 
parameters (i.e. decreased SN-38G/SN-38 area under the 
plasma concentration/time curve (AUC) ratio, and SN-38 
AUCs) ( Paoluzzi  et al ., 2004 ;  Sai  et al ., 2004 ;  Araki  et al ., 
2006 ) and drug toxicity such as neutropenia ( Ando  et al ., 
2000 ;  Rouits  et al ., 2004 ;  Toffoli  et al ., 2006 ), and diarrhea 
( Marcuello  et al ., 2004 ;  Massacesi  et al ., 2006 ). For a recent 
review on these studies, see  Kim and Innocenti (2007 ). 

 This   evidence led to the inclusion by the FDA of 
 UGT1A1*28  as a risk factor for severe neutropenia in 
patients receiving irinotecan ( http://www.fda.gov/cder/foi/

label/2005/020571s024,027,028lbl.pdf ). In August 2005, 
the FDA approved the marketing of the Invader UGT1A1 
assay (Third Wave Technologies, Madison, WI) as a diag-
nostic test for the  UGT1A1*28  allele.  UGT1A1  genotype 
results can also be obtained at off-site facilities, such as 
Mayo Medical Laboratories or ARUP Laboratories which 
process whole blood samples and return genotype data 
directly to the physician.  

    22.4.3.2       TPMT and 6-Mercaptopurine 

 6  -Mercaptopurine (6-MP) and azathioprine are used to 
treat a variety of autoimmune disorders and to prevent 
organ rejection as well as in the treatment of childhood 
acute lymphoblastic leukemia (ALL), rheumatoid arthritis, 
and inflammatory bowl diseases. Azathioprine is converted 
into 6-MP, and thiopurine methyltransferase (TPMT) is 
involved in the methylation reactions of 6-mercaptop urine, 
preventing the formation of its active metabolites. The 
clinical importance of the pharmacogenetics of  TPMT  has 
been clearly established in relation to the prediction of 
severe, and rarely fatal, hematological toxicity in child-
hood ALL patients with reduction or loss of TPMT activ-
ity. In the absence of the information on the TPMT status 
of patients, the drug dosage is adjusted by assessing the 
myelosuppressive effect of the therapy, as it is required that 
patients experience moderate myelosuppression. In some 
patients, bone marrow depression is severe, exposing them 
to the risk of life-threatening infections. In other patients, 
myelosuppression is less severe, but requires the interrup-
tion of therapy or dose reductions, until the bone marrow 
has recovered. 

 Up   to 17 variant alleles in the  TPMT  gene have been 
identified, most of them correlated with a low TPMT activ-
ity. The non-synonymous variants *3C (719A � G), *3       A 
(460G � A and 719A � G) and *2 (238G � C) are common 
(2 – 10%) and account for over 95% of the alleles associated 
with reduced TPMT activity ( Wang and Weinshilboum, 
2006 ). About 10% of ALL patients are heterozygous and 
0.3% are homozygous for the deficient alleles. As a con-
sequence, heterozygous ALL patients are at intermediate 
risk of exaggerated bone marrow toxicity. In these patients, 
a 35% dose reduction of 6-MP has been demonstrated to 
be safe ( Relling  et al ., 1999 ). In ALL patients, who are 
homozygous for defective alleles, a 90% dose reduction is 
required (       Evans  et al ., 1991, 2001 ). 

 It   is important to understand the impact of the hetero-
zygous state (which occurs in 10% of patients) on toxicity 
and survival compared to the patients without inactivating 
 TPMT  variants. Dose adjustment of 6-MP in heterozygous 
ALL patients preserved the efficacy of 6-MP ( Relling 
 et al ., 2006 ) and another study has shown that  TPMT  het-
erozygosity has been associated with a 2.9-fold lower risk 
of minimal residual disease (an important prognostic factor 
of early response) compared to patients with no deficient 
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 TPMT  allele ( Stanulla  et al ., 2005 ). The identification of 
TPMT-deficient patients at the beginning of the mainte-
nance treatment might lead to optimization of therapy by 
(1) avoiding severe myelosuppression and (2) tailoring 
the 6-MP dose to maintain an adequate level of exposure 
throughout the course of the treatment, maintaining the 
dose intensity of the regimen. The label of 6-MP has been 
recently revised to contain information about substantial 
dose reduction in  TPMT  homozygous patients ( Yong and 
Innocenti, 2007 ).  

    22.4.3.3       CYP2C9/VKORC1 and Warfarin 

 Because   of its narrow therapeutic index and serious side-
effect profile, warfarin has been the most recent drug to 
change its drug label to recommend genotype-guided dos-
ing. Several studies have looked at the effect of  CYP2C9  
variants on warfarin dose and on adverse events ( Aithal 
 et al ., 1999 ;  Veenstra  et al ., 2005a ;  Moridani  et al ., 2006 ), 
as CYP2C9 is the main enzyme of the inactivation of the 
active S enantiomer of warfarin ( Breckenridge  et al ., 
1974 ).  CYP2C9  is part of the 4-gene  CYP2C  gene cluster 
that is located on chromosome 11 ( Gray  et al ., 1995 ). Most 
studies have focused on the common functional variants in 
 CYP2C9 , named  CYP2C9*2  and  CYP2C9*3 . These vari-
ants require significantly lower maintenance doses of war-
farin, approximately 0.85       mg for  CYP2C9*2 , 1.92       mg for 
 CYP2C9*3 , and 1.47       mg for both alleles, from the mean 
daily dose ( Sanderson  et al ., 2005 ), and have higher risk 
of serious bleeds. Both of these alleles have low allele fre-
quency (approximately 10%) in Caucasians, and even lower 
frequency in African Americans (2 – 5%) and are absent in 
Chinese and Japanese subjects ( Wang  et al ., 1995 ;  Nasu 
 et al ., 1997 ). The  CYP2C9*5  allele was found in healthy 
African American volunteers, and has been hypothesized to 
slow the metabolism of warfarin ( Dickmann  et al ., 2001 ). 

 In   addition to  CYP2C9  genotypes, recent studies have 
shown that variation in the  VKORC1  gene accounts for 
20 to 30% of the observed population variation in warfa-
rin dose ( Rieder  et al ., 2005 ;  Sconce  et al ., 2005 ;  Veenstra 
 et al ., 2005b ). Vitamin K epoxide reductase (VKOR), 
the therapeutic target of warfarin, is encoded by the gene 
 VKORC1 , in which rare mutations have been associated 
with warfarin resistance ( Rost  et al ., 2004 ). The recent 
publication by Rieder and coworkers (2005) highlights the 
growing effort to incorporate this new gene into warfarin 
dosing. The investigators found ten common SNPs in three 
populations that formed nine haplotypes. An association 
study was then conducted (excluding Asians and African 
Americans) to determine the effect of these haplotypes 
on warfarin dose. The results showed that two haplotypes 
were associated with low warfarin dose (haplogroup A) 
and three haplotypes were associated with high warfarin 
dose (haplogroup B). As mentioned previously, these two 
genes are an ideal example of the range of phenotypes seen 

when genetic variation affects both pharmacokinetics and 
the drug target. From this study we can see that patients 
possessing the wild-type  CYP2C9  and the  VKORC1  B/B 
haplogroup required the highest doses, while patients pos-
sessing a variant  CYP2C9  allele and  VKORC1  haplogroup 
A/A required the lowest doses. 

 Several   algorithms have been created that determine the 
maintenance dose of warfarin using both genetic ( VKORK1  
and  CYP2C9 ) and non-genetic (age, weight, co-administered 
medications) factors ( Sconce  et al ., 2005 ;  Takahashi  et al ., 
2006 ;  Caldwell  et al ., 2007 ;  Millican  et al ., 2007 ). These 
algorithms explain approximately 50% of the variability in 
warfarin dose ( Sconce  et al ., 2005 ). On August 16, 2007, 
the data from these studies led to changes in the warfarin 
drug label to include the consideration of  CYP2C9  and 
 VKORC1  genotype in warfarin dosing. No consensus was 
reached on how to implement such testing (i.e. which poly-
morphisms to include and which algorithm to recommend 
in the drug label) therefore clinical implementation of this 
test has remained difficult.   

    22.4.4        “ Not Ready for Prime Time ”  Tests 

 There   are a few drugs in which the research points to a ben-
efit of pharmacogenetic testing in dosing and/or treatment. 
However, further validation and replication would solidify 
the case to label changes in these drugs. 

    22.4.4.1       Abacavir and  HLA*B5710  Testing 

 Pharmacogenetic   effects may account for not only dif-
ferential efficacy, but may also contribute to differential 
occurrence of adverse effects. An example of this scenario 
is provided by the pharmacogenetic association between 
 HLA*B5710  and abacavir. Abacavir is an nucleoside ana-
log inhibitor of reverse transcriptase used to treat HIV-1 
infections. Usual formulations are abacavir alone or in 
combination with other anti-retrovirals sush as lamivu-
dine and zidovudine. These treatments are highly effec-
tive, though 2 to 9% of patients receiving the drug develop 
hypersensitivity reactions which result in discontinuation 
of the medication ( Hetherington  et al ., 2001 ). This reaction 
is dose independent, and usually occurs within the first 6 
weeks of therapy. Symptoms include: fever, rash, gastroin-
testinal and respiratory symptoms. Treatment consists of 
permenant cessation of abacavir and supportive care. Death 
may occur with reintroduction to abacavir. 

 Initial   indications that the hypersensitivity reaction may 
be genetic came during the clinical trial of abacavir. First, 
only a small percentage of patients were affected, and sec-
ond, a clear racial difference in risk was seen with black 
patients at lower risk for the adverse event. Using a can-
didate gene approach which included genes involved in 
immune response and drug metabolism,  HLA*B5701  was 
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identified as having a strong statistical association with 
the hypersensitivity reaction ( Hetherington  et al ., 2002 ). 
The finding was also independently found in a Western 
Australian cohort ( Mallal  et al ., 2002 ). A clinical study was 
undertaken to determine the utility of  HLA*B5701  testing. 
The PREDICT-1 study randomized patients to standard 
of care or prospective pharmacogenetic screening prior 
to therapy ( Mallal  et al ., 2008 ). Those patients that were 
screened and were shown to be  HLA*B5701  positive were 
excluded for abacavir regimens. The prospective screening 
of patients reduced the overall incidence of clinically diag-
nosed hypersensitivity reaction from 7.8% in the standard 
of care arm to 3.4% in the pre-screened arm. 

 The   same association has not been shown in a black 
population, presumably because of ethnic differences in 
LD patterns in the MHC ( Hughes et al., 2004 ). Further pro-
spective clinical trials are needed to assess the utility of this 
test in clinical care.  

    24.4.4.2       Tamoxifen and  CYP2D6  

 An   example of how pharmacogenetic testing may affect 
drug selection can be seen in the case of tamoxifen. 
Tamoxifen is the standard endocrine therapy for estrogen 
receptor (ER) positive breast cancer in pre-menopausal 
women. Both the parent drug and its metabolite (endoxifen 
and 4-hydroxy tamoxifen) have pharmacologic activity, 
with the metabolites of tamoxifen having 30 to 100 times 
greater affinity to the ER. Both of these metabolites are 
formed through the metabolic conversion of tamoxifen by 
the hepatic enzyme CYP2D6. 

 Currently  , there are over 60 known alleles in the  CYP2D6  
gene ( Sims, 2008 ). These include polymorphisms that 
abolish (*4, *5), decrease (*10, *17, and *41), or increase 
(caused by gene duplication) function. These alleles usually 
classify people into the following phenotypic groups: poor 
metabolizers (PM), intermediate metabolizers (IM), exten-
sive metabolizers (EM), and ultrarapid metabolizers (UM). 

 With   respect to tamoxifen dosing, investigators have 
looked at the association of these alleles with endoxifen 
concentration.  Borges and coworkers (2006)  showed that 
individuals carrying at least one null (*4) of reduced func-
tion allele (*10) and had similar endoxifen concentrations, 
while those with multiple copies of the gene have signifi-
cantly higher endoxifen plasma levels. These differences 
in active metabolite concentrations have translated into 
differences in drug efficacy.  Goetz and coworkers (2005)  
showed that women carrying the  CYP2D6*4/*4  genotype 
had shortened relapse-free time and worse disease-free 
survival compared to women that did not carry this allele. 
These findings were confirmed by  Schroth and coworkers 
(2007) , who showed that tamoxifen-treated women that 
carried a null or reduced function allele had significantly 
more recurrence, shorter relapse-free survival, and worse 
event-free survival compared to functional allele carrriers. 

In later studies it was noted that the co-administration of 
CYP2D6 inhibitors (common in breast cancer therapy for 
treatment of hot flashes and depression) converted the EM 
phenotype to a PM phenotype ( Jin  et al ., 2005 ). When 
both these factors were considered in treatment outcomes, 
patients with decreased metabolism (either by genetic 
variant and/or co-administered drugs) had a significantly 
shorter time to recurrence and worse relapse-free survival 
( Goetz  et al ., 2007 ). 

 Because   of these findings, the FDA advisory commit-
tee met October 18, 2006 to determine if recommendations 
should be added to the drug label of tamoxifen. The con-
sensus of the advisory committee was that the tamoxifen 
label should be updated to reflect the increased risk for 
disease recurrence in postmenopausal women with ER-
positive breast cancer who have the  CYP2D6  PM geno-
type or women taking drugs which interact with CYP2D6. 
Consensus was not reached on whether  CYP2D6  testing 
should be recommended. The final decision from the FDA 
regarding the label change is pending ( Goetz  et al ., 2008 ). 

 Current   consensus on pharmacogenetic testing is that 
 CYP2D6  testing may be most beneficial in settings in 
which alternative therapies are known to be equivalent or 
superior to tamoxifen monotherapy (e.g. the use of aro-
matase inhibitors, AI, in postmenopausal women;  Goetz 
 et al ., 2007 ). For example, in these patients, PM and IM 
phenotype patients should be considered for alternative 
therapy. In addition, the optimal sequence of hormonal 
therapy (tamoxifen for some duration followed by an AI) 
for patients considered to be EM or UM needs to be inves-
tigated ( Goetz  et al ., 2008 ).    

    22.5       USEFUL RESOURCES IN 
PHARMACOGENETICS 

 The   advent of pharmacogenetic studies has led to the devel-
opment of several databases, by which investigators can 
glean valuable genotype and phenotype information. The 
HapMap Project leads the way as a source of large geno-
type information. The HapMap Project evolved naturally 
from the Human Genome Project which made the sequence 
for the entire human genome publicly available. The goal of 
the international HapMap Project is to identify and catalog 
genetic similarities and differences in human beings, and to 
develop a haplotype map of the entire human genome that 
can be easily utilized in genetic association studies. Four 
world populations/racial groups were genotyped: 30 trios 
(two parents and a child) from Nigeria (YRI), 30 trios from 
the USA and of European ancestry (CEU), 45 unrelated 
Japanese (JPT), and 45 unrelated Han Chinese (CHB) (see 
 http://www.hapmap.org ). These populations were chosen 
to broadly represent African, European, and Asian ancestry 
and to identify most of the common haplotypes that exist in 
populations worldwide. The hope is that the information in 
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HapMap can be used to elucidate genes that affect health, 
disease, and individual responses to medications and envi-
ronmental factors. By using this haplotype map, research-
ers will use the LD pattern seen in human population in 
pharmacogenetic studies. However, while the HapMap is 
sufficient for cataloging common variation, rarer alleles are 
not well represented. In addition, regions with complex and 
large regions of LD, such as the HLA region, may not be 
well represented by these data. 

 Another   publicly available resource for pharmacogenetic 
information is the Pharmacogenetics and Pharmacogenomics 
Knowledge Base (PharmGKB;  http://www.pharmgkb.org ). 
The purpose of this database is to curate information that 
establishes knowledge about the relationships among drugs, 
diseases, and genes, including their variations and gene 
products ( Klein  et al ., 2001 ). In addition to genes anno-
tated to the drugs they may affect, PharmGKB also contains 
drug-specific pathways and genes found in these pathways. 
While quite thorough, this database is limited in the number 
of genes/drugs that are included. 

 Since   the volume of pharmacogenetic databases and 
resources is quite large and variable,  Table 22.3    summaries 
a few of the widely used databases publicly available.  

    22.6       ETHICAL IMPLICATIONS 

 Integration   of pharmacogenetic information into both health 
care decisions and patient records brings up several ethical 
considerations. The most looming of these are privacy and 
confidentiality issues. Should genetic information be treated 
as any other diagnostic test, or is special protection needed 
for this data? Is patient consent required prior to testing for 
all pharmacogenetic mutations, even those used to guide 
dosing or therapy or only for those that predict disease sus-
ceptibility? Many of these concerns arise from lumping 
pharmacogenetic tests into the category of  ‘  ‘ genetic tests ’  ’ . 
Most pharmacogenetic tests are used for routine clinical 
decision making (i.e.  CYP2D6  SNP testing to determine 
enzyme activity to guide drug dosing), while genetic tests 
that are predictive of disease susceptibility may have an 
impact on the patient’s life, family, or third-party inter-
ests (i.e.  BRCA1  and  BRCA2  genotyping for risk of early 
onset breast cancer). Therefore, not all  ‘  ‘ genetic ’  ’  tests are 
created equal ( Roses, 2000 ;  Green and Botkin, 2003 ). The 
views on the amount of protection needed and appropriate 
safeguards to be used are a much-debated area ( Hedgecoe, 
2006 ). Some in the field have suggested that since the intent 

 TABLE 22.3          Commonly used resources in pharmacogenetics.  

   Resource  Home page web address   

   dbGAP   http://www.ncbi.nlm.nih.gov/sites/
entrez?Db      �      gap  

 Developed to archive and distribute the results of studies that 
have investigated the interaction of genotype and phenotype 

   dbSNP   http://www.ncbi.nlm.nih.gov/projects/
SNP/index.html  

 Serves as a central repository for both single base nucleotide 
substitutions and short deletion and insertion polymorphisms 

   ENCODE Project   http://www.genome.gov/10005107   Project to identify and characterize functional elements in the 
human genome 

   International HapMap 
Project 

  http://www.hapmap.org/index.html.en   International repository of genetic variation that can be 
used to find genes that affect health, disease, and individual 
responses to medications and environmental factors 

   NIEHS SNPs   http://egp.gs.washington.edu   An SNP discovery resource focused on examining the 
relationships between environmental exposures, inter-
individual sequence variation in human genes and disease 
risk in US populations 

   Perlegen Database   http://genome.perlegen.com   Access to several human genomic datasets released by 
Perlegen Sciences also available in HapMap 

   SeattleSNPs   http://pga.mbt.washington.edu   An SNP discovery resource focused on genes involved in 
pathways that underlie inflammatory responses in humans 

   UCSC Genome Browser   http://genome.ucsc.edu   Contains reference sequence and working draft assemblies 
for a large collection of genomes 

   Wellcome Trust Case 
Control Consortium 

  http://www.wtccc.org.uk/info/access_
to_data_samples.shtml  

 Identifies genome sequence variants influencing major 
causes of human morbidity and mortality, through 
implementation and analysis of large-scale genome-wide 
association studies 
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of pharmacogenetic testing is not to predict risk or disease, 
the need for consent and genetic counseling is unnecessary. 
Requiring the same consent and regulatory requirements 
as other genetic tests may block the integration of pharma-
cogenetics into clinical care and may potentially deprive 
patients of the benefits this type of testing makes possible. 
Others feel that patient consent and an open dialog between 
patients and clinicians on the benefits and potential risks of 
pharmacogenetic testing would make patients more willing 
to use pharmacogenetic testing ( Robertson, 2001 ;  Schubert, 
2004 ; van  Delden  et al ., 2004 ). 

    22.6.1       Pharmacogenetic Legislation 

 Concerns   such as these have been the impetus for the cur-
rent bill regarding discrimination and genetic testing, 
dubbed GINA (Genetic Information Non-discrimination 
Act). This bill hopes to prohibit discrimination on the basis 
of genetic information with respect to health insurance and 
employment and hopes this protection will encourage the 
public to confidently partake in genetic testing for both 
health and research purposes. Currently, the bill has passed 
the US House of Representatives and the Senate and was 
recently signed into law ( Genetic Alliance Organization, 
2008 ). Similar steps have been taken in Europe with less 
concrete results. The 1997 European Convention on Human 
Rights and Biomedicine includes an article prohibiting 
discrimination on genetic grounds ( Biomedicine, 1997 ). 
However, only four of the present EU member states have 
ratified it, namely Spain, Portugal, Greece, and Denmark. 
The Universal Declaration on the Human Genome and 
Human Rights, adopted by United Nations Educational 
Scientific and Cultural Organization (UNESCO) in 1997, 
though not legally binding, states that no one should be sub-
ject to discrimination on genetic grounds, and that genetic 
information should be confidential ( Biomedicine, 1997 ).  

    22.6.2       Secondary Information 

 A   second concern regarding pharmacogenetic testing is 
the issue of secondary information, garnered as a conse-
quence of pharmacogenetic testing. For example, a patient 
is genotyped today for a SNP that is predictive of drug 
response; however, at some future date science may be able 
to use this genotype to predict a predisposition to a disease 
( Netzer and Biller-Andorno, 2004 ). One example in which 
this may be the case is the hepatic arylamine N-acetyltrans-
ferase-2 (NAT2). This enzyme shows polymorphic activity, 
in which one allele codes for fast acetylation and several 
alleles code for impaired or slow acetylation. Patients with 
a slow acetylation genotype may be at increased risk of 
adverse drug responses ( Tanigawara  et al ., 2002 ;  Soejima 
 et al ., 2007 ). N-acetylation status has also been associated 
with increased risk of bladder cancer ( Cartwright  et al ., 

1982 ), and lung cancer ( Seow  et al ., 1999 ). The same case 
can be made for  UGT1A1*28 . Several investigators have 
looked at the association between the number of TA repeats 
and breast cancer risk because of its role in estradiol glu-
curonidation ( Guillemette  et al ., 2000, 2001 ;  Sparks  et al ., 
2004 ). One study in 200 African American women showed 
a 1.8-fold increase in breast cancer risk in pre-menopau-
sal women with the (TA) 7  and (TA) 8  alleles specifically in 
estrogen receptor negative (ER) breast cancers ( Guillemette 
 et al ., 2000 ). However, a larger case-control study in 
Caucasian women showed no association ( Guillemette 
 et al ., 2001 ). Clearly, further studies are needed; however, 
these findings may play a role in patients ’  willingness to 
be genotyped. Currently, there are no significant exam-
ples in which employment or insurance discrimination has 
occurred based on genetic data. Current trends in public 
policy and legislation provide individuals with increased 
protection from discrimination based on genetic informa-
tion obtained for clinical purposes, as reflected in the leg-
islative action outlined in section 22.6.1. However, because 
of the ever-changing nature of pharmacogenetics, further 
regulation may be needed as the knowledge in genetic sus-
ceptibility advances.   

    22.7       CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 The   current scientific literature has solidified genotype 
associations with drug response/efficacy in a few cases, 
which was further supported by the changes in drug labeling 
instituted by the FDA. However, the utility of such testing 
is still uncertain and far from optimal. Further prospective 
clinical studies as well as discovery research incorporating 
more complex genetic tools such as GWA and haplotype 
analysis are needed to provide utility to genetic informa-
tion in both the clinical and drug development setting. The 
effective utilization of such testing will also rely heavily on 
clinician education, understanding, and professional judg-
ment. We stand on the cusp of personalized medicine. The 
success of this endeavor will depend on more than knowing 
the genetic code, but in a deeper understanding of the intri-
cacies that regulate and underlie the code.   
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 Chapter 23 

    23.1       INTRODUCTION 

 While   a number of formal definitions exist, in essence 
nutrigenomics (sometimes called nutritional genomics) con-
siders the interactions between foods or dietary supplements 
and an individual’s genome, and the consequent downstream 
effects on their phenotype. The field has the potential to pro-
vide tailored nutritional advice or develop specialist food 
products for populations or for individuals. It recognizes that 
appropriate dietary advice for one individual may be inap-
propriate, or actually harmful, to another. The potential is 
comparable to that of its sister field of pharmacogenomics, 
which considers individualized drug therapy. While pharma-
cogenomics is considered to have  “ come of age ”  ( Allison, 
2008 ), nutrigenomics is still considered as an emerging 
science.  Joost and coworkers (2007)  point to several chal-
lenges in the field to be overcome. The Nutrigenomics New 
Zealand model ( http://www.nutrigenomics.org.nz ) provides 
an approach to integrating the various available technologies 
for systems biology, ultimately directed towards the devel-
opment of novel and targeted foods. However, this exam-
ple also provides a cohesive and integrated model that can 
be applied to other research objectives. Inflammatory bowel 
disease (IBD), specifically Crohn’s disease (CD), has been 
used as proof of principle. 

 One   of many challenges in the field is combining the 
new developments in systems biology modeling with classi-
cal nutritional approaches to develop a more comprehensive 
model, which takes all relevant mechanisms into account, 
including phenotype. Nutrigenomics offers a multi-level 
systems biology model that is both flexible and rigorous. 
Because some of the newer tools provide a sensitivity that 
has been previously lacking, this field can be applied to 
maintenance of good health, as well as to disease states. 

 A   necessary initial step establishes the nature of 
genetic variations relating to the disease or health end-
point of interest, using the techniques of genetic epidemi-
ology ( Burton  et al. , 2005 ). While many studies thus far 
have measured variation primarily in the form of single 
nucleotide polymorphisms (SNPs) and haplotypes, future 
work is increasingly considering copy-number variants 
(CNVs) ( Redon  et al. , 2006 ). Accurate dietary assess-
ment is also essential. The information generated by these 
two approaches can be used as a basis for the design of 
a cell-line (or other high-throughput model) that mim-
ics the genotype, and allows large numbers of food frac-
tions or known dietary components to be tested for their 
ability to overcome the phenotypic effects of the variant 
SNP or copy-number ( Philpott  et al. , 2007 ). Food com-
ponents thus identified are subjected to further testing in 
both  in vitro  and  in vivo  models. Animal models permit 
the study of defined nutrients, foods and food compo-
nents on the expression of disease, health- or perform-
ance-related genes. Food component-induced changes 
in gene and protein expression are measured in appro-
priate tissues collected from 2      �      2 mouse experiments 
( Park  et al. , 1997 ), using microarrays and proteomics 
techniques to identify disease-, health-, or performance-
related genes. As well as testing whether protective foods 
identified  in vitro  can extrapolate to the more complex  in 
vivo  situations, these studies also enable identification of 
biomarkers ( Ferguson, 2008 ). These are then used as sur-
rogate endpoints to study effects of dietary interventions 
in small animal models of human metabolism, or limited 
human clinical trials. Fundamental to the success of this 
approach is the ability to maintain large data sets and ana-
lyze complex multidimensional interactions.  
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    23.2       THE NATURE OF GENETIC VARIATION 

    23.2.1       Genetic Epidemiology 

 Genetic   epidemiology is  “ a science which deals with the 
etiology, distribution, and control of disease in groups 
of relatives and with inherited causes of disease in popu-
lations ”  ( Morton, 1982 ). This field has provided initial 
proof of principle, that genotype does profoundly influ-
ence response to diets or to nutrient in humans (e.g. 
 Ordovas, 2006 ). A large number of studies have related 
variants in individual genes to disease risk, with varying 
degrees of success to this time. However, it will be impor-
tant that future studies consider more than just individual 
gene variants, one at a time. The genetic basis of many 
complex diseases appears to be a combination of rela-
tively small variations in the DNA, typically in the form 
of SNPs or CNVs, which increase disease susceptibil-
ity, rather than directly cause disease. For example, many 
of the genes associated with susceptibility to asthma and 
allergic response increase the risk of developing the dis-
ease by around 1.2-fold. However, carrying more than one 
such variant increases the risk significantly more ( Vercelli, 
2008 ). Genetic epidemiology considers inherited causes of 
disease, by looking at inheritance patterns, identifying the 
causal genes, and establishing which variants are associated 
with disease susceptibility ( Burton  et al. , 2005 ). This field 
also provides a necessary first step to studying gene – gene 
and gene – environment interactions, including nutrigenom-
ics ( Fig. 23.1   ). 

 Familial   studies have traditionally been used for link-
age analysis, but with the increased sensitivity of methods 
for analyzing genetic variation, such as high-density SNP 
microarrays, population studies are being increasingly used 
to establish associations between genes and disease risk. 
Whichever method is being used, the key steps involve 
consideration of the following questions: 

      ●      Is there a genetic component to the disorder?  
      ●      What is the relative size of that component in relation 

to other causes of disease susceptibility?  
      ●      Which gene(s) are associated with the effect?  
      ●      Which are the functional variants in those genes?  
      ●      How will those variants interact with diet and/or other 

environmental factors to cause the phenotype?    

 Linkage   studies consider the segregation of genes among 
family members, and depend upon the co-segregation 
of two loci (one of which is the disease locus). They 
are dependent upon having access to a number of first 
degree relatives for analysis. While association studies 
may also be family based (transmission/disequilibrium 
test  –  TDT), they are increasingly being applied to pop-
ulation databases in whole genome association studies 
(WGAs). For example, the Wellcome Trust Case Control 
Consortium involved 17,000 subjects, and follow-up 

studies also examine high numbers of individuals from 
different populations ( Wellcome Trust Case Control 
Consortium, 2007 ). 

 Twin   studies provide important evidence on the 
genetic basis of disease, by comparing monozygotic 
(MZ) twins (who share all their genetic variants) with 
dizygotic (DZ) twins (who share half of their genetic 
variants). If there is evidence of higher concordance 
between MZ as compared with DZ twins, this implies a 
genetic basis for the disease in question ( MacGregor  et al. , 
2000 ). Disease concordance less than 100% between 
MZ twins implies an environmental component, exactly 
as seen in nutrigenomics. Such evidence has been used 
to suggest gene – environment interactions in the etiology 
of many diseases including cancer ( Risch, 2001 ), celiac 
disease ( Greco  et al. , 2002 ), and schizophrenia ( Sullivan 
 et al. , 2003 ). 

 Once   there is evidence that the disease has a genetic 
basis, it becomes necessary to establish which genes are 
important. Much of the traditional work in this area has 
involved family studies, which consider allele frequen-
cies in closely related subjects. Most powerfully, these 
involve multigenerational studies of large family pedi-
grees, but parent/child trios may be a pragmatic solution. 
Segregation analysis can be used in order to establish 
Mendelian inheritance patterns or non-classical pat-
terns of inheritance, including mitochondrial diseases 
and genomic imprinting. These data can be subjected to 
linkage analysis in order to localize the crude chromo-
somal regions likely to contain the genes relevant to the 
disease. For example, the Online Mendelian Inheritance 
in Man (OMIM) database ( http://www.ncbi.nlm.nih.
gov/sites/entrez?db      �      omim ) typically identifies chro-
mosome regions, based on linkage analysis. This yields 
broad chromosome regions harboring many genes, where 
finer resolution comes from recombination events (mei-
oses) in families. This approach has often been used in the 
past since it does not require many markers, but it is poor 
in terms of finding specific variants. It is important that 
linkage studies are not confused with association studies, 
since they consider different questions. A comparison of 
these two approaches is provided in  Table 23.1   . 

 While   linkage studies rely on recombinational analy-
ses, association studies are based on linkage disequilib-
rium (LD). This assumes that the SNP or CNV being 
studied is sufficiently close to the disease gene to result 
in an allelic association within the population ( Carlson 
 et al. , 2004 ;  Morton, 2005 ). CD must be considered as 
a successful example of a complex disease in which 
both linkage and association studies have been used to 
locate and find disease susceptibility genes ( Ferguson 
 et al. , 2007a ). Nevertheless, these studies are subject to 
the same pitfalls as conventional epidemiology, includ-
ing selection bias, information bias, and confounding 
( Clayton  et al. , 2005 ).  
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    23.2.2       Single Nucleotide Polymorphisms 
(SNPS) 

    23.2.2.1       SNP Discovery 

 Fundamental   to the success of genetic epidemiology is the 
identification of novel associations between SNPs in cer-
tain genes and a particular phenotype. Whether established 

by WGA studies or identified by decades ’  worth of linkage 
and candidate gene studies, large amounts of information 
on the genetic basis of many diseases are readily accessible 
through databases such as OMIM. 

 The   increasing density and falling cost of DNA micro-
arrays has made WGAs the current method of choice for 
SNP discovery. A number of microarray platforms allowing 

 FIGURE 23.1          Depiction of how genetic epidemiology studies (top), particularly WGA studies, can form the basis of nutrigenomics studies (bottom). 
Text boxes provide a description of the workflow of both study types.    
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genome-wide association studies are available, but the field 
is currently dominated by solutions provided by Affymetrix 
and Illumina (see also Chapter 16)  . Affymetrix SNP chips 
use photolithography to synthesize 25-mer oligonucleotide 
probes  in situ  onto silicon wafers, with the current Human 
SNP Array 6.0 having probes for  � 900,000 SNPs and 
a similar number of CNVs. Assays are performed by the 
hybridization of biotinylated cRNA, followed by washing, 
staining, and fluorescent detection. Illumina whole-genome 
genotyping assays use silica micro-beads, each uniquely 
labeled with a 50-mer oligonucleotide probe, with the cur-
rent Human1M-Duo BeadChip having  � 1,000,000 markers 
that are informative for both SNPs and CNVs. Assays are 
performed by hybridization of unlabeled genomic DNA, 
followed by single base extension with labeled nucleotides, 
washing, and fluorescent detection. 

 Irrespective   of the platform used, array-based WGAs 
provide a powerful new mechanism for unselected 

 TABLE 23.1          A comparison of linkage versus association studies.  

   Linkage studies  Association studies 

   Family based  Families or unrelated individuals 

   Matching/ethnicity generally unimportant  Matching/ethnicity crucial 

   Few markers for genome coverage (e.g. 
300 – 400 STRs) 

 Many markers required for genome coverage 
(10 5  – 10 6  SNPs) 

   Good for initial detection; poor for fine-
mapping 

 Poor for initial detection; good for fine-mapping 

   Powerful for rare variants  Powerful for common variants; rare variant 
identification generally impossible 

   Identifies chromosome regions rather 
than individual genes 

 Identifies individual genes 

 TABLE 23.2          Attributes of a desirable SNP genotyping method for nutrigenomics studies.  

   Attribute  Characteristics 

   Simple assay design  An assay should be easily and quickly developed from sequence information and require as few 
manual steps as possible. 

   High throughput  Newer methods require high numbers of SNPs to be assayed in (preferably) thousands of samples. 

   Robustness  The method should tolerate suboptimal DNA quality and minor variations in assay conditions such as 
reagent volumes, incubation periods, and temperatures. 

   Unambiguous genotype calling  Genotype calling should ideally be automated if large numbers of samples and/or genotypes are being 
assayed. 

   Affordability  When calculating the cost per genotype, the expense of equipment, reagents, consumables, and 
personnel time should be allowed for. 

   Reliability  The assay must produce accurate and reliable results. 

investigation of disease relationships. Furthermore, an enor-
mous amount of effort is also being put into bringing the 
cost of whole-genome sequencing down into the range of 
US$1,000 (see also Chapter 24)  . Such an approach would 
provide all the genetic variation of an individual and may 
represent the future of WGAs.  

    23.2.2.2       SNP Analysis for Nutrigenomics 

 Because   of the rapid proliferation of published WGA stud-
ies for many common diseases, SNP discovery is likely to 
be less important in nutrigenomics than the ability to geno-
type a population for which dietary and phenotype infor-
mation is available, allowing correlations to be made. Over 
100 different genotyping methods have been described 
to date, several of which have been discussed in detail in 
earlier chapters of this book. The ideal genotyping assay 
should have the qualities listed in  Table 23.2   . 
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 Appropriate   methods exist for genotyping a small 
number of samples for a single SNP through to thou-
sands of samples for thousands of SNPs, or even higher. 
A number of the most common genotyping methods have 
been previously compared for accuracy and reliability, 
covering the range from low to medium-high throughput 
( Huebner  et al. , 2007 ). The specific example chosen was of 
a triallelic SNP, since there is reason to believe that these 
may be more common than hitherto suspected ( Huebner  
et al. , 2007 ). 

 Restriction   fragment length polymorphism (RFLP), 
allelic discrimination PCR (ADPCR), TaqMan  ®   (Applied 
Biosystems), LightCycler melting curve analysis (Roche 
Applied Science), Sequenom iPlex (Sequenom), and 
DNA sequencing were used to genotype the triallelic SNP 
G2677/T/A (rs2032582) in the MDR1 gene of 73 sam-
ples. Triallelic SNPs are increasingly being reported in the 
genome but are often initially reported as diallelic, due to 
limitations in common genotyping methods. In order to test 
the various available genotyping techniques, assay designs 
for genotyping analysis were based on the assumption that 
there were only two alleles (G and T), and the ability to 
detect the rare third A allele was assessed. 

 RFLP   and LightCycler methodologies reported geno-
types for all 73 samples, whereas the other methods had 
missing genotype rates between 4.1 and 5.5% ( Table 23.3   ). 
More importantly, however, genotyping error rates were 
high for RFLP, ADPCR, and TaqMan  ®  , due largely to their 
inability to correctly call the third allele. If the A allele is 
removed from the calculations, then the genotyping error 
rates for these assays are greatly improved, particularly for 
TaqMan  ®   assays. Furthermore, if the presence of the third 
allele was known in advance, the ADPCR, and TaqMan  ®   
assays could be redesigned to successfully detect this 
allele. LightCycler, Sequenom, and sequencing methods 
were all capable of detecting the third allele without prior 

knowledge of its existence, although for LightCycler and 
Sequenom methods, this ability initially required examina-
tion of the individual spectra rather than relying on auto-
mated genotype calling. The LightCycler assay suffered 
from high genotyping error rates, irrespective of whether 
the A allele was included in the analysis, negating the 
low rate of missing genotypes and the ability to detect the 
third allele. In comparison, the Sequenom and sequencing 
approaches had much lower genotyping error rates. The 
observed genotype frequencies for the Sequenom assay 
most closely matched the true genotype frequency, demon-
strating that while a high genotype calling rate is important, 
it is more important that the genotypes are being called 
correctly. 

 Based   partly on results from these studies, a combina-
tion of genotyping approaches would seem appropriate, 
with the method determined by the throughput required. 
RFLP remains the simplest way of assaying a small number 
of samples for a small number of SNPs. The equipment 
and most of the reagents required to perform these assays 
will almost certainly be pre-existing in any molecular biol-
ogy laboratory, making the only significant cost the restric-
tion enzyme. However, RFLP assays require considerable 
manual input and the cost per genotype is linear, restrict-
ing its use to studies requiring low numbers of genotypes. 
These might include initial or exploratory studies, but the 
method would be impractical for the large nutrigenomics 
studies required to associate genotype with diet. TaqMan  ®   
assays are PCR-based homogeneous assays performed in 
96- or 384-well plates with fluorescent detection in a RT-
PCR instrument. This allows much greater throughput than 
RFLP, making TaqMan  ®   assays ideal where an individual 
or relatively small number of SNPs need to be genotyped in 
larger populations of  � 100 to several thousand. Due to the 
availability of a range of kit sizes, cost per genotype tends 
to go down with increasing number of samples, although 

 TABLE 23.3          Comparison of six common SNP genotyping approaches for 
genotyping a tri-allelic SNP (adapted from  Huebner and coworkers, 2007 ). 
Numbers represent percentages.  

   Method 
 Missing 
genotypes 

 Genotyping errors 
(G/T/A alleles) 

 Genotyping errors 
(G/T alleles) 

   RFLP  0  12.3  3.0  

   ADPCR  5.5  16.9  6.8 

   TaqMan ®   4.1  11.1  1.6 

   LightCycler  0  10.6  9.5 

   Sequenom  5.5   0  0 

   Sequencing  5.5   1.5  1.5 
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each SNP must be assayed individually, meaning cost per 
genotype is linear with increasing SNPs. 

 Increasingly  , it is desirable to genotype the large num-
bers of SNPs identified in WGA studies in a study popu-
lation where specific dietary information can also be 
collected. To achieve this at an acceptable cost per geno-
type, multiplexed assays become necessary. The Sequenom 
iPlex Gold genotyping assay is based on multiplex PCR 
followed by single base primer extension and allelic dis-
crimination by MALDI TOF MS. Online tools available at 
Sequenom RealSNP.com ( https://www.realsnp.com ) and/or 
Assay Design 3.1 software are used to design PCR primers 
and extension primers for multiplex reactions, currently up 
to 40-plex. Primer pools are created and PCR amplification 
of DNA samples to be genotyped is performed in a 384-
well format, before unincorporated nucleotides are deac-
tivated by shrimp alkaline phosphatase (SAP) treatment. 
Primer extension is then carried out on a thermocycler 
using the iPlex enzyme, followed by the addition of ion 
exchange resin to remove ions that would otherwise inter-
fere with MS detection. Reactions are then spotted onto 
SpectroCHIPs, which are small silicon wafers with an array 
of 384 spots preloaded with MALDI matrix optimized for 
DNA analysis. Finally, assay definitions and plate defini-
tions are set up in Typer 4.0 software and spectra acquired 
from the SpectroCHIPs in the Sequenom Compact bench 
top MALDI TOF MS. The acquired genotype data can be 
reviewed in the Typer 4.0 software, before export for statis-
tical analysis. In this way, the Sequenom platform is capa-
ble of generating 150,000 genotypes per day at a cost per 
genotype as low as 3.5 ¢  (US).   

    23.2.3       Copy-Number Variants 

 A   CNV has been defined as a copy-number change involv-
ing a DNA fragment that is approximately 1       kb or larger 
( Feuk  et al. , 2006 ). Changes involving the insertion or dele-
tion of transposable elements are specifically excluded from 
the definition ( Freeman  et al. , 2006 ). There is reason to 
believe that most humans carry considerably more genetic 
variation in the form of CNVs than had previously been sus-
pected, and that these may be a greater source of human var-
iation than SNPs ( Redon  et al. , 2006 ;  Shen  et al. , 2008 ). It 
is of interest that CNVs appear to be enriched within genes 
that are important in molecular – environmental interactions, 
potentially influencing immune defense and disease resist-
ance or susceptibility of humans ( Barber  et al. , 2005 ). 

 Whole  -genome-based analyses such as array compara-
tive genomic hybridization (CGH; see also Chapter 12)   or 
the high-density SNP genotyping arrays from Affymetrix 
and Illumina will identify variants, and establish their loca-
tion. Using high-density 500       K SNP genotyping arrays, 
 Redon and coworkers (2006)  revealed around 1,200 CNVs 

of varying sizes (approximately 1       kb to over 3       Mb). Such 
initial studies need to be validated through repeated analy-
sis, which may involve larger numbers of patient samples 
and/or a different population, using a similar technology 
( Freeman  et al. , 2006 ). However, other assays are neces-
sary to test specific hypotheses. Quantitative PCR-based 
methods such as TaqMan  ®   analysis may be employed, but 
multiplex ligation-dependent probe amplification (MLPA; 
see also Chapters 12 and 13)   is also increasingly used to 
identify and screen gene-based deletions and duplications 
( den Dunnen and White, 2006 ). However,  Shen and 
coworkers (2008)  point out that the use of DNA probes 
developed for polymorphic nucleotides is not necessary for 
CNV identification and detection, and SNP-based assay 
design may even hinder successful CNV detection. They 
designed and evaluated a high density array that used non-
polymorphic oligonucleotide probes for CNV detection, 
effectively uncoupling CNV detection from SNP genotyp-
ing. They were able to detect nearly 200 CNVs, of which 
approximately half appeared novel. These were independ-
ently validated using quantitative PCR.   

    23.3       NUTRITIONAL EPIDEMIOLOGY 

 A   fundamental assumption of nutrigenomics is that multi-
genic traits can be modified by a combination of nutritional 
and other environmental factors. If the field is to be suc-
cessfully applied, accurate nutritional assessment must be 
a starting point. Traditional methods of analysis are well 
documented (e.g.  Willett, 2005 ). However, current assess-
ment tools, including either food frequency questionnaires, 
diet dairy or diet recall methods, are notoriously unreliable. 
 Bingham and coworkers (1994)  systematically compared 
eight dietary assessment methods in a sample of 160 women 
(a simple 24       h recall, a structured 24       h recall with portion 
size assessments using photographs, two food-frequency 
questionnaires, a 7-day estimated record or open-ended 
food diary, a structured food-frequency (menu) record, and 
a structured food-frequency (menu) record with portion 
sizes assessed using photographs), against weighed dietary 
records. These authors found that 7-day estimated records or 
food diaries gave the most accurate information for standard 
nutrients. However, a nutritional role is increasingly attrib-
uted to bioactive dietary components that are not associated 
with traditional nutrition. More than 25,000 bioactive food 
components have been identified, and may impact in a gen-
otype-specific manner through their modes of interaction 
with the cell ( Ferguson and Philpott, 2007 ;  Ferguson  et al. , 
2007b ). No food composition database provides sufficient 
information on levels of these compounds in common foods 
that could be used to estimate their consumption in the diet. 
Accurate nutritional assessment provides a major challenge 
to the field at present. 
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 Nutrition   researchers require methods of assessing food 
intake that will measure what people actually eat, instead of 
what they remember eating. New methods are under devel-
opment (e.g. cell phones are being used to report what peo-
ple are eating on a real-time basis, using the camera feature 
of the cell phone to take a picture of the meal). While this 
may produce an accurate record, there will be other chal-
lenges in the analysis. 

 Traditional   food-frequency data is useful for determin-
ing typical intake of macro- and micro-nutrients, but it gives 
no indication of what short-term effects they might have on 
phenotype. In the case of CD, where diet can result in rapid 
changes in phenotype, knowing what foods people know 
they can or cannot eat is the most valuable information of 
all. Thus, a qualitative measure of food tolerance can be 
used, in preference to more conventional methods.  

    23.4       EXPERIMENTAL MODELS 

    23.4.1       Cell-Based Assays 

 While   genomics technologies make it possible to simul-
taneously examine the expression of tens of thousands of 
genes or detect hundreds of thousands of SNPs and metabo-
lomics is moving towards the identification of the multitude 
of compounds present in foods (see below), the tools to test 
the ability of foods to modulate phenotype against a spe-
cific genotype are still in their infancy. A genotype-specific 
cell-based assay ( Philpott  et al. , 2007 ) has been previously 
reported that allows for the screening of food extracts 
or compounds for their ability to overcome the defects 
imparted by the 3020insC polymorphism in the NOD2 
gene, which is associated with CD. This example utilizes 
technology that can be readily applied to other genetic var-
iants, providing the SNP leads to a clearly defined pheno-
typic difference between cells carrying the wild-type and 
cells carrying the variant allele. 

 In   this assay, HEK293T cells (which do not natively 
express NOD2) are cotransfected with an NF- κ B-SEAP 
reporter construct,  β -galactosidase transfection control plas-
mid, and a vector constitutively expressing either the wild-
type or mutant NOD2. Wild-type NOD2, but not mutant 
NOD2, responds to the specific ligand muramyl dipep-
tide (MDP) by triggering NF- κ B activation, which can be 
assessed by SEAP production in this system. Food extracts 
are then screened for their ability to restore normal pheno-
type (i.e. SEAP production) to the mutant cells. Serial frac-
tionation and retesting of any extracts producing a positive 
response in the assay allows the identification of the active 
compound responsible. The use of robotics and high well-
density plates, along with the initial use of crude extracts 
that contain many compounds at potentially active concen-
trations, allows large numbers of food compounds to be rap-
idly screened.  

    23.4.2       Animal Models 

 Because   of the complex interactions between foods, micro-
flora, and host cells that occur within the intestine,  in vitro  
models are limited in their ability to help understand these 
interactions. It is difficult to foresee any  in vitro  assay ever 
being able to represent this complexity; since they com-
monly exclude some of the important interactions, the role 
of the intestinal microflora being an excellent example. 
Furthermore, even the most complex  in vitro  models will 
never contain every different cell type present in the intesti-
nal or other tissues. Therefore,  in vivo  models are required 
to gain a better understanding of changes in phenotype 
from healthy to disease states, and the effects of foods and 
food components on this process. 

 A   large number of animal models are available for spe-
cific purposes, which may conveniently be categorized into 
the following groups: 

      ●      Induced (experimental) disease models  
      ●      Spontaneous (mutant) disease models  
      ●      Genetically modified disease models 
       ●      Transgenic  
       ●      Knockouts  
       ●      Chemically induced       

 Such   models are currently available for all of the most 
common human diseases. In the following example, one 
specific group of such models is considered, for colonic 
inflammation. 

 The   authors ’  studies aim to understand how different 
foods or food components might interact with a particu-
lar genotype to cause the chronic intestinal inflamma-
tion which is a hallmark of CD. A systematic approach is 
needed where intestinal parameters are measured at sev-
eral time points, during which homeostasis of the intes-
tinal system is challenged. The impacts on the biological 
gene and protein networks are measured, and physiology 
modeling systems biology approaches used to integrate 
the key drivers of the effects of foods on intestinal well-
ness ( Fig. 23.2   ). 

 Many   different rodent models of intestinal inflam-
mation could have been selected ( Jurjus  et al. , 2004 ). 
This includes inducible colitis models and gene knock-
out or transgenic mouse and rat models. All animal mod-
els of intestinal disease should exhibit some key disease 
attributes (similarity in morphology changes, inflamma-
tion status, pathophysiology and time course). Our stud-
ies are specifically looking at nutrient – gene interactions, 
so we have chosen to work with mouse models in which a 
well-defined genetic variation is associated with intestinal 
inflammation. At least ten rodent models of IBD involving 
single gene manipulations exist with some of the symp-
toms characteristic of IBD ( Kang  et al. , 2008 ). Two in par-
ticular have been selected. 
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    23.4.2.1       The Interleukin-10 Gene-Deficient 
(IL10  � / �  ) Mouse 

 IL10   is an anti-inflammatory cytokine and a defect in the 
IL10 gene leads to an imbalance in the inflammatory 
responses. While IL10  � / �   mice (C57BL/6J/129-Ola back-
ground) have been reported to develop Crohn’s-like colitis 

by 12 weeks of age when raised under conventional condi-
tions ( Berg  et al. , 1996 ), the level of inflammation observed 
is influenced by the background strain (see also Chapter 31   
for inbred strains). In the case of the C57BL/6       J background, 
more consistent inflammation is observed when the IL10  � / �   
mice are inoculated with  Enterococcus faecalis  ( Balish and 

 FIGURE 23.2          Systems biology approach employed for animal model studies to understand how different foods or food compounds might interact with 
a particular genotype. One output of this approach is a defined set of biomarkers for use in human trials (see also  Fig. 23.4 ).    
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Warner, 2002 ) or  Enterococcus  isolates (both faecalis and 
faecium) in combination with conventional intestinal flora 
derived from healthy C57BL/6       J mice raised under conven-
tional conditions ( Roy  et al. , 2007 ;  Barnett  et al. , 2008 ). 
As is the case in human IBD, the precise mechanism that 
results in inflammation in IL10  � / �   mice is unclear, although 
evidence suggests an inappropriate inflammatory response 
to normal intestinal flora, through activation of CD4  �   th1 
cells and the depletion of their inhibitors, i.e. the regulatory 
T cells ( Kuhn  et al. , 1993 ). 

 Although   IL10  � / �   mice have IBD-like symptoms, vari-
ants in this gene have not been consistently associated with 

IBD in human populations ( Klein  et al. , 2000 ;  Castro-
Santos  et al. , 2006 ). However, variants of the IL23 receptor 
have shown association with IBD in a number of popula-
tion groups, including those from New Zealand ( Roberts 
 et al. , 2007 ), the Netherlands ( Weersma  et al. , 2008 ), and 
Finland ( Lappalainen  et al. , 2008 ). It has been shown that 
the T cell-mediated colitis that develops in IL10 −/−  mice 
may be dependent on IL23 ( Yen  et al. , 2006 ). This mouse 
model has been used by our group ( Roy  et al. , 2007 ;  Knoch 
 et al. , 2008 ) and others to identify food components which 
may ameliorate or prevent human IBD.  Figure 23.3    shows 
a biological network of the genes of the most significantly 

 FIGURE 23.3          A biological network of the genes of the most significantly altered pathways in the IL10  � / �   mice (C57BL/6       J) compared to control 
C57BL/6       J mice ( Knoch  et al. , 2008 ). The network was generated by Ingenuity Pathway Analysis software (Ingenuity Systems) using all molecules from 
significantly affected canonical pathways. Connections were applied based on known interactions between these genes within the Ingenuity Pathways 
Knowledge Base.    
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altered pathways in the IL10  � / �   mice (C57BL/6       J) compared 
to control C57BL/6       J mice ( Knoch  et al. , 2008 ). This model 
has been used to test the efficacy of potential food compo-
nents including polyunsaturated fatty acids ( Roy  et al. , 2007 ; 
 Knoch  et al. , 2008 ), fish oils ( Hegazi  et al. , 2006 ), flaxseed 
oil ( Cohen  et al. , 2005 ), and some probiotics ( Madsen, 2001 ; 
 Schultz  et al. , 2002 ;  McCarthy  et al. , 2003 ).  

    23.4.2.2       The Multidrug Resistance Gene-
Deficient ( mdr1a  � / �   ) Mouse 

 MDR1   belongs to a family of transmembrane transporters, 
known as ATP-binding cassette transporters, and a number 
of mutations that lead to reduced MDR1 activity have been 
linked to IBD ( Brant  et al. , 2003 ;  Schwab  et al. , 2003 ;  Ho 
 et al. , 2006 ). In the intestinal tract, MDR1 is expressed on 
the luminal surface of epithelial cells, pumping toxins from 
inside the cells back into the intestinal lumen ( Ho  et al. , 2003 ; 
 Bilsborough and Viney, 2004 ); thus, a failure to  “ clear ”  
these toxic compounds may be triggering and maintain-
ing the spontaneous intestinal inflammation observed in 
 mdr1a  � / �    mice ( Panwala  et al. , 1998 ;  Banner  et al. , 2004 ; 
 Wilk  et al. , 2005 ;  Dommels  et al. , 2007 ). Furthermore, 
antibiotic treatment has been shown to both prevent and 
therapeutically reverse inflammation in  mdr1a  � / �    mice, 
demonstrating both a role for bacterial flora in the initiation 
and progression of inflammation in these mice ( Panwala 
 et al. , 1998 ), and the importance of considering the bacte-
rial flora in any gut health studies. The  mdr1a  � / �    model is 
another tool we have used to understand the development 
of intestinal inflammation ( Dommels  et al. , 2007 ), and 
to test the efficacy of food components such as curcumin 
and rutin ( Nones  et al. , 2008a ) and green tea ( Nones  et al. , 
2008b ) on the prevention of this phenotype. 

 For   gene-mutation IBD rodent models, as well as moni-
toring the effect of food components on the physical and 
biochemical signs of inflammation, gene ( Roy  et al. , 2007 ; 
 Knoch  et al. , 2008 ) and protein ( Werner and Haller, 2007 ) 
expression, metabolite profiling and epigenomic changes 
in the colon cells can also be assessed to understand the 
mechanisms by which the changes in inflammation occur. 
The expression of genes implicated in human IBD, e.g. 
those involved in processes such as immune response, 
inflammation, antigen presentation and xenobiotic metabo-
lism ( Dommels  et al. , 2007 ;  Roy  et al. , 2007 ;  Barnett  et al. , 
2008 ;  Knoch  et al. , 2008 ;  Nones  et al. , 2008a, b ), is of par-
ticular interest.   

    23.4.3       Human Clinical Trials 

 The   ultimate proof that a nutritional intervention is ben-
eficial to health utilizes a double blind, placebo-con-
trolled clinical trial. Optimal study design would utilize 
randomly chosen subjects, who are prospectively exam-
ined and compared to well-matched control individuals, 

using genomically based diagnostic techniques. However, 
such studies are not cost effective in terms of either time or 
money. Furthermore, an increasing number of such trials 
have provided negative or ambiguous results, even where 
there is a very strong reason to believe that the foods in 
question are beneficial. Examples would include omega-3 
polyunsaturated fatty acids, where the meta-analysis of sev-
eral large international studies has failed to support a ben-
efit against cardiovascular disease ( Hooper  et al. , 2006 ). 
Similarly, despite good theoretical grounds for the hypoth-
esis, most human intervention studies on antioxidants have 
given disappointing results (       Moller and Loft, 2004, 2006 ). 
More generally, most human clinical studies on randomly 
selected populations have failed to demonstrate predicted 
outcomes from dietary interventions alone. One possible 
explanation is that many of the studies have merely provided 
a better description of homeostasis, showing the robustness 
of health and the more analytically elusive subtleties of mul-
tiple minor changes. Two approaches are yielding fruit, and 
should not be considered mutually exclusive. 

    23.4.3.1       Subject Pre-Selection or Stratification 
According to Genotype 

 A   flow diagram showing how a trial involving subject pre-
selection or stratification according to genotype might opti-
mally work is provided in  Fig. 23.4   . To date, studies that 
have stratified populations into specific subpopulations 
which are uniquely responsive to particular diets or nutri-
ents have not yet been completed. However,  Kornman and 
coworkers (2007)  stratified their population of individuals 
susceptible to cardiovascular disease risk according to gen-
otype, and tested a botanic formulation that included rose-
hips, a blueberry and blackberry mixture, and a grapevine 
extract in their nutrigenetics proof of concept clinical trial. 
They studied healthy adults with elevated C-reactive pro-
tein as an indication of inflammation, and stratified them 
according to being positive or negative for known variations 
that related to risk of chronic disease in the interleukin-1 
(IL-1) gene. Thirty-nine IL-1 positive subjects (who carried 
genetic variants) and 40 IL-1 negative subjects were rand-
omized to the candidate botanical formulation or a placebo 
control. These authors were able to show that a 12-week 
period of dosing with their proprietary formula reduced 
inflammation in the IL-1 positive individuals. These indi-
viduals carried genetic variations that predisposed them to 
overexpression of IL-1, and are known to be susceptible 
to early heart disease. The effect of the botanic preparation 
was much reduced in the IL-1 negative subjects.  

    23.4.3.2       Challenging Homeostasis 

 Ultimately  , the goal of nutrigenomics is to ensure opti-
mum health. However, quantification of health cannot be 
achieved by applying  “ absence of disease ”  approaches. 
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Intermediate processes such as metabolic stress, oxidative 
stress, or inflammatory stress may be more amenable to 
biomarker approaches. However, these processes strongly 
influence each other, and their complexity means that there 
is no completely satisfactory simple biomarker. Inter-
individual variation may be larger than the effect imposed 
by the treatment, partly because the  “ confounders ”  cannot 
be adequately controlled. Genetics, lifestyle, age, stress, 
concurrent infections, etc., all determine the health status 
of an individual, and need to be quantified. 

 For   these reasons, newer clinical trial designs look to 
challenging homeostasis. The concept considers that only 
after stressing or perturbing homeostasis can the robustness 
( “ health ” ) of the system be demonstrated and potentially 

quantified. A classic example in nutrition research is the 
oral glucose tolerance test, whereby individuals who have 
been fasted overnight are provided with a high glucose 
bolus, and the level of glucose in their bloodstream meas-
ured immediately and again after 2 hours. Other examples 
are actively being developed in order to accurately target a 
range of parameters of health or disease, including metabo-
lism, oxidation, inflammation, and psychological stress 
( Kaput, 2008 ). For example,  Kleemann and coworkers 
(2007)  have shown that increased dietary cholesterol intake 
increased both atherosclerosis and liver inflammation in 
an animal model. This happened in a relatively short time 
span, and could be sensitively measured using a combined 
transcriptomics and metabolomics analysis. Theoretically at 

 FIGURE 23.4          Study design for human trials of foods where subjects are pre-selected or stratified according to genotype. Study participants are rand-
omized on to a control diet or an experimental diet that includes the food shown to ameliorate the phenotype associated with a particular genotype in 
animal models (see also  Fig. 23.2 ). Biomarkers previously identified in the same animal studies are monitored to rapidly establish if the experimental 
diet can restore the non-risk-genotype profile, without the need to follow study participants until the development of disease. These results can be extrap-
olated to predict the long-term protection against disease development.    
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least, a short-term human intervention study that increased 
cholesterol for a short time (challenges homeostasis) could 
provide information as to how other dietary factors may 
alleviate such stress.    

    23.5       DEFINING THE PHENOTYPE 

 The   term  “ deep phenotyping ”  has recently been proposed, 
meaning  “  … more complete descriptions of the physical 
state of individuals (and, by aggregation, groups of individ-
uals) than has been possible in the past …  ”  ( Tracy, 2008 ). 
The justifications for this are three-fold ( Tracy, 2008 ): 

      ●      Translational research is necessary for translation of 
dietary recommendations, but insufficient to provide 
definitive proof of efficacy.  

      ●      Phenotype variability dilutes statistical power and 
strength of association.  

      ●      There are differences in pathophysiology over time 
within an individual.    

 A   good example is provided by the field of cardio-
vascular disease, in which three phases can be identified, 
whereby it has become increasingly possible to define a 
serum lipid profile that differentiates healthy individuals 
from those at significantly increased risk of developing 
disease ( Fig. 23.5   ). This modified lipid profile which inte-
grates not only serum cholesterol but also HDL and LDL 
cholesterol provides a basis whereby effects of a dietary 
intervention can be readily measured. The aim is to move 
individuals from the  “ high risk ”  to  “ low risk ”  profile, with 
good predictive powers for benefit or otherwise. 

 More   powerfully, deep phenotyping involves the appli-
cation of  “ omics ”  technologies to better understand the 
underlying biology and metabolism associated with dis-
ease, thereby enhancing diagnosis and potentially iden-
tifying improved phenotypic markers of disease state. 
International standards are being applied in the develop-
ment of guidelines and standards for these technologies. 
For example,  Nature Biotechnology  has an online community 
consultation initiative ( http://www.nature.com/nbt/consult/
index.html ) which is intended to encourage researchers to 
participate across country barriers. 

 Because   deep phenotyping relies on a suite of new and 
emerging technologies, the costs can be considerable. For 
example, one cholesterol measurement might cost US$5 –
 10, whereas an appropriately planned and performed 
microarray-based expression experiment could cost in the 
order of US$500 – 1,000 per sample. Specialized tissue col-
lection and complex bioinformatic analysis only adds to 
this cost. However, the end result of preliminary analyses 
using these methods may be a relatively small number of 
measurements (be they gene or protein expression events, 
or blood/urine metabolites) which, when combined, give 
a very accurate and precise diagnosis of a disease. Most 

importantly, such measures may be possible before there is 
any obvious disease onset, providing the ability to prevent 
or treat symptoms, and therefore improving the prognosis 
for the individual in question. Therefore, techniques that are 
becoming routinely applicable to nutrigenomics research 
hold much promise in the field of disease diagnosis. 

    23.5.1       Transcriptomics 

 The   transcriptome is the set of all messenger RNA 
(mRNA) molecules, or  “ transcripts ” , produced in one or a 
population of cells ( Duffus  et al. , 2007 ). The transcriptome 

 FIGURE 23.5          Example of how deep phenotyping can be used to better 
define disease risk. Since the 1950s it has been recognized that cholesterol 
levels are associated with increased risk of cardiovascular disease, but that 
the predictive power of cholesterol levels was relatively poor (top panel). 
In the 1980s it was demonstrated that a wider lipid profile investigating 
HDL and LDL was an improved predictor of cardiovascular disease (mid-
dle panel). More recently, detailed examination of lipoprotein subfractions 
has been used to establish much more accurate cardiovascular disease risk 
prediction (lower panel). Dietary intervention can then be used to alter 
an individual’s lipid profile to shift them from the high risk to the low 
risk profile.    
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reflects the genes that are being actively expressed at any 
given time because it includes all  mRNA  transcripts in the 
cell. Analyses often use high-throughput techniques based 
on DNA microarrays. 

 While   originally developed using arrays of cDNA 
 “ spotted ”  onto glass microscope slides, the field of tran-
scriptomics (as in the case of WGAs) is now dominated 
by solutions provided by companies such as Affymetrix, 
Agilent Technologies, and Illumina. Affymetrix arrays, like 
the SNP chips, consist of  in situ  synthesized 25-mer oligo-
nucleotide probes applied using photolithography technol-
ogy. Agilent Technologies also use  in situ  hybridized oligos, 
but these are synthesized using piezo-electric (inkjet) tech-
nology, and have a length of 60 bases. Illumina BeadChips 
use 50-mer oligonucleotides immobilized onto microbeads, 
which then self-assemble on to ordered microwell-etched 
substrates. A comparison of some features of these three key 
microarray technologies is shown in  Table 23.4   . 

 For   genome-wide measurement of gene expression 
changes associated with intestinal inflammation in both 
IL10  � / �   ( Roy  et al. , 2007 ) and  mdr1a  � / �    mice ( Dommels 
 et al. , 2007 ), Nutrigenomics New Zealand has used 
Agilent Technologies microarrays. Briefly, cyanine-3 
and cyanine-5-labeled cRNA is synthesized from puri-
fied colon RNA and hybridized to Agilent mouse whole 
genome arrays. The slides are scanned, using either a 
GenePix 4200A scanner (Molecular Devices Corporation, 
Sunnyvale, CA, USA) with spots identified and quan-
tified using GenePix 6.0 software (Molecular Devices 
Corporation, Sunnyvale, CA, USA), or using an Agilent 
Technologies microarray scanner with the digitized data 
being aligned and spot intensity data downloaded as text 
files using Feature Extraction software. Linear models 
for microarray analysis (Bioconductor) ( Smyth, 2005 ) are 
then used for normalization and identification of differen-
tially expressed mRNA with multiple comparisons to min-
imize false discoveries using internationally recognized 
standards ( Benjamini and Hochberg, 1995 ). Bioconductor 
( http://www.bioconductor.org ) is open source and open 
development software for the analysis and comprehension 
of genomic data.  

    23.5.2       Proteomics 

 Proteomics   is the analysis of the protein complement 
present in a cell, organ, or organism at any given time 
( Matt  et al. , 2008 ; see also Chapter 18)  . While the genome 
provides information about the potential nature of the cel-
lular proteins, the actual protein composition ( “ the pro-
teome ” ) ultimately determines the phenotype. Fundamental 
technologies for the separation of proteins and/or peptides 
are one- and two-dimensional gel electrophoresis and one- 
and two-dimensional liquid chromatography, typically cou-
pled with mass spectrometry (see also Chapter 21)  .  Matt and 
coworkers (2008)  provide a comprehensive description of 
current technologies for proteome fractionation and separa-
tion of biological samples. 

 In   order to allow direct comparisons with gene expres-
sion measurements, the same tissue sample can be extracted 
to provide a source for both RNA and protein. This is possi-
ble using TriZOL reagent or, more recently, kits such as the 
All-in-One Purification Kit (Norgen Biotek), which purifies 
RNA, DNA, and proteins from the same piece of tissue. 

 The   model of intestinal inflammation again provides an 
example of workflow in proteomics. The proteomic method 
that has been commonly employed within Nutrigenomics 
New Zealand is 2D gel electrophoresis using DIGE tech-
nology, by which proteins differentially expressed during 
intestinal inflammation can be recognized, and subsequently 
identified using mass spectrometry technology (LCMS, MS/
MS). More recently, an online 2D multidimensional liquid 
chromatography method combined with MS differential 
analysis software has been utilized ( Cooney  et al. , 2007 ). 
A number of the proteins identified in this study as being 
differentially expressed in intestinal inflammation may be 
candidates for colonic biomarkers associated with CD, par-
ticularly when combined with gene and metabolite data.  

    23.5.3       Metabolomics 

 Despite   its wide application in pharmacology and toxicol-
ogy, the use of metabolomics is relatively new to human 
nutrition ( Gibney  et al. , 2005 ). The ultimate goal is to 

 TABLE 23.4          Features of three currently available expression array technologies.  

   Supplier  Affymetrix  Agilent  Illumina 

   Feature  Oligonucleotide  Oligonucleotide  Oligonucleotide 

   Length  25-mer  60-mer  50-mer 

   Color  One color  One or two color  One color 

   Number of 
unique probes 

  � 5,500,000 
( � 1 sample/chip) 

  � 44,000 
( � 8 samples/slide) 

  � 48,000 ( � 12 samples/
slide, 15-fold redundancy) 
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understand the effects of dietary components on human 
metabolic regulation. Knowledge is only slowly accumulat-
ing as to how changes in the nutrient content of the human 
diet lead to changes in metabolic profiles. These are com-
plex, because they result from at least three different sets 
of signals: 

      ●      Nutrients and bioactive compounds absorbed from 
the diet,  

      ●      Xenobiotics that are absorbed and metabolized from 
their environmental sources,  

      ●      The large-bowel microflora also produces significant 
metabolic signals.    

 Metabolomics   is the most recent of the  “ omics ”  tech-
nologies, and therefore less well advanced than either 
genomics or proteomics. Metabolic profiling uses pattern-
recognition statistics on assigned and unassigned metabo-
lite signals, and the collection of comprehensive data sets 
of identified metabolites. The technology has the potential 
to distinguish between different dietary treatments, which 
would not have been targeted with conventional tech-
niques. The field faces significant technical challenges 
due to the sheer number of potential metabolites, and their 
widely varying chemical and physical properties. Thus, the 
ultimate success of this approach will be heavily depend-
ent upon the development of libraries of small molecules to 
aid in metabolite identification. However, a key advantage 
to metabolomics is the potential for relatively non-invasive 
tissue collection (e.g. fecal, urine, blood, or buccal swabs). 

 Two   key technologies for metabolomics research are 
NMR or mass spectrometry based. For example, urine 
metabolites associated with inflammation in the  mdr1a  � / �    
mouse model have been identified ( Dryland  et al. , 2008 ) 
and GC-MS technology has been applied in the case of 
the IL10  � / �   model. It is anticipated that either of these 
approaches will be applicable to human samples.  

    23.5.4       Biomarkers 

 A   biomarker provides a surrogate endpoint that indicates a 
probability of disease. The use of biomarkers to predict dis-
ease states (e.g. blood pressure for cardiovascular disease) 
has been used effectively to direct clinicians ’  recommenda-
tions for intervention and treatment. Similarly, biomarkers 
can be used as indicators of disease risk reduction following 
dietary manipulation ( Ferguson, 2008 ). The importance of 
identifying biomarkers is to identify signs of disease suscep-
tibility as early as possible, so that interventions have a good 
probability to impact the progression of disease and improve 
outcomes. A desirable nutrigenomics research agenda 
should include investigation of a set of changes that lead to 
a desirable health endpoint. These changes should be inves-
tigated in observational studies in carefully selected popula-
tions, with nutrient/dietary pattern exposure data calibrated 

using specific validated exposure biomarkers. This would 
be a substantial intervention development/initial testing 
research enterprise, including small-scale human feeding 
studies with biomarkers of disease risk as outcomes; before 
there is collaborative agreement of basic, clinical, and popu-
lation scientists to assess readiness for dietary intervention 
randomized controlled trials (RCTs). 

 It   is beyond the scope of this chapter to comprehen-
sively cover biomarkers, but more details are provided by 
 Ferguson (2008) . While there is value in developing and 
validating biomarkers for specific disease states such as 
cancer ( Sawyers, 2008 ), there may be more value in gen-
eral biomarkers of disease processes such as inflammation 
( Virani  et al. , 2008 ), since this is involved in a considerable 
number of different diseases. Important recent advances 
utilize genomic technologies for biomarker discovery. For 
example,  Matt and coworkers (2008)  discuss how the broad 
application of proteomic technologies has the potential to 
accelerate our understanding of the molecular mechanisms 
underlying disease, and may facilitate the discovery of new 
drug targets and diagnostic disease markers. These authors 
describe the current technologies for proteome fractiona-
tion and separation of biological samples, based on their 
own laboratory workflow for biomarker discovery and 
validation.  Hassan and coworkers (2008)  also discuss the 
use of full tissue microarrays as an emerging standard for 
biomarker identification and validation.   

    23.6       INTEGRATING COMPLEX DATA SETS: 
DATA MANAGEMENT, BIOINFORMATICS, 
AND STATISTICS 

 The   model that Nutrigenomics New Zealand has selected for 
tailoring foods according to genotype requires an intelligent 
choice of food sources, fractionating these foods to class 
fractions, and chemically characterizing food sources and 
food components for use in high-throughput nutrient sensor 
arrays. For example, initial screens suggested that kiwifruit 
and berryfruit might be good sources of foods to counter CD 
in specific populations ( Philpott  et al. , 2007 ;  Sutherland 
 et al. , 2008 ). High-throughput screens have been used to 
generate data for a food-component efficacy database, which 
is integrated into the bioinformatics platform, and then used 
to choose material for testing against other diet/genome tar-
gets appropriate to health, performance and/or disease. Very 
large data sets are generated by these means. 

 A   major initiative is necessary to deliver the bioinformat-
ics, biostatistics, and database resources for nutrigenomics 
studies. This typically involves establishment of a relational 
database which can be interrogated for relationships between 
genetic variation and disease states, plus the impact of diet in 
human populations. It also requires the development of for-
mal infrastructural platforms for bioinformatics and database 
resources, in order to analyze microarray and proteomics 
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data on gene expression patterns, identify clusters of affected 
genes, discover human analogs, and thereby extrapolate 
this information to human health or disease. Reducing the 
dimensionality of these complex data sets remains a signifi-
cant analytical challenge ( Kaput and Dawson, 2007 ).  

    23.7       CONCLUSIONS 

 The   Nutrigenomics New Zealand model provides an 
approach towards personalized, genotype-based nutrition 
that has the potential to provide food products and person-
alized advice to benefit health at the individual or popula-
tion level. There is convincing evidence that SNPs in certain 
genes may profoundly influence the biological response to 
nutrients. However, effects of single-gene variants on risk or 
risk factor levels of a complex disease tend to be small and 
inconsistent. Increased sensitivity of current biological meas-
urements, plus methods of integrating information on com-
binations of relevant SNPs or CNVs in different genes, will 
become necessary to move the field to a higher dimension. 
Many of the challenges are in bioinformatics, especially 
in relation to reducing the complexity of multidimensional 
data sets ( Kaput and Dawson, 2007 ). To date, there are only 
sporadic examples of clinical trials utilizing these technolo-
gies, and we have not investigated potential adverse effects 
of a genotype-derived dietary intervention. There are a con-
siderable number of issues to be addressed before genomic 
approaches can become an acceptable method to guide food 
development or nutritional recommendations.  
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    24.1       INTRODUCTION 

 The   scientific journal  Nature Methods  ( Schuster  et al ., 2008 , 
editorial and articles) selected, as the method of the year 
2007, the next generation high-throughput DNA sequencing 
techniques, which are opening new fascinating opportunities 
in biomedicine. Until a few years ago, the methods used for 
the sequencing were the enzymatic technique described by 
 Sanger  et al . (1977)  and the chemical degradation method 
described in the same year by  Maxam and Gilbert (1977) , 
which was used in sequence cases not easily resolved with 
the enzymatic technique. The Sanger method has been used 
in the first automated sequencing project using fluorescent 
labeling, the sequence determination of a complete gene 
loci, namely the  HPRT  gene, performed using the system 
developed at the European Molecular Biology Laboratory 
in Heidelberg ( http://www.embl.org ). In that sequencing 
project, the important concept of paired-end sequencing 
was introduced for the first time ( Edwards  et al ., 1990 ). 
The successful and unambiguous sequencing of a real 60       kb 
genomic DNA region, rich in Alu repeats in both directions 
and other sequence pitfalls, was an achievement that demon-
strated not only the applicability of automated sequencing, 
using fluorescent dyes, to analyze DNA sequence of whole 
genomes, but also the technical feasibility of the Human 
Genome Sequencing project. Advantages of this approach 
included: (a) handling of non-toxic biochemicals, (b) pio-
neering automated sequencing with fluorescent labeling 
(       Ansorge  et al ., 1986, 1987 ), (c) introduction of end-pairing 
sequence determination ( Edwards  et al ., 1990 ), (d) possibility 
of robotic sample preparation, and (e) extensive use and han-
dling of large amounts of data with computer systems. The 
two laboratories, where the first automated DNA sequenc-
ers were produced simultaneously, were the laboratory of 
Leroy Hood at Caltech ( Smith  et al ., 1986 ), which was later 

commercialized by Applied Biosystems (ABI), and the lab-
oratory of the author at EMBL (       Ansorge  et al ., 1986, 1987 ), 
which was commercialized by Pharmacia-Amersham, later 
General Electric Healthcare. 

 When   the international community decided to complete 
the sequence determination of the whole human genome, this 
goal triggered the development of techniques allowing higher 
sequencing throughput. In Japan, the work on fluorescent 
DNA sequencing technology resulted in the development of 
a high-throughput capillary array DNA sequencer, carried 
out by the team of Hideki Kambara ( http://www.hitachi.com/
rd/fellow_kambara.html ) in Hitachi laboratories. Two com-
panies, ABI (commercializing the system of Kambara) and 
Amersham (taking over and further developing the system 
set up in the USA by scientists at the Molecular Dynamics 
Company), at that time commercialized automated sequenc-
ing using parallel analysis in systems of up to 384 capil-
laries. Together with partial miniaturization of the robotic 
sample preparation, large efforts in automation of labora-
tory processes, accompanied by advances in new enzymes 
and biochemicals, the Sanger technique made it possible to 
determine, by two consortia in parallel, the sequence of the 
human genome ( Venter  et al ., 2001 ,  International Human 
Genome Sequencing Consortium, 2001 ). 

 The   great limitation in the sequencing protocols, as 
the experts and developers of the DNA sequencing tech-
niques realized, was the need for gels or polymers used 
as sieving separation media for the fluorescently labeled 
DNA fragments. Thus, there were thoughts about develop-
ing techniques without gels, which would allow sequence 
determination on great numbers (millions) of samples in 
parallel. One of the first was probably the development of 
such a technique at the EMBL Laboratory in Heidelberg 
(at that time one of the two world leaders in that field) in 
the years 1988 – 1990, and described in a patent application 
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in 1990 ( Ansorge, 1991 ). In this application, a large-scale 
DNA sequencing technique without gels was described for 
the first time, namely  ‘  ‘ Sequencing-by-Synthesis, addition 
and detection of the incorporated base ’  ’ . This approach 
proposed and described the use of the so-called reversible 
terminator’s nucleotides, for speed and efficiency. This gel-
free method was proposed in 1990, which was the year 
when the first generation of automated sequencers had 
just been launched in the market, and, notably, 15 years 
before this principle was employed in the nowadays next-
generation systems. At that time, the technique consisted 
of detecting the next-added fluorescently labeled base in 
the growing chain of DNA by means of a sensitive charge-
coupled device (CCD) camera, in the presence of the enzyme 
DNA polymerase, on a great number of samples attached 
either to a planar support (DNA chips) or beads. This 
allowed simultaneous analysis of a large number of samples 
in parallel, without gels or polymers, minimizing the reac-
tion volumes in a miniaturized microsystem. The principle 
described in the patent is in part very similar to that used 
today in the very promising so-called next-generation DNA 
sequencing devices, with many additional original develop-
ments commercialized by the companies Illumina-Solexa 
( http://www.illumina.com ), Helicos ( http://www.helicosbio.
com ), and others, as mentioned in the following paragraphs. 

 Since   the year 2000, focused developments have been tak-
ing place at several laboratories. Other institutions, particularly 
the European laboratories with less visionary management and 
understanding of the technology significance, considered the 
capillary systems as the top point and stopped developments 
of even the most promising novel sequencing techniques, 
turning the attention exclusively to arrays. But in the USA, 
grants for development and testing of novel sequencing tech-
nologies were provided by the important funding agencies. 
These efforts signaled that developments were well under way 
to bring novel, non-gel based, high-throughput approaches to 
maturity. The next-generation devices and platforms available 
in mid-2008 on the market, as well as some interesting par-
allel developments, are described in more detail below. The 
European Union has recently initiated significant support for 
work on novel high-throughput DNA sequencing techniques 
(e.g. READNA consortium;  http://www.cng.fr/READNA ). 

 One   of the limiting factors of the new technology remains 
the overall high cost for generation of the sequence with 
very high throughput, even though the cost per base is lower 
several order of magnitudes, compared with conventional 
DNA sequencing performed with the improved protocols of 
the technique described by Sanger and coworkers (1977). 
Further cost reduction by two orders of magnitude is needed 
to be able to realize the potential of personal genomics (see 
section 24.3 below), which sets the goal for cost of genome 
sequence to be around US$1,000. 

 Reduction   of the sequencing errors is another point, and 
in this respect the Sanger sequencing method is competitive 
and will be used in the immediate future.  

    24.2       NEXT-GENERATION DNA 
SEQUENCING PLATFORMS 

 Novel   DNA sequencing techniques provide high sequenc-
ing speed and throughput that were considered only a distant 
dream a few years ago. Genome sequencing projects that 
took several years with the Sanger technique could nowadays 
be completed in a few weeks. Another advantage of the next-
generation DNA sequencing platforms is the determination 
of the sequence data from amplified single DNA fragments, 
avoiding the need for cloning of DNA fragments in plasmids. 

 Novel   fields and applications in biology and medicine 
(beyond the genomic sequencing as the original develop-
ment goal and application) are becoming a reality, e.g. 
personal genomics with detailed analysis of individual 
genomic stretches, precise analysis of RNA transcripts for 
gene expression (surpassing and replacing in several aspects 
analysis carried out by various microarray platforms, for 
instance in reliable and precise quantization of transcripts), 
and as a reliable tool for the identification and analysis of 
DNA regions that interact with regulating proteins in func-
tional regulation of gene expression. The next-generation 
DNA sequencing technologies offer novel and rapid ways 
for genome-wide characterization and analysis of profiles 
of mRNAs, small RNAs, transcription-factor binding sites, 
genetic variations, chromatin structure and DNA methyla-
tion patterns, microbiology, and metagenomics. 

 As   mentioned above, one of the present limitations 
is the high sequencing cost, but the impressive results 
obtained so far with the new technology in various projects 
are very convincing, and without any doubt further devel-
opments will be concentrated on lowering the cost. Other 
limitations are: (a) the short reading length in some cases, 
(b) non-uniform confidence in base calling in the sequence 
reads, particularly the deteriorating 3 �  sequence quality in 
technologies with short reading capabilities, and (c) gener-
ally lower reading accuracy in homopolar stretches of iden-
tical bases. The huge amount of generated data by these 
high-throughput techniques (over 1 gigabase (Gb) per run) 
in the form of short readings presents another challenge to 
software developers, and novel, more efficient computer 
algorithms and more effort are being devoted to this task in 
bioinformatics laboratories. 

    24.2.1       The GS 454 Life Sciences Approach 

 The   principle of the pyrophosphate detection, as the basis 
of the device, was described already in 1985 ( Nyren and 
Lundin, 1985 ), and a first system using this principle in 
a new method for DNA sequencing was reported in 1988 
( Hyman, 1988 ; see also Chapter 8)  . The technique was 
further developed into a routinely functioning technique by 
the teams of M. Ronaghi, M. Uhlen, and P. Nyren ( Ronaghi 
 et al ., 1996 ), leading to a technique commercialized for the 
analysis of 96 samples in parallel in a microtiter plate. 
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 In   2005, 454 Life Sciences ( http://www.454.com ) intro-
duced the GS device developed by a very enthusiastic and 
competent team, as the first system of the next-generation 
DNA sequencer on the market. 

 In   this approach, random libraries of DNA fragments 
are generated by shearing an entire genome and isolating 
single DNA molecules by limiting dilution. Subsequently, 
specialized common adapters are added to the fragments 
so that they are captured each on one bead, and amplified, 
within the droplets of an emulsion, using adapter-specific 
primers. The DNA fragment amplification is necessary to 
obtain the light signal intensity sufficiently strong for reli-
able base detection in the following sequencing reaction 
steps. Sequencing-by-synthesis is then simultaneously 
performed in open wells of a fiber-optic slide using a 
modified pyrosequencing protocol (Margulies et al., 2005)   
which is designed to take advantage of the small scale of 
the wells. The slide, containing approximately 1.6 million 
wells, is loaded with beads and mounted in a flow chamber 
designed to create a 300        μ m high channel, above the well 
openings, through which the sequencing reagents flow. The 
unetched base of the slide is in optical contact with a sec-
ond fiber-optic imaging bundle bonded to a charge-coupled 
device (CCD) sensor, allowing the capture of emitted pho-
tons from the bottom of each individual well ( Fig. 24.1   ). 

 The   sequencing reaction is dominated by mass trans-
port effects, therefore well depth is selected on the basis of a 
number of competing requirements: (1) wells need to be deep 
enough for the DNA-carrying beads to remain in the wells in 
the presence of convective transport past the wells; (2) they 
must be sufficiently deep to provide adequate isolation against 

diffusion of by-products from a well in which incorporation 
is taking place to a well where no incorporation is occurring; 
and (3) they must be shallow enough to allow rapid diffusion 
of nucleotides into the wells and rapid washing out of remain-
ing nucleotides at the end of each flow cycle to enable high-
sequencing throughput and reduced reagent use. After the 
flow of each nucleotide, a wash containing apyrase is used to 
ensure that nucleotides do not remain in any well before the 
next nucleotide is introduced. Nucleotide incorporation is 
detected by the associated release of inorganic pyrophosphate 
and the generation of photons. Wells containing template-
carrying beads are identified by detecting a known four-
nucleotide  ‘  ‘ key ’  ’  sequence at the beginning of the read. Raw 
signals are background subtracted, normalized, and corrected. 
The normalized signal intensity at each nucleotide flow, for 
a particular well, indicates the number of nucleotides, if any, 
that were incorporated. 

 The   method has recently increased the claimed achieved 
reading length to 400 – 500       bp, with paired-end reads, and 
as such is being applied to genomes (bacterial, animals, 
human) sequencing. One of the spectacular results obtained 
with this system was the personal human genome sequence 
of James Watson ( Wheeler  et al ., 2008 ), see also section 
24.3 below. Another application of the system was the 
identification of the culprit in the recent honey-bee disease 
epidemics. Relatively high cost of operation, and generally 
lower reading accuracy in homopolar stretches of identical 
bases, are being reported as a few drawbacks of the method. 

 The   next upgrade in the system, the 454 FLX Titanium 
run, will quintuple the data output from 100       Mb to about 
500       Mb (or more). The new picotiter plate in the device uses 

 FIGURE 24.1           A.  Outline of the GS 454 DNA sequencer workflow. Library construction (I) ligates 454-specific adapters to DNA fragments (indicated 
as  A  and  B ) and couples amplification beads with DNA in an emulsion PCR to amplify fragments before sequencing (II). The beads are loaded into the 
picotiter plate (III).  B.  Schematic drawing illustrating the pyrosequencing reaction that occurs on nucleotide incorporation to report sequencing-by-synthesis 
(see also text for details). Figure adapted from  http://www.454.com .    
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much smaller beads, about 1 micron in diameter. Up until 
now, the primary analysis (image processing and base call-
ing) of 454 data was able to be performed in a few hours 
on a moderately powerful computer. With the increased data 
output, primary analysis requires a small cluster. 

 Further   developments and a list of relevant publications 
with applications of the 454 Life Sciences next-generation 
sequencer can be found at  http://www.454.com/index.asp  
and in Schuster and coworkers (2008).  

    24.2.2       The Illumina-Solexa Genome 
Analyzer 

 The   Solexa (later acquired by Illumina;  http://illumina.
com ), next-generation sequencing platform was commer-
cialized in 2006. The principle of the system is based on 
ingenious sequencing-by-synthesis chemistry, with novel 
reversible terminator nucleotides for the four bases each 
labeled with a different fluorescent dye, and a special DNA 
polymerase enzyme able to incorporate them. 

 DNA   fragments are ligated on both ends to adapters, 
and after denaturation immobilized at one end on a solid 
support, formed by the surface of a flow cell. The surface 
of the support is coated densely with the adapters, as well 
as with the complementary adapters. Each single-stranded 
fragment, immobilized at one end on the surface, creates 
a  ‘  ‘ bridge ’  ’  structure by bending and hybridizing its free 
end to the complementary adapter on the surface of the 
support ( Fig. 24.2   ). In the reaction mixture containing the 
PCR amplification reagents, the adapters on the surface 
act as primers for the following PCR amplification. Again, 
the amplification is necessary to get the light signal inten-
sity sufficiently strong for reliable base detection in the 
sequencing-by-synthesis reaction steps. 

 After   a sufficient number of solid-phase amplification 
PCR cycles and denaturation, clusters of about 1,000 copies 
of single-stranded DNA fragments are randomly created on 
the surface, also known as DNA polonies (resembling cell 
colonies, after polymerase amplification). For the sequencing 
reactions, a DNA synthesis mixture containing primers, four 
reversible terminator nucleotides each labeled with a different 
fluorescent dye, and a DNA polymerase able to incorporate 
them in the synthesized strand, is supplied onto the surface. 
After incorporation in the DNA strand, the terminator nucle-
otide is detected by CCD camera, identified by its fluorescent 
dye. Subsequently, the terminator group at the 3 �  end of the 
base and the fluorescent dye are removed from the base and 
the next synthesis cycle is repeated. The sequence read length 
achieved in the repetitive reactions is about 35 nucleotides. In 
parallel, the sequence in at least 40 million polonies (clusters) 
can be simultaneously determined, resulting in a very high 
sequence throughput, in the order of Gb per support. 

 Although   the reading length of 30 – 35 bases may appear 
very short, the Solexa technology has found many interesting 

applications in: (a) reliable and quantitative characterization 
of gene expression, by sequencing of RNA transcripts, (b) 
characterization of mRNA, methylated, or unmethylated frag-
ments, (c) determination of protein binding sites on DNA or 
RNA (ChIP-Seq technique, allowing mapping of DNA sites 
occupied by a DNA binding protein). 

 In   2008, Illumina launched an upgrade to the Genome 
Analyzer II that triples output compared to the previous 
Genome Analyzer. The company introduced a paired-end 
module for the sequencer, and with new optics and cam-
era components that allow the system to image DNA clus-
ters more efficiently over larger areas, the new instrument 
triples the output per paired-end run from 1 to 3       Gb. GAII 
uses a 4-megapixel camera to scan 800 images across the 
eight channels of the newly designed wider flow cells. 

 The   system generates at least 1.5       Gb of single-read data 
per run, at least 3       Gb of data in a paired-end run, and more 
than 750       Mb of data per day, recording data from more than 
50 million reads per flow cell. The run time for a 36-cycle 
run decreased to two days for a single-read run, and four 
days for a paired-end run. 

 Illumina   currently supports 36 base-pair reads on the 
system, but the platform enables reads longer than 50 
base pairs. The system will reach these longer reads when 
the chemistry is further optimized. The company will 
add a module called  ‘  ‘ Integrated Primary Analysis and 
Reporting ’  ’  to the system, which enables quality control 
in real time and will provide real-time image processing 
to accelerate data migration and analysis. The module will 
be of particular interest to small and medium-sized labo-
ratories with limited data hardware and network resources. 
Paired-end sequencing has demonstrated its value in 
sequencing of model organisms for which there is no ref-
erence, as well as for the full characterization of whole 
human genome sequencing. 

 Further   developments of Illumina’s Genome Analyzer and 
list of relevant publications with applications can be found at 
 http://www.solexa.com  and in Schuster and coworkers (2008).  

    24.2.3       The ABI SOLiD System 

 The   ABI SOLiD ( S equencing by  O ligo  Li gation and 
 D etection) next-generation sequencing system, a commer-
cial platform using a unique sequencing chemistry based 
upon ligation and catalyzed by DNA ligase, was introduced 
on the market in the autumn of 2007. 

 The   specific process couples oligonucleotide adap-
tor-linked DNA fragments with 1        μ m magnetic beads, 
on which complementary oligonucleotides are attached. 
Libraries of DNA fragments are generated by fragmenta-
tion or mated pairing ( Fig. 24.3   ). Each bead – DNA complex 
is then amplified by emulsion PCR. Again, the amplifica-
tion is necessary to obtain the light signal intensity suffi-
ciently strong for reliable detection and determination of 
the sequence in the following reaction steps. 
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 After   amplification, the beads are covalently attached to 
the surface of a specially treated glass slide that is placed 
into a fluidics cassette within the SOLiD sequencer. The 
ligation-based sequencing process starts with the anneal-
ing of a universal sequencing primer that is complementary 
to the SOLiD-specific adapters on the library fragments. 
The addition of a limited set of semi-degenerate octamer 
oligonucleotides and DNA ligase is automated by the 
instrument. DNA ligation occurs when a matching octamer 

hybridizes to the DNA fragment sequence adjacent to the 
universal primer 3 �  end. In these octamers, the fourth and 
fifth base doublet contains a unique fluorescent label at 
the end of the octamer, which allows sequence determina-
tion following fluorescent label detection. Subsequently, 
the fluorescent label is enzymatically removed together 
with the three last bases of the octamer, therefore enabling 
a subsequent ligation round. Multiple cycles of ligation, 
detection, and cleavage are performed to determine the 

 FIGURE 24.2          Outline of the Illumina Genome Analyzer workflow. Similar fragmentation and adapter ligation steps take place (I), prior to applying 
the library onto the solid surface of a flow cell. Attached DNA fragments form  ‘  ‘ bridge molecules ’  ’  that are subsequently amplified, via an isothermal 
amplification process, leading to a cluster of identical fragments that are subsequently denatured for sequencing primer annealing (II). Finally, amplified 
DNA fragments are subjected to sequencing-by-synthesis using 3  blocked labeled nucleotides (III). Figure adapted from the Genome Analyzer brochure 
(available from  http://www.solexa.com ).    
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DNA sequence of bases 9 and 10, 14 and 15, and so on 
until the eventual read length is achieved, presently about 
35       bp. Following this series of reactions, sequencing proc-
ess continues in the same way with another primer, this 
time shorter by one base than the previous one, allowing 
determining in the successive cycles the DNA sequence of 
bases 3 and 4, 8 and 9, 13 and 14, and so on ( Fig. 24.4   ). 
Therefore, five rounds of sequence reset are sufficient to 
address the DNA sequence of each library fragment. 

 The   unique attribute of this ligation-based approach 
and the octamer labeling is that an extra quality check of 
read accuracy is enabled. This essentially relies on the 
known fixed nucleotide identities in the octamer sequences 
to identify erroneous base calls from true nucleotide vari-
ations during the data analysis step. Also, due to the fact 
that each base is determined with a different fluorescent 
label, the error rate in the sequence is reduced. In par-
allel, the sequence in more than 50 million bead clusters 
can be simultaneously determined, resulting in a very high 
sequence throughput, on the order of Gb per run. 

 In   2008, Applied Biosystems launched an updated ver-
sion of SOLiD, called SOLiD 2.0 platform, which will 
increase the output of the instrument from 3 to 10       Gb per 
run and reduce the overall run time. The SOLiD upgrade, 
which does not involve changes to the hardware of the 
sequencer, consists of new chemistry, fine-tuned software, 
and an improved workflow, replacing the existing emulsion 
maker with a smaller device, improving the sample prepa-
ration workflow. Combined with an optimized emulsion 
PCR protocol, this change would also increase the bead 
load with template, thereby reducing the overall run time 
on the new system to 4.5 days instead of 8.5 days on the 
existing machine for a fragment library, and 8 days instead 
of 12 to 15 days for a mate-paired library. Also, it is esti-
mated that employing one instead of two oligonucleotide 

ligation probes sets will shorten the ligation reactions and 
decrease the sequencing error rate by 30%. 

 More   information about the ABI SOLiD system, and 
list of publications with applications, can be found at: 
 http://marketing.appliedbiosystems.com/images/Product/
Solid_Knowledge/flash/102207/solid.html  and in Schuster 
and coworkers (2008).  

    24.2.4       Helicos Single-Molecule Sequencing 
Device, HeliScope 

 The   next generation systems, discussed in the previous 
paragraphs, required the emulsion PCR amplification step 
of DNA fragments, to ensure sufficiently strong light sig-
nal to be detected by the CCD cameras, allowing accurate 
DNA sequence determination. The PCR amplification has 
revolutionized the DNA analysis, but in some instances it 
may introduce sequence errors in the copied DNA strands, 
favor a certain sequence over another, or change the relative 
frequency and abundance of various DNA fragments that 
existed in the original  in vivo  situation before amplification. 

 The   ultimate miniaturization into nanotechnology scale, 
and the accompanying ultimate minimal use of biochemi-
cals, would be achieved if the sequence could be deter-
mined directly from one single DNA molecule, without the 
need for PCR amplification and its potential for distortion 
of abundance levels. This would require a very sensitive 
light detection system and physical arrangement, capa-
ble of light detection and identification from a single dye 
molecule. Techniques for detection and analysis of single 
photons have been under intensive development over the 
past decades, and several commercially available sensitive 
systems have been produced and tested. One of the first 
techniques for sequencing from a single DNA molecule 

 FIGURE 24.3          Library preparation for DNA sequencing using the SOLiD DNA sequencing platform.  A.   Fragment library : After whole genome DNA is 
randomly fragmented (indicated by the dashed arrows), two different 25       bp DNA adapters (P1 and P2) are ligated at the 5 �  and 3 �  ends of the DNA frag-
ments generated, respectively.  B.   Mate-paired library : In this case, DNA fragments that are separated from another DNA fragment of known length (e.g. 
3       kb for this example) are ligated so that they encompass an internal adapter. Subsequently, two different DNA adapters are ligated at the 5 �  and 3 �  ends, 
respectively, similarly to the situation described in (A).    



 FIGURE 24.4          Sequencing-by-ligation, using the SOLiD DNA sequencing platform.  A.  Primers hybridize to the P1 adapter within the library template. 
A set of four fluorescently labeled di-base probes compete for ligation to the sequencing primer. These probes have partly degenerate DNA sequence 
(indicated by  ‘  ‘ n ’  ’  and  ‘  ‘ z ’  ’ ) and for simplicity, only one probe is shown in this example (labeling is denoted here by an asterisk). Specificity of the 
di-base probe is achieved by interrogating the 1st and 2nd base in each ligation reaction (CA in this case for the complementary strand). Following 
ligation, the fluorescent label is enzymatically removed together with the three last bases of the octamer.  B.  Sequence determination, using the SOLiD 
DNA sequencing platform is performed in multiple ligation cycles, using different primers, each one shorter from the previous one by a single base. The 
number of ligation cycles (six for this example) determines the eventual read length, while for each sequence tag, five rounds of primer reset occur (from 
primer (n) to primer (n-4)). The dinucleotide positions on the template sequence that are interrogated each time are depicted underneath each ligation 
cycle and are separated by 5       bp from the dinucleotide position interrogated in the subsequent ligation cycle.    
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was described by the team of S. Quake in 2003 ( Braslavsky 
 et al ., 2003 ), and licensed by Helicos Biosciences. 

 In   late 2007, the Helicos Company ( http://www.helicos-
bio.com ) introduced the first commercial DNA sequencing 
system operating without the PCR or cloning amplifica-
tion, determining the sequence from one single DNA mol-
ecule. In the Helicos system nucleic acid fragments are 
hybridized to primers that are covalently anchored in ran-
dom positions on a solid surface (glass cover slip) in a flow 
cell. After attachment of the single DNA fragments to the 
solid surface, labeled nucleotides together with primers and 
polymerase enzyme are added. The next base incorporated 
in the synthesized DNA strand is determined, as its light 
signal that it emits is analyzed by very sensitive photon 
detections systems in the sequencing-by-synthesis technique 
(similar to  Fig. 24.2 , but on only one DNA fragment, with-
out amplification). The device allows the analysis of many 
millions of single DNA fragments simultaneously, result-
ing in the sequence throughput in the Gb range, without the 
need for PCR amplification. 

 Although   this system is still in its first years of operation, 
it has been tested and validated in several applications with 
promising results, and improvements in operation have been 
continued in collaboration with the users. A very promising 
application of the technique is in the pre-natal Trisomia-21 
test (Down-Syndrome) using only the maternal blood sam-
ple, potentially replacing the up-to-present standard test 
associated with some risk to the fetus (Fan et al., 2008)  . 

 The   Helicos system was used to sequence the roughly 
7,000-nucleotide genome of the M13 virus ( http://www.
helicosbio.com ). In this project, the team used single-molecule 
sequencing on more than 280,000 primer-template duplexes 
at once. In total, the M13 genomic DNA went through 224 
sequencing cycles. The approach reportedly enabled 100% 
coverage of the double-stranded DNA form of the M13 
phage’s 6,407-nucleotide genome, by sequencing to a depth 
of more than 150-fold. Read lengths averaged about 23 bases, 
and could be increased by using more cycles. There were 
still some limitations in the single-molecule technology used 
in the project, based on the first generation of the company’s 
single molecule chemistry. For example, it has been shown 
that in a run of bases of the same kind, in the homopolar 
regions, multiple fluorophore incorporations could decrease 
emissions, sometimes below the level of detection. When 
errors did occur, most of them were deletions. 

 Recently  , Helicos announced that it has developed a 
new generation of  ‘ one-base-at-a-time ’  nucleotides which 
allow more accurate homopolymer sequencing, and lower 
overall error rates. With future improvements the method 
will allow an affordable, high-throughput, comparative 
sequencing of thousands of human genomes. More infor-
mation and detailed explanation about the Helicos system, 
schema of operation, its further developments and list of 
publications with applications can be found on the com-
pany website  http://www.helicosbio.com/.    

    24.2.5       NEXT-GENERATION TECHNIQUES 
UNDER DEVELOPMENT 

 Development   of novel DNA sequencing techniques is tak-
ing place in many laboratories worldwide. In the labora-
tory of George Church at Cambridge, MA ( Shendure  et al ., 
2005 ), the so-called multiplex polony technology has been 
developed, using also the sequencing-by-synthesis method 
described above. Several hundred sequencing templates are 
deposited on agarose thin layers, and the sequence in each 
of them is determined in parallel. This presents a several 
order of magnitudes increase in the number of samples 
which can be analyzed simultaneously. Further advan-
tages are the large reduction of reaction volumes, smaller 
amounts of biochemicals needed, and the resulting lower 
cost of sequencing. The laboratory continues development 
of their platform, and offers this technique to academic lab-
oratories at relatively low cost, using off-the-shelf optics, 
hardware, and biochemical reagents. 

 A   very promising approach, attempting to use real-
time single-molecule DNA sequence determination for 
sequencing without the need for cloning, is the technique 
being developed by the company VisiGen Biotechnologies 
Inc. ( http://visigenbio.com ). In this very unique approach, 
the researchers have produced a specially engineered DNA 
polymerase (acts as a  ‘  ‘ real-time sensor ’  ’  for modified 
nucleotides), with incorporated donor fluorescent dye close 
to the active site involved in selection of the nucleotides for 
integration in the growing DNA chain during synthesis. All 
four nucleotides to be integrated have been modified, each 
with a different acceptor fluorescent dye. During the synthe-
sis of the new strand, the polymerase selects the next nucle-
otide to be integrated in the DNA strand (complementarily 
according to the base pairing principle). When the correct 
nucleotide is found, selected, and entered in the active 
site of the enzyme, the donor dye label in the polymerase 
comes into very close proximity with the acceptor dye label 
on the nucleotides and energy is transferred from donor to 
acceptor dye giving rise to Fluorescent Resonance Energy 
Transfer (FRET) light signal. The frequency of this signal 
varies in dependency on the fluorescent dye label incorpo-
rated in the nucleotides, and by recording frequencies of 
the emitted FRET signals it will be possible to determine 
sequence of the bases, at the speed that the polymerase can 
integrate the nucleotides during the synthesis process (usu-
ally a few hundred per second). The acceptor fluorophore 
dye is removed during nucleotide incorporation, which 
ensures that there are no DNA modifications that might 
slow down the polymerase during synthesis. 

 The   company is working on refining its chemistry and 
detection technologies. In particular, the team is working 
on slowing down the nucleotide incorporation step in order 
to detect a stronger fluorescence signal. By multiplexing a 
large number of samples in parallel, the sequence through-
put could be in the gigabase range. VisiGen Biotechnologies 



Chapter | 24 Novel Next-Generation DNA Sequencing Techniques for Ultra High-Throughput Applications 373

plans to offer a service based on its real-time single-
molecule nano-sequencing technology by the end of 2009, 
and to follow that with the launch of equipment and rea-
gents in another 18 months. The technology could eventu-
ally enable researchers to sequence an entire human genome 
in less than a day for under $1,000. The company is cur-
rently working on its first version of the instrument, which 
can generate around 4       Gb of data per day. At that through-
put, the technology could sequence 44 human genomes per 
year at ten-fold coverage for around $1,000 per genome. 
With future modifications there is a potential to increase the 
current throughput of 1       Mb per second to 50       Mb per second. 

 The   single-molecule approach requires no amplifica-
tion, which eliminates a large part of the cost relative to 
current sequencing technologies. In addition, read lengths 
for the instrument are expected to be around 1       kb, which 
is longer than any current next-generation sequencing plat-
form. For example (see above), the GS FLX system from 
Roche’s 454 Life Sciences generates reads of around 250 
base pairs, and the company expects to extend that to 400 
bases in the next version. Illumina’s Genome Analyzer and 
Applied Biosystems ’  SOLiD sequencers both have reads of 
around 30 – 35 base pairs. 

 Another   company in the USA, Pacific Biosciences 
( http://www.pacificbiosciences.com ), announced recently 
that it is working on a next-generation DNA sequencing 
instrument that it believes will eventually be able to pro-
duce 100       Gb of sequence data per hour, or a diploid human 
genome at one-fold coverage in about 4 minutes. They 
plan to sell its first DNA sequencing systems in 2010. 
The price of the instrument will likely be in the range of 
those next-generation sequencers sold by 454/Roche, 
Illumina, and Applied Biosystems, that is approximately 
$400,000 to $600,000. The company’s single-molecule, 
real-time, or SMRT, technology is based on zero mode 
waveguides (ZMWs) that were originally developed in the 
Nanobiotechnology Center at Cornell University. In princi-
ple, ZMWs are nanometer-scale holes in a 100-nanometer 
metal film deposited on a clear substrate. Due to the behav-
ior of light aimed at such a small chamber, the observation 
volume is only 20 zeptoliters, enabling researchers to meas-
ure the fluorescence of nucleotides incorporated by a single 
DNA polymerase enzyme into a growing DNA strand in 
real time. On a prototype system, PacBio researchers have 
so far observed read lengths of a little over 1,500 bases and 
a rate of 10 bases per second, and have been able to ana-
lyze up to 3,000 ZMWs in parallel. 

 Another   single-molecule sequencing technique may 
develop from studies on translocation of DNA through vari-
ous artificial nanopores. The work in this field was pioneered 
at Harvard University by Daniel Branton, George Church, 
and Jene Golovchenko, at the University of California 
Santa Cruz by David Deamer and Mark Akeson, and at the 
National Institute of Standards and Technology by John 
Kasianowicz. 

 An   example of such studies, with summary of previ-
ous work on this subject, is the recent work by Trepagnier 
and coworkers (2007). Artificial nanopores have been con-
sidered for rapid DNA sequencing. The approach is based 
on the modulation of the ionic current through the pore as 
a DNA molecule traverses it, revealing characteristics and 
parameters (such as diameter, length, conformation) of 
the molecule. One of the limitations to single base resolu-
tion in these nanopore-based DNA sequencing approaches 
is the insufficient control of the translocation speed of the 
mole cule, e.g. during electrophoresis of the DNA molecules 
through the nanopore (speed around 30       kb per millisecond). 
This limitation was overcome by integration of an optical 
trapping system in the nanopore translocation experiments, 
lowering the translocation speed by several hundred-fold. 
For the demonstration, a known DNA fragment was used, 
which was attached to a polystyrene bead with a diameter of 
10 micrometers, via streptavidin-biotin bond. The bead was 
placed into an optical trap, and the translocation speed was 
reduced about 200 times, thus giving more time for analysis 
of the DNA molecule passing through the nanopore. It was 
also possible to control the motion of the DNA molecule, 
and return it to its starting point before the translocation, 
thus repeated measurement and analysis were possible. 

 Another   nanopore approach, studied in collaboration 
by several teams under a European Union grant on nano-
DNA sequencing, coordinated by R. Zikic from Belgrade 
University and L. Forro from the Polytechnic School EPFL 
in Lausanne, is the development of a nano-electronic device 
for high-throughput single-molecule DNA sequencing, 
with the potential to determine long genomic sequences. 
The approach is based on the electrical characteriza-
tion of individual nucleotides, while DNA passes through 
a nanopore, in principle similar to the one described by 
Trepagnier and coworkers (2007). However, in this new 
approach nanotube side electrodes (developed at the EPFL 
in Lausanne, Switzerland) are integrated in the nanopore. 
A lithographically fabricated nanogap is produced with a 
single-nanometer precision, and will allow characterization 
of the tunneling conductance across DNA bases, and elec-
trical response of DNA molecule translocation between the 
two carbon nanotube electrodes. The control of the translo-
cation rate of DNA through the nanopore is a critical step; 
besides the standard techniques (applied voltage, viscos-
ity change, and DNA charge at various pH values), it will 
be varied by an optical tweezers system, with the aim of 
monitoring single-base resolution. Further improvements 
and modifications of the technique, such as increasing the 
number of parameters measured during the translocation of 
the DNA enabling single base resolution, could lead to a 
rapid nanopore-based DNA sequencing technique. 

 Sequenom   ( http://www.sequenom.com ) announced that it 
has exclusively licensed technology from Harvard University 
that it will use to develop a nanopore-based sequencing 
platform, which will be faster and cheaper than currently 
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available technologies. The technology, which is able to 
detect a single DNA strand, as it passes through a nanopore, 
was developed by Amit Meller from Boston University’s 
Department of Biomedical Engineering. The company 
expects the technology to enable DNA sequencing, as well as 
whole-genome genotyping and RNA and epigenetic analysis. 
In the near term the company expects the nanopore technol-
ogy to deliver large-scale genotyping solutions, while in 
the long term it has the potential to provide a commercially 
viable, rapid, sub-thousand dollar human genome sequenc-
ing solution. The technology from Harvard was also licensed 
by the Oxford Nanopores Company in the UK, aiming at the 
development of a high-throughput DNA sequencing device. 

 BioNanomatrix   and Complete Genomics ( http://biona-
nomatrix.com ) announced in 2007 the formation of a joint 
venture that will develop technology able to sequence a 
human genome in eight hours for less than $100. The pro-
posed sequencing platform will use Complete Genomics ’  
sequencing chemistry and BioNanomatrix ’  nanofluidic 
technology. They plan to adapt DNA sequencing chem-
istry with linearized nanoscale DNA imaging, to create a 
system that can read DNA sequences longer than 100       Kb 
quickly and with an accuracy exceeding the current indus-
try standard. The next-generation sequencing technologies, 
as desribed above in section 24.2, have lowered the cost 
of sequencing the human genome (size 3       Gb) to around 
$100,000, and recent advances promise to reduce this 
cost significantly in the coming years, down to as little as 
$1,000 per individual. However, the two companies target 
with their design a price of $100 for this project, which 
would make it possible to sequence everyone’s genome. 

 A   very different and interesting approach to single-
molecule DNA sequencing, using RNA polymerase 
(RNAP), has been presented recently by  Greenleaf and 
Block (2006) . In the planned method, the RNA polymer-
ase enzyme is attached to one polystyrene bead, while the 
distal end of a DNA fragment is attached to another poly-
styrene bead. Each of the two beads is placed in an optical 
trap, and the pair of optical traps levitates the beads. The 
RNA polymerase interacts with the DNA fragment, and 
the transcriptional motion of RNA polymerase along the 
template changes the length of the DNA between the two 
beads. This leads to displacement of the two beads which 
can be registered with a precision in the angstrom range, 
and could give single-base resolution on a single DNA 
molecule. In order to distinguish between the four bases 
in the sequence, the single-molecule test is run four times 
(on four copies of the DNA fragment), each time with one 
of the nucleotides being present in much lower concentra-
tion than the other three nucleotides. This way, the RNA 
polymerase is induced to pause at every DNA position that 
requires the addition of the limiting nucleotide. By aligning 
on a subnanometer scale the four displacement records  –  
using for calibration purposes the known sequences flank-
ing the unknown fragment to be sequenced, in an analogous 

role to the primers used in Sanger sequencing  –  it is possi-
ble to deduce the sequence information. In the published 
work, the group has correctly identified 30 out of 32 bases 
in about 2 minutes. Since the processivity of the RNA 
polymerase is several Kb, the readings could be in principle 
that long. But the induced pauses of the enzyme, associated 
with misincorporation errors, are not always sufficiently 
regular to allow error-less sequencing. At present it is also 
not clear to what extent this  ‘  ‘ motion-resolved ’  ’  sequenc-
ing can be parallelized and miniaturized, allowing sequenc-
ing of many DNA molecules in parallel and increasing the 
sequence throughput. But the technique demonstrates that 
the polymerization movement of a nucleic acid enzyme 
along the DNA fragment, and the very sensitive optical 
trap method, may allow extracting sequence information 
directly from a single DNA molecule.  

    24.3       PERSONAL GENOMICS AND THE 
1,000 GENOMES PROJECT 

 The   cost of genome sequencing, an overwhelmingly impor-
tant factor in future studies, is getting low enough to make 
personal genomics a reality. Reduction of the cost by two 
orders of magnitude is needed to be able to realize the 
potential of personal genomics, which set the goal for cost 
of genome sequence to $1,000. 

 The   first published human genome, sequenced by a post-
Sanger DNA sequencing platform, was Jim Watson’s genome 
sequence. The results of the study, which used Roche 454’s 
sequencing technology, were assessed by scientists at Roche’s 
Life Sciences and at Baylor College of Medicine. 

 The   scientists sequenced both chromosome sets of 
Watson’s genome, mapping unpaired sequence reads from 
454’s Genome Sequencer FLX to the human reference 
genome. The data were generated within two months for 
less than $1 million. Their report summarizes the identifi-
cation of 3.3 million single nucleotide polymorphisms in 
the genome, and more than 600,000 of these were previ-
ously unknown. About 10,500 of the SNPs cause amino 
acid substitutions, potentially altering the function of pro-
teins. They detected more than 200,000 small insertions 
and deletion polymorphisms, as well as a small number 
of copy-number variations, which result in local gains or 
losses in chromosomal regions ( Wheeler  et al ., 2008 ). The 
sequencing data were shown to be of high quality, includ-
ing regions of the human genome that were not contained 
in the human reference genome sequence (which was 
sequenced seven years ago with the Sanger technique); the 
data contained about 50 potential new genes. 

 Almost   simultaneously, the completion of Craig 
Venter’s genome sequence was announced (Levy  et al. , 
2008), carried out in the Craig Venter Institute, comparing 
sequences obtained with resequencing technology of his 
genome with the human reference genome. In mid-2008, 
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the genome sequence of two other individuals, namely a 
Chinese male and a Dutch female, has been announced. 

 The   analysis of the first four available human genomes 
has demonstrated how difficult it still is to draw medically or 
biologically relevant conclusions from individual sequences. 
More genomes need to be sequenced, to learn how genotype 
correlates with phenotype. Researches are preparing a con-
crete plan for a project to sequence 1,000 human genomes, 
which will allow creation of a reference standard for analy-
sis of human genomic variations which is expected to con-
tribute to studies of human disease. The companies Illumina, 
Roche 454 Life Sciences, and Applied Biosystems decided 
to help with the project, and to generate the equivalent of 25 
human genomes each per year, over a period of three years. 
This significant sequence contribution will enable the team 
to analyze the human genome with deeper sequencing and 
shorten its completion time. The 1,000 Genomes Project 
will identify variants present at a frequency of 1% over most 
of the genome, and as low as 0.5% within genes. 

 At   this time, the immediate applications and relevance 
of the next-generation sequencing techniques in the medi-
cal field have been demonstrated by their ability to detect 
cancer alleles by deep sequencing of genomic DNA in 
cancerous tissues (isolated carefully by laser micro-
dissection and capture techniques), which would have pre-
sented a very tedious task for the Sanger technique. Similar 
genome-wide analysis is planned for Stem cell-lines.  

    24.4       RNA SEQUENCING, ANALYSIS OF 
GENE EXPRESSION 

 High   throughput of the next-generation sequencing tech-
nology, producing rapidly a huge number of short sequenc-
ing reads, made possible the analysis of a complex sample 
containing mixture of a large number of nucleic acids, by 
sequencing simultaneously the content of the sample. This 
is now possible without the tedious and time-consum-
ing bacterial cloning, avoiding disadvantages associated 
with it. Next-generation sequencing may be applied to the 
characterization of mRNAs, methylated DNA, DNA, or 
RNA regions bound by certain proteins, and other DNA 
or RNA regions taking part in gene expression and regu-
lation. Next-generation platforms are particularly suitable 
for analysis of gene expression in functional genomics, 
taking advantage of a very important methodology con-
cept developed by  Velculescu  et al . (1995) , and known as 
serial analysis of gene expression (SAGE). The original 
SAGE technique has demonstrated its novelty and power-
ful analysis, but it was limited in applications due to the 
need for difficult ligation of a huge number of short tran-
script DNA, subsequent cloning and tedious sequencing by 
the Sanger technique. Using the next-generation technol-
ogy, the concept of the SAGE method now allows the anal-
ysis of RNA transcripts in a biological sample by obtaining 

short sequence tags 20 – 35       bp long directly from each tran-
script in the sample. Using computer informatics tools, 
these sequence tags allow the location of each of them to 
be determined and mapped in the reference genome. When 
mapped to a genome location, one can make genome-wide 
statistical analysis and distribution of the sequence tags, 
characterizing the gene expression in the starting biologi-
cal or medical sample. With this technique, the transcripts 
are characterized through their sequence, in contrast to the 
probe hybridization employed in DNA microarray tech-
niques, with the inherent difficulties in cross-hybridization 
and quantitation of hybridization. One obvious advantage 
of the sequence approach is the very reliable genome-wide 
quantitation of the transcript numbers and gene expression 
profile, yielding digital results. Owing to the huge number 
of samples sequenced simultaneously, these DNA sequenc-
ing techniques can detect even low-abundance RNAs, 
small RNAs, or detect the presence of mosaicism contained 
within a sample. Another advantage of the next-generation 
sequencing approach is that it does not require prior knowl-
edge of the genome sequence. The sequence tag is mapped 
to the data collected in the projects in the database, and 
thus even organisms where the genome sequence is not yet 
known can be characterized by this RNA sequence method. 
An example of an application of the technique is the recent 
work on transcriptome profiling in stem cells by  Cloonan 
 et al . (2008) .  

    24.5       RNA-SEQ STUDY INTO ALTERNATIVE 
SPLICING IN HUMAN CELLS 

 The   next-generation sequencing technology has provided 
new insights into the complex alternative splicing patterns 
in the human genome. Sultan and coworkers (2008)   used a 
technique known as the RNA-Seq technique, i.e. sequenc-
ing of complementary cDNA derived from RNA, to map 
and compare the transcriptomes in two different human cell 
types, and analyzed the type and frequency of alternative 
splicing events in these cells. It is well known that cells use 
alternative splicing to create alternative RNA transcripts 
from the same stretch of DNA. Until now, experimental 
tools to directly examine the alternative splicing were not 
available. These authors used the RNA-Seq technique to 
investigate both gene expression and alternative splicing 
in the same data set. They compared gene expression and 
splicing profiles in two cell-lines, human embryonic kidney 
cells and human B cells, because of the expected difference 
in expression and splicing profiles. With this approach they 
found more than 10,000 transcribed genes in each cell type, 
a number which is about 25% higher than that found by 
microarray platforms. About one-third of these genes were 
unknown. Nearly 100,000 splice junctions were identified 
(about 5% were new) in about 3,000 genes. The most com-
mon form of alternative splicing in both cell types was the 
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exon skipping. Instead of predictions, the RNA-Seq tech-
nique allows direct identification of the splicing junctions. 
Additional cell types will be analyzed by this method in the 
future, comparison of the gene expression and splicing data 
will show how the two are related in different cell types.  

    24.6       SEQUENCING OF CHROMATIN 
IMMUNOPRECIPITATED FRAGMENTS 
(CHIP-SEQ) 

 Chromatin   immunoprecipitation or ChIP is a technique for 
identification and localization of DNA sites with which 
DNA binding proteins can interact and bind. The DNA bind-
ing protein to be analyzed is cross-linked to its DNA binding 
sites, and the complex is immunoprecipitated by an anti-
body recognizing specifically the protein. The DNA binding 
site is isolated together with the protein. In the microarray-
based procedure, the mapping of the DNA site fragments is 
done by hybridizing the mixture of the immunoprecipitated 
DNA fragments to a tilling microarray that covers most of 
the genome under analysis. The latter became known as 
the ChIP-on-chip technique. With this technique, RNA 
polymerase and associated factors ’  binding sites were ana-
lyzed, including specific transcription factors, histones, and 
proteins involved in DNA repair or replication. 

 The   next-generation sequencing technology allowed the 
microarrays in the mapping step to be replaced with high-
throughput sequencing of the DNA binding sites, and their 
direct mapping to a reference genome. Detailed description 
of this ChIP-Seq method can be found in Robertson and 
coworkers (2007). 

 Any   organism with a known genome sequence can 
be analyzed by a sequence-based method, without the 
inaccuracies inherent in microarray platforms caused by 
cross-hybridization or by difficulties in quantitation. The 
sequence of the binding site is mapped with a high reso-
lution to regions shorter than 40 bases, not achievable by 
microarray mapping. Moreover, the ChIP-Seq approach is 
not biased and allows the identification of unknown protein 
binding sites, since in the case of ChIP-on-chip approach, 
the sequence of the DNA fragments tiled onto the microar-
ray is predetermined, e.g. promoter arrays, exon arrays, etc.  

    24.7       GENOMICS AND MEDICINE, 
PROSPECTS FOR FUTURE DNA 
SEQUENCING 

 It   is expected that the availability of ultra-deep sequenc-
ing of the human genomic DNA will transform the medical 
field in the near future, e.g. with the diagnostics sequencing 
allowing the analysis of disease causes, and providing novel 
approaches to the development of new drugs. It may become 
a promising tool in analysis of mental and developmental 

disorders like schizophrenia and autism ( Morrow  et al ., 2008 ; 
 Geschwind, 2008 ;  Sutcliffe, 2008 ). It is anticipated that DNA 
sequencing of whole genomes for clinical purposes using 
these new technologies will likely occur in the next couple of 
decades. It will be increasingly common for patients who are 
suspected of or diagnosed with specific diseases to have a full 
DNA fingerprint taken. But the goal of sequencing healthy 
individuals to identify disease risks is very controversial and 
refused by the legal systems in many countries. At present it 
seems more acceptable and directly beneficent to sequence 
and analyse genomes of seniors who reached old age in a very 
good health. Resequencing of parts of the human genome in 
individuals to understand specific diseases associated, e.g., 
with SNPs is presently tested in many laboratories. 

 The   novel sequencing technology will also be useful in 
microbial genomics, e.g. in the metagenomics, measuring 
the genetic diversity encoded by microbial life in organ-
isms inhabiting a common environment ( Hugenholtz and 
Tyson, 2008 ). Many microbial sequencing projects have 
already been completed or are in preparation, and several 
comparative genome analyses are under way to link the 
genotype and phenotype at the genomic level. 

 An   important application is planned by the US Department 
of Energy’s Joint Genome Institute (JGI), which will focus its 
sequencing efforts on new plant and microbial targets that 
may be of use in development of alternative energy sources. 
From the plants, the eucalyptus tree was selected for the first 
analysis, since its biomass production and carbon sequestra-
tion capacities make the tree of interest for alternative energy 
production and global carbon cycling. The JGI will also 
sequence the genome of the marine red alga, which seems 
to play an important environmental role in removing carbon 
dioxide from the atmosphere. 

 The   proposed Human Microbiome Project, or as some 
call it the  ‘  ‘ Second Human Genome Project ’  ’ , emphasizes 
metagenomics  –  particularly in the human environment. 
Sequencing will be a big part of the project. The human 
microbiome, the collection of microbes in and on the 
human body, is one of the factors in understanding human 
health and disease. Changes in microbial communities in 
the body have been linked, for example, to immune sys-
tem function, or to obesity and cancer. Some connections 
among these would not be surprising, taking into consid-
eration the estimate that the human body contains ten times 
as many bacterial cells as human cells (which would mean 
roughly 1,000 bacterial genes for every human gene). 
Although scientists have been aware of the microbes asso-
ciated with the human body for hundreds of years, the 
viral, bacterial, fungal, and single-celled eukaryote com-
munities associated with humans remain largely unknown 
and poorly understood. The benefits of understanding the 
human microbiome may lead to the development of pro- 
and pre-biotic approaches for maintaining human health; it 
may make people aware of beneficial microbes and of the 
effect of antibiotics in the alteration of normal flora. In the 
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future, each person’s microbiome could eventually become 
his or her medical biometric.  

    24.8       CONCLUSIONS 

 Next  -generation high-throughput DNA sequencing techniques 
are creating fascinating opportunities in life sciences. Novel 
fields and applications in biology and medicine are becoming 
a reality, beyond the genomic sequencing as the original devel-
opment goal and application. For example: personal genom-
ics with detailed analysis of individual genomic stretches; 
precise analysis of RNA transcripts for gene expression (sur-
passing and replacing in several aspects analysis carried out 
by various microarray platforms, for instance in reliable and 
precise quantification of transcripts); and as a tool for identi-
fication and analysis of DNA regions that interact with regu-
latory proteins in functional regulation of gene expression. 
The next-generation sequencing technologies offer novel and 
rapid ways for genome-wide characterization and profiling of 
mRNAs, small RNAs, transcription factor regions, structure 
of chromatin, and DNA methylation patterns, microbiology 
and metagenomics. Presently, commercially available very 
high-throughput DNA sequencing platforms, as well as tech-
niques under development, were described, and their applica-
tions in bio-medical fields discussed. 

 Genomics  , proteomics and medical research ben-
efit from recent advances and novel techniques for high-
throughput analysis (e.g. DNA and protein microarrays, 
quantitative PCR, novel DNA sequencing techniques, mass 
spectrometry, and others). 

 The   effort to find a cost-effective and rapid technique 
for whole genome sequencing has resulted in several novel 
approaches. The efficiency and throughput were improved 
by increasing the number of sequenced samples by sev-
eral orders of magnitude. Another aim of efficient analysis 
is to sequence single molecules of DNA, an ultimate goal 
for a system miniaturization with minimum consumption 
of biochemicals. Moreover, it would allow the sequence 
information to be obtained without the need for amplifica-
tion of DNA, associated with additional costs and poten-
tial source of inaccuracies. There are several approaches to 
the single-molecule sequencing, one of them commercially 
distributed by Helicos (section 24.2.4 above). At present, 
with the exception of the Roche 454 system, the result is 
usually a large number of short (several tens of bases long) 
sequences. Devices with these short readings have found 
many applications, e.g. in gene expression, or resequencing 
of genome regions, as described in the sections above. 

 But   for genomic sequencing, and for analysis of the ever-
more important structural genetic variations in genomes, e.g. 
copy-number variation (CNVs; selected by the journal  Science   –  
in December 2007, volume 318, editorial and articles starting 
on page 1842  –  as the most important scientific breakthrough 
of the year in 2007), as well as for chromosomal translocations, 

inversions, large deletions, insertions, and duplications, it 
would be a great advantage if sequence read length on the 
original single DNA molecule could be increased to several 
thousand bases and more per second. Ideally, the goal would 
be the sequence determination of a whole chromosome from a 
single original DNA molecule. Hopes for future development 
of such a novel very long read sequencing technique may give 
several physical techniques (e.g. AFM, electron microscopy, 
various spectroscopic techniques, soft X-rays, nanopores and 
nano-edges, to name just some of those most obvious), with 
many developments and improvements still needed.  
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 Chapter 25 

    25.1        INTRODUCTION 

 Research   into the genetic basis of disease has advanced in 
scale and sophistication, leading to very high rates of data 
production in many laboratories, while DNA diagnostics 
and electronic health care records are increasingly common 
features of modern medical practice. Therefore, it should 
be possible to integrate all of this information in order to 
establish a detailed understanding of how genome sequence 
differences impact human health. Bioinformatics, usually 
defined as informatics tools used in molecular biology, is 
an important scientific discipline that emerged in the post-
genomic era from the recent developments in the field of 
human genomics. Bioinformatics can be significantly help-
ful in, e.g., (1) accommodating huge data size (billions of 
base pairs), (2) stratifying large data diversity (repeated 
sequences, protein domains, interspecies DNA sequence 
comparison), and (3) integration of published references. 

 In   the last decade, major advances have been made in 
the cloning and characterization of genes involved in human 
diseases. Concurrently, advances in technology have led to 
the identification of numerous mutations in these genes, 
ranging from point mutations to large rearrangements (see 
previous chapters). It rapidly has become clear that the 
knowledge and organization of these alterations in struc-
tured repositories will be of great importance not only for 
diagnosis but also for clinicians and researchers. Genetic or 
mutation databases are referred to as online repositories of 
mutation data, described for single ( locus-specific ) or more 
( general ) genes or specifically for a population or ethnic 
group ( national/ethnic ). The main applications of mutation 
databases are: (1) to facilitate diagnosis at the DNA level 
and to define an optimal strategy for mutation detection, 

(2) to provide information about mutation-specific pheno-
typic patterns, and (3) to correlate locus-specific variant 
information with genome-wide features, such as repetitive 
elements, gene structures, interspecies conservation, muta-
tion hotspots, recombination frequencies, and so on. 

 With   great vision, Victor McKusick made, in 1966, the 
first serious efforts towards summarizing DNA variations and 
their clinical consequences when he published the Mendelian 
Inheritance in Man (MIM), a paper compendium of infor-
mation on genetic disorders and genes ( McKusick, 1966 ). 
This is now distributed electronically (Online Mendelian 
Inheritance in Man (OMIM),  http://www.ncbi.nlm.nih.gov/
omim ) by the National Center for Biotechnology Information 
(NCBI) and updated on a daily basis ( Hamosh  et al ., 2005 ). 
Also, the first database collecting mutations from a single 
gene was published in 1976. It included 200 mutations from 
the globin gene in a book format and has led to the HbVar 
database for hemoglobin variants and thalassemia mutations 
( Hardison  et al ., 2002 ;  Patrinos  et al ., 2004 ). 

 A   decade later, David Cooper began listing mutations in 
genes to determine which mutational change was the most 
common ( Cooper  et al ., 1998 ). In the mid-1990s the Human 
Genome Organization-Mutation Database Initiative (HUGO-
MDI) was created, in order to organize this new domain of 
genetics and mutation analysis ( Cotton  et al ., 1998 ), which 
then evolved into the Human Genome Variation Society 
(HGVS:  http://www.hgvs.org ). Today, the stated objective 
of the HGVS is  ‘  ‘  … to foster discovery and characterization 
of genomic variations, including population distribution and 
phenotypic associations ’  ’ . 

 Nowadays  , this field is rapidly expanding and there are 
several mutation databases available on the internet. However, 
not all mutation databases fulfill quality requirements, while 
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 others have been built by researchers  ‘  ‘ on the side ’  ’  for their 
own use. Most importantly, funding opportunities for data-
base-related projects have always been very limited. This 
chapter aims to summarize the current state-of-the-art in the 
field of mutation databases. In particular, the main activities 
relating to mutation databases will be highlighted, in order to: 
(i) describe the existing and emerging database types in this 
domain, (ii) emphasize their potential applications in modern 
medical genetics, and (iii) comment upon the key elements 
that are still missing and holding back the field.  

    25.2       MODELS FOR DATABASE 
MANAGEMENT 

 In   its strict definition, a database is a collection of records, 
each of which contains one or more fields (i.e. pieces of 
data) about some entity (e.g. DNA sequences, muta-
tions), which has a regular structure and which is organ-
ized in such a way that the desired information can easily 
be retrieved. The creation of databases relies on the model 
that the curator, i.e. the person or group of persons respon-
sible for developing, updating and ultimately maintaining 
a mutation database, will choose for setting one up. There 
are mainly three types of database management models, 
from low to higher degrees of complexities, each with its 
own advantages and drawbacks. 

 Information   contained within plain text websites is the 
simplest  ‘  ‘ database ’  ’  format. This structure cannot be con-
sidered as a database in a strict sense, but it is often used 
for several database projects. The advantages for such 
a model are the development and maintenance simplic-
ity, since no specific software is required. However, there 
are no true data querying options, apart from the standard 
searching tool provided by the respective internet browser, 
while the database becomes very difficult to maintain when 
the data sets get expanded. 

 Flat  -file databases are the simplest type. They have for 
a long time been the dominant type, and can still be useful, 
particularly for small-scale and simple applications. These 
databases have modest querying capacity, and can accom-
modate small to moderately big data sets. On the contrary, 
when the data sets are significantly expanded, they become 
problematic to query and maintain. Also, their develop-
ment requires average computing skills, even though they 
are based on simple software. 

 Relational   databases are far more efficient for deal-
ing with large volumes of information than flat-file data-
bases. A relational database is based on data organization 
in a series of inter-related tables. Also, information can be 
retrieved in an extremely flexible manner by using struc-
tured data queries. Although interest in this model was 
initially confined to academia, subsequently, relational 
databases became the dominant type for high-performance 
applications because of their efficiency, ease of use, and 

ability to perform a variety of useful tasks that had not 
been originally envisioned. The dominant query language 
for relational databases is the semi-standardized structured 
query language (SQL). There are different SQL variants, 
the main ones being Microsoft SQL ( http://www.microsoft.
com/sql ), MySQL ( http://www.mysql.com ), and postgreSQL 
( http://www.postgresql.org ). Although critics claim that 
SQL is not consistent with the relational model, it works 
extremely well in practice and no replacement is on the 
horizon. The requirement of specialized software for devel-
oping a relational database can potentially be a disadvan-
tage, since significant computer proficiency is required.  

    25.3       MUTATION DATABASE TYPES 

 The   various depositories that fall under the banner of 
 ‘  ‘ mutation databases ’  ’  can be categorized into three types: 
 general  (or  central )  mutation  databases (GMDs),  locus-
specific  databases (LSDBs) and  national/ethnic mutation  
databases (NEMDBs). 

 GMDs   attempt to capture all described mutations in 
all genes, but with each being represented in only limited 
detail. The included phenotype descriptions are generally 
quite cursory, making GMDs of little value for those wish-
ing to understand the subtleties of phenotypic variability. 
GMDs tend to include only mutations of large effect that 
result in Mendelian patterns of inheritance, while sequence 
variations associated with no, minor, or uncertain clinical 
consequences are rarely cataloged. Thus, GMDs provide a 
good overview of patterns of clinically relevant mutations 
and polymorphisms, but almost no fine detail to aid proper 
understanding. The best current example of a GMD would 
be the Human Gene Mutation Database ( http://www.hgmd.
org ;  Stenson  et al ., 2003 ), which by June 2008 contained 
over 57,000 different records in 2,185 different genes in the 
public release and over 79,000 different records in 3,000 
different genes in the HGMD Professional Release (V8.1). 
New entries are accumulating in HGMD at an average rate 
of approximately 5,000 per annum. Experts in specific 
fields do not maintain these databases, but they integrate 
data on mutations, their distribution, and references. Only 
published mutations are collected, mostly using automated 
data (text) mining routines. Each mutation is entered only 
once in order to avoid confusion between recurrent and 
identical-by-descent lesions and the phenotypic descrip-
tion associated to the mutation is very limited, preventing 
any study on phenotypic variability. These databases are 
frequently referred as  ‘  ‘ mile wide and inch deep ’  ’ , as they 
included mutations from many genes but with a limited 
description. A detailed survey on the GMDs currently avail-
able has been recently compiled by  George  et al . (2008) . 

 In   contrast to GMDs, LSDBs are concerned with just 
one or a few specific genes ( Claustres  et al ., 2002 ), usu-
ally related to a single disease entity. They aim to be highly 
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 curated repositories of published and unpublished muta-
tions within those genes, and as such they provide a much-
needed complement to the core databases. Data quality and 
completeness is typically high, with up to 50% of stored 
records pertaining to otherwise unpublished mutations. 
The data are also very rich and informative and the annota-
tion of each mutant includes a full molecular and pheno-
typic description. Therefore, these databases are referred to 
as  ‘  ‘ inch wide and mile deep ’  ’ . For example, LSDBs will 
typically present each of the multiple discoveries of recur-
rent mutational events, so allowing mutation hotspots to 
be identified: and when these mutations occur upon differ-
ent chromosomal backgrounds (linked to other mutations) 
such that they result in several, or different, disease fea-
tures, these correlations are also recorded. A good example 
of an LSDB would be the HbVar database ( http://globin.
bx.psu.edu/hbvar ;  Hardison  et al ., 2002 ;  Patrinos  et al ., 
2004 ), a relational database of hemoglobin variants and 
thalassemia mutations, providing information on pathology, 
hematology, clinical presentation, and laboratory findings 
for a wealth of DNA alterations. Gene/protein variants 
are annotated with respect to biochemical data, analytical 
techniques, structure, stability, function, literature refer-
ences, and qualitative and quantitative distribution in ethnic 
groups and geographic locations ( Patrinos  et al ., 2004 ). 
As is common in LSDBs, entries can be accessed through 
summary listings or user-generated queries, which can be 
highly specific. A listing of the over 650 currently available 
LSDBs can be found at  http://www.hgvs.org ,  http://www.
hgmd.org  and in the literature ( Cotton  et al ., 2007 ). 

 Finally  , NEMDBs are repositories documenting the 
genetic composition of an ethnic group and/or population, 
the genetic defects, leading to various inherited disorders 
and their frequencies calculated on a population-specific 
basis. The emergence of the NEMDBs is justified from the 
fact that the spectrum of mutations observed for any gene or 
disease will often differ between population groups across 
the planet, and also between distinct ethnic groups within a 
geographical region. Not only do NEMDBs help elaborate 
the demographic history of human population groups, they 
are also a prerequisite to the optimization of national DNA 
diagnostic services. That is, they will provide essential ref-
erence information for use in the design of targeted muta-
tion detection efforts for clinical use, and they may also 
serve to enhance awareness among health care profession-
als, bio-scientists, patients, and the general public about the 
range of most-common genetic disorders (and their environ-
mental correlates) suffered by particular population groups. 

 Beyond   the aforementioned main database types, DNA 
variation is also recorded in various polymorphism databases, 
such as dbSNP ( http://www.ncbi.nlm.nih.gov/projects/SNP ; 
 Wheeler  et al ., 2008 ), the HAPMAP Data Coordination 
Center (DCC:  http://www.hapmap.org ;  International HapMap 
Consortium, 2003 ), and the Human Genome Variation 
Database (HGVbase:  http://www.hgvbase.org ;  Fredman  et al ., 

2004 ). These resources are not yet perfect in design or content 
( Marsh  et al ., 2002 ;  Aerts  et al ., 2002 ;  Dvornyk  et al ., 2004 ), 
but they do make available a very extensive list of normally 
occurring human genome variation. They are mentioned 
briefly here because they are important in helping to complete 
the picture for any gene or region of interest, by summariz-
ing all the neutral variants that are typically not included in 
GMDs, LSDBs, and NEMDBs. In brief, GMDs, LSDBs, 
and NEMDBs share the same primary purpose of represent-
ing DNA variations that have definitive or likely phenotypic 
effect. They tackle this goal from very different perspectives, 
and there is clearly a need for these three types of resource in 
the various disciplines of human genetics and genomics, par-
ticularly genetic testing. 

 In   the following paragraphs, the basic aspects of LSDBs 
and NEMDBs will be analyzed in detail, in relation to their 
applications in molecular diagnostics.  

    25.4       LSDBs IN MOLECULAR GENETIC 
TESTING 

 In   the previous chapters, it has been nicely demonstrated 
that detection of DNA sequence variation can be very effi-
ciently performed using a plethora of techniques. LSDBs 
can facilitate molecular diagnosis of inherited diseases in 
various ways. For example, LSBDs can assist in ascertain-
ing whether a DNA variation is indeed a causative mutation, 
leading to a genetic disease, or a neutral polymorphism. 
Similarly, some high-quality LSDBs provide detailed phe-
notypic information that is related to disease-causing muta-
tions. Ultimately, LSDBs can assist in the selection of the 
optimal mutation detection strategy. 

    25.4.1       Identification of Causative Mutations 

 Usually  , in diagnostic laboratories, if a missense mutation is 
detected, additional experiments need to be conducted prior 
to concluding that the mutation in question is in fact the 
causative mutation in the family. In the absence of a func-
tional test, the segregation of the mutation in the affected 
family members, the absence of this variation in a panel of 
at least 100 control samples, the prediction of the biochemi-
cal nature of the substitution, the region where the mutation 
is located, and the degree of conservation among species 
are some of the arguments for a causative mutation. This 
approach is often both time consuming and cost effective. 
Therefore, the use of an LSDB can provide researchers with 
valuable information to help in such a decision process. 

 If   the mutation has been reported as a causative one, the 
full description of the mutation and the corresponding liter-
ature is provided in the LSDB. Furthermore, a comprehen-
sive LSDB includes not only the reference sequence of the 
gene but also the description of structural domains and data 
about interspecies conservation for each protein residue. 
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  Also  , as many publications include a large set of data, it 
is often possible to observe typing errors or use of a wrong 
nomenclature, due to reference to an old sequence (up to 
10% of errors for some publications). The use of LSDBs 
can be helpful to this end. Several LSDBs include an auto-
matic nomenclature system, based on a reference sequence. 
In other words, variant entry is done such that the vari-
ant nucleotide is automatically checked against the refer-
ence sequence at the respective variant position and named 
based on the official (HGVS) nomenclature ( den Dunnen 
and Antonarakis, 2001 ). Interestingly, a dedicated module, 
namely Mutation Analyzer (Mutalyzer) sequence varia-
tion nomenclature checker ( http://www.lovd.nl/mutalyzer ; 
 Wildeman  et al ., 2008 ) has been constructed to enable unam-
biguous and correct sequence variant descriptions and to 
avoid mistakes and uncertainties that may lead to undesired 
errors in clinical diagnosis. Mutalyzer handles most variation 
types, i.e. substitutions, deletions, duplications, etc., and fol-
lows current HGVS recommendations. Input is a GenBank 
accession number or an uploaded reference sequence file in 
GenBank format with user-modified annotation, a HUGO 
gene nomenclature committee (HGNC) gene symbol, and 
the variant (single or in a batch file). Mutalyzer generates 
variant descriptions at DNA level, the level of all annotated 
transcripts and the deduced outcome at protein level. 

 Finally  , a handful of LSDBs include data presenta-
tion tools to visualize their content in a graphical display. 
Recently,  Smith and Cotton (2008)  developed a generic vis-
ualization toolkit that can be employed by LSBDs to gener-
ate graphical models of gene sequence with corresponding 
variations and their consequences. The VariVis software 
package can run on any web server capable of executing 
Perl CGI scripts and can interface with numerous database 
management systems and even flat-file databases. VariVis 
produces two easily understandable graphical depictions 
of any gene sequence and matches these with variant data. 
The toolkit has already been tested in A 1 ATVar, an LSDB 
for  SERPINA1  gene variants, leading to  α  1 -antitrypsin defi-
ciency ( Fig. 25.1   ;  Zaimidou  et al ., 2009 ) and can be inte-
grated into generic database management systems used for 
LSDB’s development (see also section 25.6).  

    25.4.2       Linking Genotype Information with 
Phenotypic Patterns 

 LSDBs   are far more than just inert repositories, as they 
include analyzing tools, which exploit computing power to 
answer complex queries, such as phenotypic heterogeneity 
and genotype/phenotype correlations. The vast majority of 
LSDBs provide phenotypic descriptions in abstract format. 
A typical example is provided in  Fig. 25.2   , where genotype 
information of each  SERPINA1  gene variant, leading to 
 α  1 -antitrypsin deficiency, is displayed next to certain phe-
notypic descriptions, e.g. variant category, organ affected, 
etc. Similar displays are also available for the LOVD-based 
LSDBs (see section 25.6). Also, in other databases, such as 

HbVar, phenotypic descriptions are slightly more detailed, 
e.g. providing information on the clinical presentation of tha-
lassemia carriers and patients together with their hematolog-
ical indices for every hemoglobin variant and/or thalassemia 
mutation. All LSDBs attempt to enforce controlled vocabu-
lary to facilitate straightforward data querying. Therefore, 
phenotype data in the vast majority of LSDBs are presented 
in a very basic way, such as in the form of free text entries 
and/or with very little detail. There is a definite need for this 
situation to be improved, and a general wish for the com-
prehensive analysis of phenotypes to occur, a goal termed 
 ‘  ‘ phenomics ’  ’  ( Gerlai, 2002 ;  Hall, 2003 ;  Scriver, 2004 ), sup-
ported by the necessary informatics solutions. 

 FIGURE 25.1          The VariVis visualization toolkit and its implementation 
in the A 1 ATVar LSDB, depicting mutations in exon 5 of the  SERPINA1  
gene, leading to  α 1-antitrypsin deficiency. Further information for this 
variant can be also obtained from PubMed and Google Scholar literature 
databases. Adapted from  Zaimidou  et al . (2009) .    
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  Also  , it is possible for patients with the same muta-
tion to have a completely different phenotype. This valu-
able information could be useful for predictive medicine. A 
good example is given by the distribution of mutations of the 
 FBN1  gene (MIM# 134797) that are associated with Marfan 
syndrome (MFS) and a spectrum of conditions phenotypi-
cally related to MFS, including dominantly inherited ectopia 
lentis, severe neonatal MFS, and isolated typical features of 
MFS. MFS, the founding member of heritable disorders of 
connective tissue, is a dominantly inherited condition charac-
terized by tall stature and skeletal deformities, dislocation of 
the ocular lens, and propensity to aortic dissection ( Collod-
Beroud and Boileau, 2002 ). The syndrome is characterized 
by considerable variation in the clinical phenotype between 
families and also within the same family. Severe neonatal 
MFS has features of the MFS and of congenital contractural 
arachnodactyly present at birth, along with unique features 
such as loose, redundant skin, cardiac malformations, and 
pulmonary emphysema ( Collod-Beroud and Boileau, 2002 ). 
A specific pattern of mutations is observed in exons 24 to 26 
in association with the neonatal MFS. In fact, 73.1% of muta-
tions are located in this region in the neonatal form of the dis-
ease, but only 4.8% of mutations associated with a classical 
MFS are located in these exons (FBN1 database:  http://www.
umd.be ;  Collod  et al ., 1996 ;  Collod-Beroud  et al ., 2003 ). 

 Recently  , an interesting project attempted to connect 
human phenotype and clinical data in various LSDBs with 
data on genome sequences, evolutionary history, and function 
from the ENCODE project and other resources in genome 
browsers. PhenCode (Phenotypes for ENCODE;  http://www.
bx.psu.edu/phencode ;  Giardine  et al ., 2007a ) is a collaborative, 
exploratory project to help understand phenotypes of human 

mutations in the context of sequence and functional data 
from genome projects. The project initially focused on a 
few selected LSDBs, namely HbVar ( HBA2 ,  HBA1 , and 
 HBB  genes) and PAHdb ( PAH  gene;  Scriver  et al ., 2000 ), 
etc. Interesting mutations found in a genome browser can 
be tracked by following links back to the LSDBs for more 
detailed information. Alternatively, users can start with queries 
on mutations or phenotypes at an LSDB and then display the 
results at the genome browser to view complementary infor-
mation such as functional data (e.g. chromatin modifications 
and protein binding from the ENCODE consortium), evolu-
tionary constraint, regulatory potential, and/or any other tracks 
they choose. PhenCode provides a seamless, bidirectional 
connection between LSDBs and ENCODE data at genome 
browsers, which allows users to easily explore phenotypes 
associated with functional elements and look for genomic data 
that could explain clinical phenotypes, thus helping to fulfill 
the promise of the Human Genome Project to improve human 
health. Therefore, PhenCode is not only helpful to clinicians 
for diagnostics, it also serves biomedical researchers by inte-
grating multiple types of information and facilitating the gen-
eration of testable hypotheses to improve our understanding 
of both the functions of genomic DNA and the mechanisms 
by which it achieves those functions. These and other types of 
data provide new opportunities to better explain phenotypes.  

    25.4.3       Selection of the Optimal Mutation 
Detection Strategy 

 As   LSDBs collect all published and unpublished mutations, 
they are very useful to define an optimal mutation screening 

 FIGURE 25.2          Data querying in A 1 ATVar database for  SERPINA1  gene variants. This example illustrates a query for all  SERPINA1  gene variants 
located in exon 5. Query output includes 16 records (also indicated in the drop-down menu) for which the desired information is provided (for RNA 
levels and phenotype) in addition to the standard columns display (selected by default and shown in gray). Adapted from  Zaimidou  et al . (2008) .  Note  : 
The e-book for this title, including full-color images, is available for purchase at www.elsevierdirect.com.    
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 strategy. Therefore, an overview of the distribution of muta-
tions at the exonic level can help to focus on specific exons, 
where most of the mutations are located. The best example 
is given by the study of the TP53 gene involved in up to 
50% of human cancers ( Soussi, 2000 ). This gene is com-
posed of 11 exons from which ten are transcribed in a 393 
amino acids protein. The distribution of the 23,868 muta-
tions reported from 2,201 references in the TP53 database 
( http://www.umd.be ; last assessed in June 2008) shows that 
approximately 95% of mutations are located in four out of 
the 11 exons of the gene (exons 5 – 8;  Beroud and Soussi, 
2003 ; Soussi and Beroud, 2003). This observation has led 
39% of research groups to search for mutations only in these 
exons, whereas 13% performed a complete scanning of the 
gene ( Soussi and Beroud, 2001 ). Although this strategy is 
cost effective, one needs to be careful in case of a negative 
result and should perform a complete scanning in order to 
avoid bias, as described in  Soussi and Beroud (2001) . 

 Similarly  , summary listings of mutations documented 
in LSDBs will help to choose the best technical approach 
for mutation screening. For example, if most mutations are 
nonsense mutations, the protein truncation test could be one 
of the best approaches, whereas sequencing is considered 
the gold standard for mutation detection. Certain LSBDs 
may contain additional information about primers and tech-
nical conditions to help new research groups or diagnostic 
laboratories to establish their own diagnostic procedures. 
A very nice website is  http://www.dmd.nl , about various 
genes involved in muscular dystrophies, from where a list 
of primers can be used for multiplex PCR to detect dele-
tions of the DMD gene involved in Duchenne and Becker 
myopathies. Furthermore, few other LSDBs have summary 
listings of complete mutation detection methods for muta-
tion screening in the underlying gene(s). XPRbase ( http://
www.goldenhelix.org/xprbase ), a companion database to 
HbVar, consisting of mutation detection protocols to screen 
for globin gene mutations ( Giardine  et al ., 2007b ;  Fig. 25.3   ) 
and UMD database ( http://www.umd.be ;  Beroud  et al ., 
2000 ) are typical examples. 

 Finally  , in a few LSDBs, explicit information is pro-
vided regarding the mutation pattern associated with a 
population/ethnic group and/or geographical region. This 
information can be extremely helpful in stratifying muta-
tion detection strategies. In other words, in ethnic groups 
with a more or less homogeneous mutation pattern, muta-
tion screening efforts can be either targeted to those 
genomic regions that the majority of mutations have been 
reported, or to a specific mutation detection technique, i.e. 
ARMS or restriction enzyme analysis, thus saving time and 
resources. Coupling LSDBs with NEMDBs resources (see 
also next paragraph), if available, would further facilitate 
these efforts ( Fig. 25.4   ). However, as previously explained, 
extreme caution should be taken in the case of a negative 
result that would require complete mutation scanning in 
order to avoid bias.  

    25.4.4       Criteria for LSDB Selection 

 Over   700 LSDBs are available today on the internet, which 
sometimes makes it difficult to choose the  “ best ’  ’  LSDB. 
For example, there are at least six different LSDBs for  TP53  
gene mutations, from which two are recognized as refer-
ence databases ( http://p53.free.fr  and  http://www-p53.iarc.
fr/index.html ). The same is true for a few other LSDBs. This 
fact generates confusion to potential users as to which LSDB 
to choose. This can be particularly worrying, since not all 
databases conform to the proposed quality guidelines, or are 
curated or updated frequently, while they are rather diverse 
in terms of content and structure. The most efficient way for 
an interested user to directly select the reference database 
for its purposes is to consult the HGVS portal, where sum-
mary listings of all available LSDBs are provided and get 
frequently updated ( http://www.hgvs.org/dblist/glsdb.html ).   

    25.5       NEMDBs: A NEW TREND 

 NEMDBs   are continuously updated mutation depositories, 
recording extensive information over the described genetic het-
erogeneity of an ethnic group or population. These resources 
have recently emerged, mostly driven by the need to document 
the varying mutation spectrum observed for any gene (or mul-
tiple genes) associated with a genetic disorder, among different 
population and ethnic groups ( Patrinos, 2006 ). 

 FIGURE 25.3          The protocols page from XPRbase, a companion database 
forHbVar.  A.  Users can select from two drop-down menus, which give the 
protocols that are available for mutation screening in every globin gene, 
for example  ‘  ‘ Find all DGGE protocols available for  β -globin gene muta-
tion screening ’  ’ .  B.  This query returns three protocols, each one of which 
consists of the primer sequence, amplification conditions, reaction ingre-
dients, and the source reference(s), hyperlinked to PubMed, from where 
the publication(s) can be retrieved ( Giardine  et al ., 2007b ).    
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  In   general, the NEMDBs available to date can be divided 
in two subcategories. The  ‘  ‘ National Genetic ’  ’  (or Disease 
Mutation) databases, the first ones that appeared online, 
record the extant genetic composition of a population or 
ethnic group but with limited or no description of muta-
tion frequencies. The first NEMDB to come online was the 
Finnish database ( http://www.findis.org ;  Sipila and Aula, 
2002 ), which although rich in information provided very 
limited querying capacity, particularly for allelic frequen-
cies. On the other hand, the  ‘  ‘ National Mutation Frequency ’  ’  
databases provide comprehensive information only of those 
inherited disorders whose disease-causing mutation spec-
trum is well defined. The Hellenic and Cypriot NEMDBs 
(available at  http://www.goldenhelix.org/hellenic  and  http://
www.goldenhelix.org/cypriot  respectively;  Patrinos  et al ., 
2005a ;  Kleanthous  et al ., 2006 ) are trying to do somewhat 
better from the outset, by introducing a specialized database 
management system (see also next paragraph) that enables 
both basic query formulation and restricted-access data 
entry so that all records are manually curated to ensure high 
and consistent data quality ( Patrinos  et al ., 2005a ). 

 In   order to provide a simple and expandable system for 
worldwide population-specific mutation frequency data 
documentation, the latter NEMDB group was used as the 
basis for the design of the Frequency of INherited Disorders 

database (FINDbase;  http://www.findbase.org ), a relational 
database that currently records frequencies of causative 
mutations and pharmacogenetic markers worldwide ( van 
Baal  et al ., 2007 ). FINDbase offers a user-friendly query 
interface, providing instant access to the list and frequen-
cies of the different mutations and query outputs can be 
either in a table or graphical format ( Fig. 25.5   ). Data entry 
and database curation are being performed online by three 
different user groups, namely administrator, national coor-
dinator and curator, via a password-protected interface. 

 Given   their scope, to maximize the utility of NEMDBs 
the mode by which their content is provided needs to pro-
vide a seamless integration with related content in LSDBs 
and GMDs ( Patrinos and Brookes, 2005 ). Furthermore, 
as is always desirable for specialized databases, extensive 
links to other external information (e.g. to OMIM and to 
various types of genome sequence annotation) would ide-
ally be provided as part of the necessary tying together of 
the growing network of genomic databases. 

    25.5.1       NEMDBs and Genetic Testing 

 NEMDBs   can be helpful in multiple ways in a molecular 
diagnostic setting. First of all, they can help optimize national 
molecular diagnostic services by providing essential reference 

 FIGURE 25.4          NEMDBs, coupled to LSDBs, can significantly facilitate molecular genetic testing efforts.  A.  Data querying in the Cypriot NEMDB 
for the mutational spectrum leading to Familial Mediterranean Fever in the Cypriot population indicates that five  MEFV  gene mutations account for 
approximately 95% of the mutant alleles.  B.  On the contrary,  β -thalassemia has an extremely homogeneous mutational pattern in both the Greek Cypriot 
and Turkish Cypriot ethnic groups, with only one mutation accounting for approximately 75 – 80% of the mutant chromosomes. The latter can provide 
useful insights in the selection of the most appropriate mutation screening strategy. Also, this figure demonstrates that the Greek Cypriot and Turkish 
Cypriot groups, although genetically related to each other, differ substantially in their mutation spectra compared to the Greek and Turkish populations, 
respectively (not shown), despite being in close physical proximity and their cultural relationships.    
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 information for the design and implementation of regional or 
nationwide mutation screening efforts (see also section 25.4.3). 
In addition, NEMDBs can enhance awareness among clini-
cians, bioscientists, and the general public about the range of 
most common genetic disorders suffered by certain populations 
and/or ethnic groups. Based on populations ’  mutation spectra, 
customized genetic tests can be designed. Several diagnostic 
companies have designed kits for  β -thalassemia, which qualita-
tively detect, e.g. the most common Mediterranean and Asian 
 β -thalassemia mutations (reviewed in  Patrinos  et al ., 2005b ). 
Most importantly, those databases can also assist in interpret-
ing diagnostic test results in countries with heterogeneous 
populations, particularly where interpretation of test results 
in minority ethnic groups may be ambiguous or problematic 
( Zlotogora  et al ., 2007 ).  

    25.5.2       NEMDBs and Society 

 Apart   from their importance in a clinical laboratory set-
ting, NEMDBs can also contribute toward the elucidation 
of populations ’  origin and migration. History of a certain 
population is tightly linked with the history of its allele(s). 
Therefore, NEMDBs, particularly those including data 
from many population groups, can serve as the platform for 
comparative genomic studies that can reciprocally provide 
insights into, e.g., the demographic history of human pop-
ulations, patterns of their migration and admixture, gene/
mutation flow, etc. NEMDBs can therefore be particularly 
helpful to determine the recent microevolution of human 
populations via precise ethnic identification that in turn 
is extremely important for the rapid transition of modern 
societies, through migration to multi-ethnicity. 

 To   this end, in order for an NEMDB to be maximally 
comprehensive and accurate, it is vital that certain parameters 
are strictly observed. In the case of recurrent mutation events 
(e.g. sickle cell mutation), caution should be taken to record 
precisely the underlying genomic background on which a 
mutation has occurred. Furthermore, mutation frequencies 
should be calculated based on the most representative study 
that involves sufficient numbers of patients and controls. 
Estimation of absolute mutation frequencies based on multiple 
reports has the inherent danger of including redundant cases 
that can alter the calculated allele frequencies. Finally, the very 
delicate issue of anonymity should be adequately preserved, by 
including data only at a summary rather than individual level, 
so that NEMDB data contents consist only of number of chro-
mosomes rather than sensitive personal details of their carriers.   

    25.6       DATABASE MANAGEMENT SYSTEMS 
FOR LSDBs AND NEMDBs 

 In   is noteworthy that although over 79,000 different muta-
tions are recorded in HGMD for 3,000 different genes, only 
just over 600 LSDBs are available today, including some 
redundant ones for specific genes. From this, it is clear that a 
great number of LSDBs still do not exist for many genes. The 
HGVS produced guidelines and recommendations for muta-
tion nomenclature ( den Dunnen and Antonarakis, 2001 ;  den 
Dunnen and Paalman, 2003 ), content, structure ( Scriver  et al ., 
1999 ), curation and deployment of LSDBs ( Claustres  et al ., 
2002 ;  Cotton  et al ., 2008 ), and NEMDBs ( Patrinos, 2006 ). 

 To   facilitate interested parties and research groups to 
develop and curate their own LSDBs and NEMDBs, generic 

 FIGURE 25.5          Use of FINDbase database to compare the different allelic frequencies in various populations. This example illustrates the query 
 ‘  ‘ Frequencies of the mutant p.R243X allele, leading to phenylketonuria in all populations. ’  ’  Query outcome includes 12 populations in which the 
p.R243X is found, along with the corresponding allelic frequencies, in both tabular and graphical format for comparison (see also  van Baal  et al ., 2007 ).    
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 tools, known as database management systems (DBMS), 
have been made available for this purpose. Today, several 
off-the-shelf freely available and user-friendly softwares 
are available for LSDB development and curation. These 
include MUTbase ( Riikonen and Vihinen, 1999 ), Universal 
Mutation database (UMD;  Beroud  et al ., 2000 ), Mutation 
Storage and Retrieval (MutStaR;  Brown and McKie, 2000 ), 

and Leiden-Open (source) Variation Database (LOVD, 
 Fokkema  et al ., 2005 ;  Fig. 25.6   ). As far as NEMDBs are 
concerned, ETHnic and National database Operating System 
(ETHNOS;  Patrinos  et al ., 2005a ) is currently available in 
both flat-file and relational database format, on which the 
first generation NEMDBs and FINDbase were developed. 
 Table 25.1    summarizes the existing DBMS available today. 

 FIGURE 25.6          Examples of use of the LOVD DBMS.  A.  Home (summary) page of the LOVD-based Duchenne Muscular Dystrophy (DMD)-specific 
database.  B.  Variant page of the LOVD-based TSC1-specific database, including detailed information of all  TSC1  gene variants, leading to tuberous 
sclerosis in a tabular format.    
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  These   user-friendly DBMSs are designed to promote the 
creation of more and better LSDBs, by reducing or eliminat-
ing the requirement for substantial knowledge of computing 
and bioinformatics for interested parties to establish an LSDB 
from scratch. In addition, the use of off-the-shelf solutions 
will positively impact on data uniformity. Contrary to the 
NEMDB structure and data content that is relatively uniform, 
since the majority of them are ETHNOS based, the LSDB 
domain suffers from extreme structure and data content het-
erogeneity that impact their overall quality. It is expected that 
adoption of a generic DBMS and migration of most of the 
existing LSDBs to this DBMS will drastically solve the issue 
and increase data uniformity among these resources. 

 Finally  , the use of a database management system that 
can be run on any platform will reduce the risk of the data-
base being  ‘  ‘ lost ’  ’ . If database curation for some reason, 
e.g. lack of funding, is interrupted, data will then be trans-
ferred directly between platforms or locations and they will 
remain accessible to all. Potential curators will be encour-
aged to set up LSDBs, with the choice of using these soft-
ware packages locally on their own workstations or, most 
importantly, having their databases hosted on a central 
server on the internet.  

    25.7       FUTURE CHALLENGES 

 Notwithstanding   the technical challenges, perhaps more dif-
ficult to overcome will be problems associated with the way 
database research is organized, motivated, and rewarded. 
For example, forming consensus opinions and truly com-
mitted consortia in order to create standards is far from 
easy in the highly competitive world of science. This may 
partly explain why leading bioinformatics activities today 
are often conducted in large specialized centers (e.g. the 

European Bioinformatics Institute, and the US National 
Center for Biotechnology Information) where the political 
influence and critical mass is such that what they produce 
automatically becomes the  de facto  standard. These groups, 
however, cannot build all the necessary GMDs, LSDBs, and 
NEMDBs that are needed, but they could help others (bio-
logical domain experts) to do it and then integrate all their 
efforts ( Stein, 2002 ). 

 In   2006, a global initiative, the Human Variome Project 
(HVP), was initiated, aiming to catalog all human genetic 
variation and to make that information freely available to 
researchers, clinicians, and patients worldwide ( Ring  et al ., 
2006 ). The HVP ( http://www.humanvariomeproject.org ) 
envisions achieving improved health outcomes by facili-
tating the unification of human genetic variation and its 
impact on human health ( Horaitis  et al ., 2007 ). It will sup-
port the use of human variation information in clinical and 
research environments across the world by developing the 
resources required to undertake the following key tasks: (1) 
to capture and archive all human gene variation associated 
with human disease developed from gene-specific curation 
in a central location with mirror sites in other countries to 
maximize data security and integrity that allows searching 
across all genes using a common interface, (2) to establish 
systems that ensure adequate curation of human variation 
knowledge from LSDBs, NEMDBs, or disease-specific 
database perspective to improve accuracy, reduce errors and 
develop a comprehensive data set comprising all human 
genes, (3) to facilitate the development of software to col-
lect and exchange human variation data in a federation of 
GMDs, LSDBs, NEMDBs, and disease-specific databases, 
(4) to create a support system for research laboratories for 
the collection of genotypic and phenotypic data together 
using the defined reference sequence in a free, unrestricted, 
and open access system and create a simple mechanism 

 TABLE 25.1          Database management systems (DBMS) available today for the development and 
curation of LSDBs and NEMDBs. Their URL addresses are provided, together with the corresponding 
number of installed databases (installations). Information is collected from the corresponding 
websites (last visited: June 2008). N.A.: Not available.  

   DBMS  URL address  Installations  References 

    LSDBs        
   MUTbase   http://bioinf.uta.fi/MUTbase   N.A.   Riikonen and Vihinen (1999)  

   UMD   http://www.umd.be   18   Beroud  et al . (2000)  

   MuStaR   http://www.hgu.mrc.ac.uk/Softdata/Mustar   4   Brown and McKie (2000)  

   LOVD   http://www.lovd.nl   20   Fokkema  et al . (2005)  

    NEMDBs        
   ETHNOS   http://www.goldenhelix.org   12   Patrinos  et al . (2005)  
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 for logging discoveries, (5) to develop ethical standards 
that ensure open access to all human variation data that are 
to be used for global public good and address the needs 
of  ‘  ‘ indigenous ’  ’  communities under threat of dilution in 
emerging countries, (6) to provide support to developing 
countries to build capacity and to fully participate in the 
collection, analysis, and sharing of genetic variation infor-
mation, and (7) to establish a communication and education 
program to collect and spread knowledge related to human 
variation knowledge to all countries of the world. 

 This   kind of distributed and coordinated effort would 
also, ideally, be managed in close partnership with special-
ized journals ( Patrinos and Wajcman, 2004 ) to ensure that 
contributors not only have the means but also the incentives 
to publish their efforts. In 2008,  Nature Genetics  proposed 
a new publication scheme, termed microattribution, which 
could produce the required incentive for high-quality com-
munity annotation of the human genome. In brief, micro-
attribution aims to produce a publication workflow that is 
open to all journals and that draws on the expertise of all 
those with a stake in understanding variation at a particu-
lar region of the human genome ( Axton, 2008 ). Similarly, 
database journals, i.e. databases inter-relating with scien-
tific journals, can also provide publication incentives. To 
this end,  Human Genomics and Proteomics , inter-related 
with FINDbase ( http://www.sage-hindawi.com/journals/
hgp ), stands as a representative example of a database jour-
nal. In brief, population-specific data sets, e.g. document-
ing the molecular basis of inherited disorders in different 
populations that could otherwise be kept unpublished 
and eventually risk being lost, are submitted to  Human 
Genomics and Proteomics  and once accepted become part 
of the main FINDbase data collection and their description 
gets deposited in PubMed literature database and registered 
under a unique PubMed ID. Such innovative publication 
modality would not only provide authors with a certain 
degree of credit for their contribution but also yield a non-
profit model for sustainable database funding. 

 Finally  , the most fundamental hurdle of all that retards 
the field is that of limited funding. Because of this, almost 
all mutation databases in existence today have been built 
by researchers  ‘  ‘ on the side ’  ’  for their own use, with a 
small degree of sponsorship/funding at best. To advance 
beyond this cottage industry state of affairs, projects need 
to be increased in scale, quality and durability, and this can 
only happen if strategically minded funding agencies make 
available substantial targeted funds. The new databases 
that thereby emerge will then need long-term support for 
general maintenance and further development. To solve 
this, the projects may ultimately need to be run as self-sus-
taining  ‘  ‘ businesses ’  ’  that charge for data access, and/or 
it might be possible to develop novel forms of joint aca-
demic – corporate funding. 

 With   great vision, the European Commission announced 
in 2007 the 1st call for proposals for the 7th Framework 

Program (FP7; thematic area HEALTH), that included a 
topic on  ‘  ‘  … unifying human and model organism genetic 
variation databases ’  ’ . This topic focused on developing a 
data and analysis structure by creating a hierarchy of bio-
informatics grid-linked databases, tools and standards, cen-
tered on a generalized existing or novel genome browser. 
GEN2PHEN ( http://www.gen2phen.org ) is a large-scale 
integrating project, with 19 participating academic and cor-
porate entities, which was funded from this call of propos-
als and aims to unify human genetic variation databases 
towards increasingly holistic views into genotype-to-pheno-
type (G2P) data, and to link this system into other biomedi-
cal knowledge sources via genome browser functionality. 
The GEN2PHEN strategy is designed so as to: (1) analyze 
the G2P field and investigate current needs and practices, (2) 
develop key standards for the G2P field, (3) create generic 
database components, services, and integration infrastruc-
tures for the G2P domain, (4) create data search and pres-
entation solutions for G2P knowledge, (5) facilitate the 
populating of research and diagnostic G2P databases, (6) 
build a major G2P internet portal, (7) deploy GEN2PHEN 
solutions to the community, and (8) address system durabil-
ity and long-term financing. It is expected that similar fund-
ing opportunities may arise from other funding bodies, such 
as the National Institutes of Health in the USA.  

    25.8       CONCLUSIONS 

 It   is widely accepted that LSDBs and NEMDBs are increas-
ingly becoming valuable tools in molecular diagnostics. 
However, the current array of GDBs, LSDBs, and NEMDBs 
is limited in number and in their degree of interconnection 
to capture all that is known and being discovered regarding 
pathogenic DNA mutations. The main reason for this defi-
ciency is that the modern research ethos fails to provide ade-
quate incentives (i.e. publication options, peer recognition, 
funding) to encourage researchers to build new databases. 
Initiatives designed to make it technically easier to set up 
and use such databases are welcomed, such as specialized 
software (see section 25.6) or interactive user interfaces 
(e.g. Genewindow;  http://genewindow.nci.nih.gov ), as are 
those aiming to directly transfer data from clinical diagnos-
tics laboratories into these depositories. Apparently, the bio-
medical community must first appreciate the overwhelming 
need for improved genetic/mutation database systems and 
the most adequate solution will then presumably follow.   
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 Chapter 26 

    26.1        INTRODUCTION 

 Forensic   human identity testing is focused primarily on 
determining the source of biological samples found at crime 
scenes. The biological samples encountered in criminal 
cases or in mass disasters can be compromised by the pres-
ence of environmental contaminants, they can be degraded, 
and typically they are limited in quantity. Furthermore, the 
samples are diverse, including such materials as bloodstains, 
saliva stains, semen stains, bone, teeth, hair, or muscle tis-
sue, and are found on a variety of substrates. Therefore, 
there are a number of challenges to consider when devel-
oping and implementing analytical methods that genetically 
characterize biological evidence. These include: 

      ●      Extracting DNA of sufficient quantity and quality to 
enable analysis  

      ●      Developing robust analytical technology so that reliable 
results can be obtained  

      ●      Establishing reliable interpretation guidelines  
      ●      Conveying the results in a court of law    

 Historically  , polymorphic protein genetic markers were 
used to potentially differentiate individuals ( Murch and 
Budowle, 1986 ;  Saferstein, 1995 ;  Budowle and Brown, 
2001 ). The classic protein polymorphic system is the ABO 
blood group system, which had been used for decades for 
identity testing. There are four common ABO blood types: 
A, B, O, and AB. For example, if a bloodstain found at a 
crime scene is typed as B, then only B-type individuals can 
be possible sources of the sample. Those who have blood 
types A, O, and AB (slightly more than 90% of the popu-
lation) are excluded as possible sources of the bloodstain. 
Other protein genetic marker systems included serum and 
red cell proteins, such as group-specific component, transfer-
rin, hemoglobin, phosphoglucomutase-1, acid phosphatase, 

esterase D, and others. However, protein-based genetic sys-
tems were limited in use because the stability or persistence 
is low for these proteins in biological samples exposed to the 
environment, the discrimination power of the systems is low, 
and the protein markers did not exist at typeable levels in all 
tissues of an individual. Typing genetic polymorphisms at 
the DNA level, rather than the protein level, obviates these 
limitations to a much greater degree. 

 The   ability to type DNA from biological evidence is 
one of the most important developments in forensic sci-
ence since the advent of latent fingerprint analysis. Any 
biological material that contains nucleated cells, including 
blood, semen, saliva, hair, bones, and teeth, potentially can 
be typed for DNA polymorphisms. The human DNA typ-
ing techniques and the battery of available genetic mark-
ers are more sensitive, more specific, and better resolving 
than the classic protein genetic markers just described. Most 
importantly, DNA technology affords the forensic scientist 
the ability to exclude from consideration individuals who 
have been falsely associated with a biological sample and 
to reduce the number of potential contributors of the sam-
ple to a few (if not one) individuals. The molecular biology 
methods available include a wide range of genetic markers 
and a variety of typing strategies. The methods that have 
been or are used routinely for human identity testing include 
restriction fragment length polymorphism (RFLP) typing 
of variable number of tandem repeat (VNTR) loci ( Wyman 
and White, 1980 ;        Jeffreys  et al ., 1985a, b ;  Budowle and 
Baechtel, 1990 ), and amplification of target DNA mole-
cules by the polymerase chain reaction (PCR,  Saiki  et al ., 
1985 ) with subsequent typing of specified genetic markers 
( Saiki  et al ., 1989 ;  Kasai  et al ., 1990 ;          Budowle  et al ., 1991, 
1996a, b ;  Comey and Budowle, 1991 ;  Edwards  et al ., 1991 ; 
       Sullivan  et al ., 1991a, b ;  Holland  et al ., 1993 ;        Wilson  et al ., 
1995a, b ). A subclass of VNTR loci, known as short tandem 
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 repeat (STR) or microsatellite loci, is the primary class of 
genetic markers used for human identity testing. Such loci 
are highly abundant in the human genome, and the forensi-
cally informative ones, residing on autosomal chromosomes, 
are hypervariable. The STR loci are composed of tandemly 
repeated sequences, each of which is two to seven base pairs 
(bp) in length. Loci containing repeat sequences consisting 
of four bp (or tetranucleotides) are used routinely for human 
identification ( Edwards  et al ., 1991 ;  Budowle  et al ., 1998 ; 
 Chakraborty  et al ., 1999 ). Some pentanucleotide repeat loci 
are also used ( Budowle  et al ., 2001c ). The number of com-
mon alleles at a single forensically important STR locus 
ranges usually from three to eight. Because the region con-
taining the repeats is generally quite small (an STR region 
with 15 copies of a 4       bp repeat is 60       bp in length), they are 
amenable to amplification by the PCR. Amplified alleles, 
however, are somewhat larger  –  generally less than 350       bp  –  
due to the incorporation, into the amplicon, of regions that 
flank the repeat sequence and spacing requirements for 
multiplex analysis. Because of the use of the PCR, less than 
1       ng of human template DNA is needed for STR analysis, 
with less than 200       pg of template DNA (an equivalent of 33 
human diploid cells) at times yielding reliable typing results. 
The main benefit of amplifying small-sized amplicons is that 
many degraded DNA samples can be successfully amplified 
at the STR loci. Another advantage is that a number of STR 
loci can be amplified simultaneously in a multiplex PCR. 
To facilitate analysis, by reducing labor and consumption of 
evidence, five to 15 STR loci can be amplified in a single 
PCR and subsequently simultaneously typed. Commercial 
kits are available to assist in typing multiple STR loci 
( Lins  et al ., 1998 ;  Micka  et al ., 1999 ;  Moretti  et al ., 
2001 ;  Budowle  et al ., 2001a ;  Holt  et al ., 2002 ;  Krenke  et al ., 
2002 , 2005)  . The process for typing the amplified STRs 
entails separating the fragments, usually by capillary elec-
trophoresis (CE), and detecting fluorescently labeled prod-
ucts in real time. Profile patterns from different samples, 
that is, evidence and reference samples, are compared and 
interpretations of match, exclusion, or inconclusive are 
made. The multiple locus STR profiles (typically 13 loci in 
the USA) can be very informative. 

 Although   the battery of 13 autosomal STR loci offers a 
high degree of discrimination power, such that only one or a 
few individuals may carry a particular multilocus profile, there 
are some samples from forensic cases where these core auto-
somal STR loci may not be informative. Forensic biological 
samples are often found at scenes of violent crimes and typi-
cally these are composed of more than one donor. Identification 
of genotypes at STR loci from a male perpetrator may not be 
possible in a mixed sample composed of low levels of male 
DNA. When there is a large background of female DNA in 
a mixed male/female sample, the female DNA competes for 
the reagents during STR amplification so that little or no male 
contribution is observed. By amplifying loci on male-specific 
DNA, for example Y-chromosome STR loci, the competition 

for reagents as occurs with autosomal markers is substan-
tially reduced. Vaginal swabs, fingernail scrapings, diluted 
stains, and the like may provide Y-specific genetic profiles 
where the autosomal STR loci from the portion of the samples 
derived from a male perpetrator may be too low to detect or 
at a level too low to interpret reliably ( de Knijff  et al ., 1997 ; 
 Jobling  et al ., 1997 ;  Prinz  et al ., 1997 ;          Kayser  et al ., 1997a, b, 
1998 ;  Honda  et al ., 1999 ;  Corach  et al ., 2001 ;  Dekairelle and 
Hoste, 2001 ;  Gusm ã o  et al ., 2001 ;  Ballantyne and Hall, 2003 ; 
 Budowle  et al ., 2003b ;        Sinha  et al ., 2003a, b ). 

 The   Y-chromosome genetic markers are the most recent 
class of DNA-based markers to gain interest as tools for 
human identity testing ( Chakraborty, 1985 ;  de Knijff  et al ., 
1997 ;  Jobling  et al ., 1997 ;        Kayser  et al ., 1997a, 1998 ; 
         Roewer  et al ., 1996, 2000, 2001 ). Because of their more 
recent history in forensic analyses, this chapter describes 
the general characteristics of Y-STRs in forensic analy-
ses, some analytic procedures for typing Y-STR loci, and 
general interpretation issues to consider. Although only 
Y-chromosome and briefly mitochondrial DNA (mtDNA) 
markers are described, you will gain a better appreciation 
of forensic science as it applies to human identification.  

    26.2       GENERAL CHARACTERISTICS OF 
Y-CHROMOSOME MARKERS 

 Y  -chromosome DNA resides in the nucleus, but markers 
residing on the Y-chromosome differ in some respects from 
the autosomal loci ( de Knijff  et al ., 1997 ;  Jobling  et al ., 
1997 ;  Gill  et al ., 2000 ;  Budowle  et al ., 2003b ;  Kayser, 
2003 ). The Y-chromosome is the smallest chromosome of 
the human genome (about 60 million bp), and unlike the 
autosomal chromosomes, it is transmitted solely paternally, 
from father to son. Most of the DNA in the Y-chromosome 
is non-recombinant, with only the most distal portions of the 
chromosome able to recombine with the X-chromosome. 
Therefore, barring mutation, the Y-linked DNA types are 
identical for all paternal relatives, including male siblings. 
This characteristic can be helpful in human identity cases, 
such as those involving the analysis of the remains of a 
missing person, where known paternal relatives can provide 
reference samples for direct comparison to the unknown 
Y-linked DNA types. Moreover, reference samples from living 
individuals can be used to aid in the identification of pater-
nal relatives that are several generations removed. Such was 
the case with the study of the paternal lineage of Thomas 
Jefferson and that of male offspring of Sally Hemmings 
( Foster  et al ., 1998 ). However, due to its mode of inherit-
ance, all paternal relatives of an accused male suspect will 
share the same Y-marker profile and this must be considered 
when evaluating and presenting evidence. 

 Both   Y-STR loci and single nucleotide polymorphisms 
(SNPs) have been used in evolutionary studies and are 
available for identity testing. SNP-based Y-markers will 
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 not be discussed further; these Y-markers have yet to be 
used significantly for forensic analyses and have been used 
predominately for deciphering prehistoric human migration 
routes of global dispersal of modern humans ( Underhill 
 et al ., 2001 ;  Wells  et al ., 2001 ;  Cruciani  et al ., 2002 ; 
 Lell  et al ., 2002 ;  Mountain  et al ., 2002 ). Y-STR poly-
morphic loci are being used more routinely, and commer-
cially available kits are available for typing forensically 
informative loci. 

 The   Y-STR loci have certain characteristics that make 
them useful for forensic casework analyses. These include: 

    1.     Y-markers can be useful in DNA analysis of violent 
crime samples, because males are involved in the major-
ity of violent crimes ( Bureau of Justice Statistics, 2001 ).  

    2.     More than 100 Y-linked STR loci have been discovered 
( Kayser, 2003 ), and many are sufficiently polymorphic 
for forensic applications.  

    3.     Y-STR loci reside on the non-recombinant portion of 
the Y-chromosome. The Y-markers are transmitted 
from father to male progeny as a haplotype. A haplo-
type is a specific array of alleles/loci observed in an 
individual. Because there is no independent assortment 
of the Y-loci, they can be very informative in multigen-
erational paternal lineage studies.  

    4.     Because of the haploid nature of Y-STR loci, for most 
loci, only one allele per locus is displayed per individ-
ual, as opposed to two alleles for autosomal loci. Thus, 
interpretation of profiles in mixed samples is simpli-
fied. For example, fewer alleles per locus may make it 
easier to elucidate the number of male contributors in a 
multimale contributor sample.  

    5.     Those Y-STR loci selected for forensic applications are 
male specific. DNA from a female victim does not con-
tribute to the Y-linked DNA profile. Thus, again inter-
pretation in mixture cases is simplified by having fewer 
alleles to evaluate.  

    6.     For autosomal STR typing, about 200       pg – 1       ng of tem-
plate DNA are used. When the male portion of the mixed 
sample is too low, for example 0.3 – 10% of the total 
DNA, using 200       pg – 1       ng of template DNA in the PCR 
will not provide meaningful information for autosomal 
STRs. The amount of male DNA is too low to render 
a detectable profile. However, much larger amounts of 
total female/male DNA can be placed in a PCR when 
typing Y-STR loci. For example, suppose that 400       ng 
of a sample of DNA were composed of 399       ng from a 
female contributor and 1       ng from a male contributor. If 
a total of 1       ng of DNA from this sample was used for 
analysis, then only the female’s type would be detected 
(if autosomal STRs were analyzed). However, putting 
all 400       ng into a PCR and typing for male-specific loci 
would enable genetic identity profiling of the male per-
petrator. Quantification assays have been developed so 
that relative quantities of Y-chromosomal DNA (and 

hence male DNA) in a cocktail of nuclear DNA can be 
estimated.  

    7.     Stochastic affects due to too few template molecules 
in the PCR are less of an issue for interpretation of 
Y-STR loci than for autosomal loci. For autosomal loci, 
a heterozygote can appear as a  ‘  ‘ pseudohomozygote ’  ’  if 
too few template molecules are amplified during PCR 
( Budowle  et al ., 2001b ). For Y-STR loci, this is less of 
an issue. Too few copies of template DNA will result in 
only either the allele being amplified or the locus yield-
ing no result. Thus, the minimum template require-
ments for the PCR of Y-STR loci can be lower than for 
autosomal STR loci.  

    8.     The analytic tools and apparatus for typing Y-STR loci 
are the same as those used for typing autosomal loci. 
Therefore, no new equipment needs to be acquired in a 
forensic laboratory to implement Y-STR typing.    

 The   International Y-STR User Group has recommended 
use of nine Y-STR loci for identity testing. These are the 
loci: DYS19, DYS385a, DYS385b, DYS389I, DYS389II, 
DYS390, DYS391, DYS392, and DYS393, defined as the 
European Minimal Haplotype (EMH) ( Kayser  et al ., 1997b ; 
 Roewer  et al ., 2001 ). In the USA, the Scientific Working 
Group on DNA Analysis Methods (SWGDAM) also rec-
ommended the use of these nine loci as well as the loci 
DYS438 and DYS439 ( Ayub  et al ., 2000 ). So that the foren-
sic community could analyze these 11 loci in a single mul-
tiplex system, two multiplex kits have been developed. The 
PowerPlex  ®   Y System kit (Promega, Madison, WI) ena-
bles amplification of these 11 loci and the additional locus 
DYS437 (Ayub, 2000;  Krenke, 2003 ) for a total of 12 YSTR 
loci. The Y-PLEXTM 12 kit (Reliagene, New Orleans, LA) 
also enables amplification of the SWGDAM 11 loci plus the 
amelogenin locus, which is used routinely in forensic DNA 
typing for gender determination ( Budowle  et al ., 1996a ). 
These 11 loci provide a considerable power of discrimina-
tion, but much less than that of the battery of autosomal 
STR loci ( Roewer  et al ., 1996 ;          Kayser  et al ., 1997b, 2000, 
2002 ;  Budowle  et al ., 2003b ). Other candidate loci that may 
increase haplotype gene diversity values are GATA A7.1, 
GATA A7.2, GATA A10, GATA C4, and GATA H4 ( White 
 et al ., 1999 ;  Ayub  et al ., 2000 ;  Beleza  et al ., 2003 ;  Quintans 
 et al ., 2003 ).  

    26.3       METHODOLOGY 

 Forensic   biological specimens often are limited in quality 
and quantity. Sometimes only one analysis may be pos-
sible. Undue consumption of evidence may leave nothing 
for retesting. To be effective, techniques that are developed 
for crime laboratories should be sufficiently robust so prac-
titioners can use them readily. Protocols should minimize 
unnecessary steps and improve, if possible, performance 
time, reliability, and detection sensitivity. Moreover, the 
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 procedures used in forensic applications are usually sub-
jected to extensive validation. Validation is a process used 
to assess the ability of defined procedures to reliably obtain 
desired results, to define conditions that are required to 
obtain the result, to determine the limitations of the ana-
lytical procedure, and to identify aspects that must be 
monitored and controlled ( Budowle  et al ., 2000 ). Validated 
methods are an essential requirement for routine work in 
the crime laboratory. 

 Although   not discussed in detail in this chapter, qual-
ity assurance and quality control practices are requisite for 
ensuring high-quality results. Adherence to using tested 
reagents, calibrated equipment, and known control sam-
ples is necessary to obtain reliable results with confidence 
from standard operating protocols. Often when problems 
arise while analyzing good quality samples, it is likely that 
quality assurance and quality control practices were not fol-
lowed. A quality assurance program should be implemented 
to demonstrate personnel, equipment, and reagents perform 
as expected ( Budowle  et al ., 2000 ; see also Chapter 40)  . 

 The   following discussion addresses a subset of poten-
tial issues to consider when typing Y-STR loci in forensic 
samples. Crime scene samples can be degraded and con-
taminated with materials that inhibit analytical processes, 
particularly the PCR. The practices employed and issues 
considered in forensic analyses could be useful for scien-
tists in other disciplines where high-quality, as well as chal-
lenging, samples may be encountered. 

    26.3.1       Extraction 

 The   success of DNA typing relies on the isolation of 
DNA of sufficient quantity, quality, and purity. DNA can 
be extracted from most types of biological material found 
at a crime scene. Depending on the typing procedure, the 
required quantity (i.e. the amount of retrievable DNA) and 
quality (i.e. the length of the fragmented molecules) of 
DNA can vary widely. There will be forensic samples where 
the quantity is too low or the sample has been subjected to 
environmental insults such that they are too degraded to ana-
lyze; no extraction procedure will improve the ability to type 
such samples. However, with the sensitivity afforded by 
the PCR, many small-sized, degraded samples can be typed. 
Purity of the DNA extract refers to a quality of cleanli-
ness, such that subsequent analytical assays can be carried 
out effectively. Generally, DNA extraction protocols that 
overcome, remove, or dilute PCR inhibitors are sought. 
Although many extraction protocols are similar, tremen-
dous variation in the specific details are possible, and yet 
comparably effective results can be obtained. 

 Ideally  , extraction protocols should be simple and inex-
pensive to perform. Procedures should be suitable for extrac-
tion of DNA from small liquid blood samples, bloodstains, 
and other fluids and tissues. Because of space, very effective 

procedures such as salting out ( Grimberg  et al ., 1989 ), 
organic extraction ( Sambrook  et al ., 1989 ), or use of chao-
tropic reagent ( Scherczinger  et al ., 1997 ;  Shedlock  et al ., 
1997 ;  Sinclair and McKechnie, 2000 ;  Iudica  et al ., 2001 ) 
will not be described here. These well-known procedures 
are compatible with both RFLP- and PCR-based procedures, 
because the isolated DNA is double stranded. Most molecu-
lar biologists are familiar with these procedures. Instead, two 
procedures used more commonly in forensic applications 
are presented. These are the use of Chelex-100 ( Singer-Sam  
et al ., 1989 ;  Walsh  et al ., 1991 ) and the use of FTA paper 
( Del Rio  et al ., 1996 ;  Burgoyne and Rogers, 1997 ). 

 Chelex  -100 (BioRad, Hercules, CA) is an ion-exchange 
resin that binds cations that can inhibit the PCR. The 
Chelex protocol entails placing a small sample in 5% (w/v) 
Chelex-100 and incubating the sample at 56 ° C for 30 min-
utes. After incubation, the sample is boiled and centri-
fuged. A portion of the supernatant is used ( Budowle  et al ., 
2000 ). Boiling denatures the DNA, rendering it unsuit-
able for restriction enzyme digestion (i.e. RFLP typing). 
However, chelex-extracted DNA is compatible with current 
forensic DNA quantitation assays and with the PCR. The 
DNA extract used for the PCR should not contain residual 
Chelex, because the material will chelate magnesium ion 
(essential for polymerase activity). Chelex-100 can be used 
on a variety of tissues sources. 

 The   other method of DNA purification, particularly useful 
for reference samples, is the washing away of cellular debris 
from DNA immobilized in FTA paper (Fitzco, Minneapolis, 
MN; Whatman, Clifton, NJ). Blood is spotted on FTA paper, 
the cells are automatically lysed, the DNA released from 
the cells is immobilized in the FTA matrix, and the sam-
ple is dried. Heme, or other cellular debris that may inhibit 
enzymatic activity in subsequent assays, is simply washed 
away without loss of DNA. The washed, immobilized DNA, 
housed in a circular pouch   (approximately 1.2       mm in diam-
eter), can be used directly as a DNA template source. 

 Blood   deposited on FTA paper is an excellent source of 
genomic DNA. The paper facilitates handling, prevents deg-
radation of the DNA, and enables storage of the material at 
ambient temperature. In addition to blood, epithelial cells 
from buccal swabs may be transferred and stored within the 
FTA matrix, facilitating the processing of reference samples. 
Buccal cells may be applied directly by a sponge applicator 
swab to the FTA paper during the sample collection phase, 
or the cells may be eluted from swabs and then placed on 
the FTA paper. Other cell-containing materials, such as 
urine, may be stored and processed with the FTA system. 

 The   FTA system also provides several safety and quality 
assurance benefits. The matrix is impregnated with several 
reagents that are deleterious to bacteria, viruses, and fungi, 
as well as serving as a free radical trap to prevent DNA 
damage. Therefore handling and transport are simplified. 
The materials stored in FTA paper present fewer biohazard 
concerns. Moreover, the materials can be stored at ambient 
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 temperature without concern regarding degradation; thus, 
refrigerated storage is unnecessary. The paper matrix is 
available in several formats from single spot cards to 96-
positions per sheet for both manual and robotic processing. 
The DNA is immobilized in the matrix and experiments 
have demonstrated no cross-contamination during multiple 
sample sheet processing. 

 The   evidence from rape cases, such as vaginal swabs 
and stained clothing, most often contains nucleated cells 
from the male contributor (i.e. predominantly sperm) and 
the female victim (i.e. epithelial cells). Sperm cells can be 
separated from other cells during extraction, because their 
cell membranes contain thiol-rich proteins and are resistant 
to cell lysis in the absence of a reducing agent ( Gill  et al ., 
1985 ;  Giusti  et al ., 1986 ). The absence of a reducing agent 
results in a preferential lysis of non-sperm cells. The non-
sperm DNA is released into the supernatant, whereas the 
sperm cells remain intact and are pelleted. After removal 
of the supernatant, the intact sperm can be lysed in the 
presence of a reducing agent. Many different extraction 
procedures have been modified to enable this differential 
extraction of sperm and non-sperm DNA.  

    26.3.2       Typing 

 The   PCR process is well known and will not be described 
here. Commercial kits are available that contain the rea-
gents necessary to amplify at least the 11 core SWGDAM 
Y-STR loci. 

 After   the quantity of recovered DNA is determined 
( Waye  et al ., 1989 ;  Walsh  et al ., 1992 ;  Budowle  et al ., 
1995 ;  Giusti and Budowle, 1995 ), typically 150       pg to 1       ng 
of male template DNA are placed into the PCR. Because 
Y-STR loci are only being typed, female DNA can be 
present in much greater quantities and not impact on the 
male-specific results. For example, samples containing up 
to and beyond 1,000       ng of female DNA, along with the 
male DNA, have provided successful Y-STR results (       Sinha 
 et al ., 2003a, b ). Until recently, forensic DNA quantitation 
methods were human (and higher primate) specific, but 
not gender specific. Recently, a real-time PCR method was 
developed that can estimate the amount of male DNA in a 
sample. The Quantifiler  ™   Y Human DNA Quantification 
Kit (Applied Biosystems, Foster City, CA) has a dynamic 
range of at least 23       pg to 50       ng, is human (and higher pri-
mate) specific, and is commercially available. 

 The   loci for analysis have been determined by the 
SWGDAM, giving direction to commercial manufacturers 
to develop requisite loci containing kits. The PowerPlex  ®   Y 
System kit (Promega, Madison, WI) and the Y-PLEX  ™   12 
kit (Reliagene, New Orleans, LA) contain reagents needed 
for amplification, to include primer sets, which are spe-
cific for the various loci, PCR buffer, allelic ladders, and 
an internal lane standard. AmpliTaq Gold  ®   DNA polymer-
ase (Applied Biosystems, Foster City, CA) is purchased 

separately. Allelic ladders contain the common alleles in the 
general population for each locus and are used to normalize 
electrophoretic migration for the PCR products analyzed (see 
 Fig. 26.1   ). The basic criteria for the 11 core Y-STR loci are 
displayed in  Table 26.1   . The primers are designed to amplify 
each locus specifically and tested for cross reactivity with 
other regions of the human genome, as well as with the other 
primers in the multiplex. The primer sets contained within 
each kit consist of both unlabeled and those labeled with 
one of three distinctive fluorescent dyes. One primer of each 
primer pair per Y-STR locus is labeled with a fluorescent dye 
so that PCR products can be detected during electrophoretic 
separation. For Y-STR typing, fluorescent tags are covalently 
bound to the 5 �  end of one of the primers of a primer pair per 
locus. Thus, a fluorescent molecule is incorporated into PCR 
products and detected using laser-induced fluorescence. The 
internal lane standard is labeled with another distinctive fluo-
rescent dye. The use of multicolor dyes permits the analysis 
of loci with overlapping size ranges. 

 The   polymorphism of STR loci is based on different 
numbers of repeats contained within the locus (or amplified 
product) among individuals in the population. Thus, alleles 
are determined by the different size of amplified products, 
differing by repeat increments or portions of repeats (i.e. 
micro-variants). The amplified fragments are separated 
according to size by CE using, for example, the ABI Prism  ™   
310 or 3100 Genetic Analyzer (Applied Biosystems, 
Foster City, CA). CE, rather than polyacrylamide slab gel 
electrophoresis, is used to fractionate the amplified prod-
ucts for allele designation, primarily because of increased 
automation and reduction of the need for manual skills 
in gel preparation by the analyst (see also Chapter 5)  . 
With CE, manual gel pouring and sample loading are elim-
inated; loading a sieving medium into the capillary and 
sample injection is achieved by automatic means. Because 
the charge-to-mass ratio of different size DNA molecules 
is the same, mobility in free solution is independent of 
fragment size. Therefore, a sieving medium is required 
to separate DNA fragments. Use of a soluble medium is 
advantageous, because the buffer and the polymer can be 
treated in a similar fashion to a free solution separation and 
readily pumped into the capillary. Therefore, the injection 
of the sieving medium can be automated, and fresh sieving 
medium can be used with each CE run. Refilling capillar-
ies also reduces the chance of contamination from previous 
samples that were analyzed in the same capillary. 

 The   high-surface area-to-volume ratio of a capillary 
enables electrophoretic separations to be carried out at very 
high field strengths by increasing heat dissipation. Faster 
separation times are thereby achieved, and resolution may 
be improved compared with some slab gel electrophoresis 
methods. Furthermore, real time detection is performed 
with CE. No post-electrophoresis detection is required. 
Results are stored directly in the computer, thus facilitating 
subsequent data manipulations and analyses. 
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  Injection   of DNA samples is performed electrokineti-
cally. The amount of the DNA in the sample is dependent 
on the mobility and concentration of the other ions in the 
sample. The preferential injection of higher charge-to-mass 
molecules (e.g. Cl-1 ions) with an electrokinetic injection 
affects, to a degree, the quantity of samples that can be 
injected into the capillary. Dialysis of samples can remove 
such competing ions. For most forensic protocols, the sam-
ples do not need removal of competing ions.  

    26.3.3       Interpretation of Results 

 For   the application of Y-STR loci, interpretation issues need 
to be considered. Many are the same as those for autosomal 

STR loci. These include: a quality evaluation of the data, 
whether the sample is composed of multiple donors or a 
single source sample, and the significance of matching data. 

    Figure 26.2    shows a Y-STR profile from a single male 
donor. Each locus displays one allele, except the DYS385 
locus, which can present two alleles, due to a tandem 
duplication of the locus ( Kayser  et al ., 1997b ). A minimum 
amount of DNA is required to evaluate the profile. This 
threshold interpretation level is determined in-house dur-
ing validation and is set at a minimum relative fluorescent 
units (rfus) level. When two or more alleles are observed at 
multiple loci, then the sample is likely a mixture. In addi-
tion to the alleles, there are four artefact classes to consider 
before rendering an interpretation of a mixture. The first 

 FIGURE 26.1          Profile of allelic ladder provided with the Power-Plex  ®   Y System kit (Promega, Madison, WI). The common alleles at each locus are 
included. The values 80 – 360 above the peaks are scan units that relate to elution time. The numbers on the Y-axis (200, 400, 600) are relative fluorescent 
units and are correlated to relative yield of amplified product. Kindly provided by B. Krenke of the Promega Corporation.    
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 TABLE 26.1          General criteria of Y-STR loci in the two commercial multiplex kits  *    

   Locus  Dye 
(Promega) 

 PCR Product Size 
(bases) (Promega) 

 Dye 
(Reliagene) 

 PCR Product Size 
(bases) (Reliagene) 

 Allele Range  Repeat Motif  GenBank 
Accession # 

   DYS392  JOE  294 – 327  FAM  103 – 139  37789  TAT  G09867 

   DYS390  TMR  191 – 227  FAM  163 – 207  17 – 28  TCTA / TCTG  G09611   
    AC011289 

   DYS385a/b  TMR  243 – 315  FAM  220 – 288  37826  GAAA  Z93950 

   DYS393  TMR  104 – 136  JOE  100 – 136  37849  AGAT  G09601 

   DYS389I  FL  148 – 168  JOE  179 – 207  37910  TCTG / TCTA  G09600  
     AF140635 

   DYS391  FL  90 – 118  JOE  230 – 262  37785  TCTA  G09613 

   DYS389II  FL  256 – 296  JOE  292 – 332  24 – 34  TCTG / TCTA  G09600  
   AF140635   

   DYS437  JOE  183 – 199   –    –   38002  TCTA / TCTG  AC002992 

   DYS19  JOE  232 – 268  NED  174 – 210  37912  TAGA  X77751 

   DYS439  FL  203 – 231  NED  230 – 258  37847  GATA  AC002992 

   DYS438  JOE  101 – 121  NED  292 – 327  37785  TTTTC  AC002531 

   Amelogenin   –    –   NED  104 – 110  X,Y   –   M55418 and 
M55419 

   *   Data are from PowerPlex ®  Y System Technical Manual No. D018 (Promega Corporation, Madison, WI) and Shewale and colleagues (2004).  

 FIGURE 26.2          A six-locus Y-STR profile from a single male donor, generated using the Y-PLEXTM 6 kit (Reliagene, New Orleans, LA). The internal 
lane standard is a concoction of non-human DNA fragments of known mass; the standard is placed in every sample after PCR and prior to electrophore-
sis so DNA fragment sizes can be estimated and normalized. Kindly provided by S. Sinha of Reliagene.    

 are stutter peaks. These are amplification products typically 
one repeat smaller in size than the true allele. Stutter is 
inherent in the PCR and most likely due to repeat slippage 
( Levinson and Gutman, 1987 ;  Schlotterer and Tautz, 1992 ). 
Most stutter products range from not detectable to about 

15% of the associated allele (       Sinha  et al ., 2003a, b ). The 
specified YSTR loci were selected because stutter products 
are nominal. STR loci with smaller size repeats, particu-
larly dinucleotide repeats and homopolymeric stretches, 
tend to have high levels of stutter and would substantially 
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 complicate interpreting mixtures. The stutter peaks are 
considered more so, when interpreting mixtures samples 
where there is a minor contributor (displaying allelic prod-
ucts comparable in yield to that of the stutter peaks). 

 Terminal   nucleotide addition is another artefact gen-
erated during the PCR ( Smith  et al ., 1995 ;  Brownstein 
 et al ., 1996 ;  Magnuson  et al ., 1996 ), but is more controlla-
ble than generation of stutter. The enzyme  Taq  polymerase 
has a tendency to add a nucleotide, generally adenine, to 
the 3 �  end of the amplicon without the presence of a tem-
plate. Addition is termed  � A and the true amplicon size 
is termed  � A. The addition of the terminal nucleotide is 
dependent on temperature and the sequence adjacent to the 
extension site. There are two approaches to address addi-
tion of the nucleo tide: either design the assay to minimize 
addition or design the assay to promote addition. It is eas-
ier to drive the reaction toward adenine addition. By add-
ing an extension step at 60 ° C for 30 minutes to one hour 
after the PCR cycling, almost all of the amplified products 
achieve the  � A state ( Moretti  et al ., 2001 ). Allelic ladders 
provided with commercial kits contain alleles in the  � A 
state as well. In some casework analyses, sample profiles 
may display significant  � A products. These are indica-
tive of too much template DNA in the PCR or the pres-
ence of PCR inhibitors in the sample. To eliminate the 
presence of  – A products, one can dilute the sample and 
subject it to another PCR. Alternatively, after the PCR, 
fresh  Taq  polymerase can be added to the PCR and only 
the extension step at 60 ° C is carried out. AmpliTaq Gold  ®   
DNA polymerase should not be used in the latter approach. 
To activate AmpliTaq Gold  ®   DNA polymerase, a heat 
activation step is required, which will denature the DNA 
duplex. Terminal nucleotide addition requires double-
stranded DNA. 

 Another   potential artefact is due to fluorophore syn-
thesis by-products (or by leaching of bound tags). These 
products are not DNA derived and can appear in negative 
control samples. Often these artefacts are not observed until 
very small quantity samples are analyzed. The fluorescent 
products are present but cannot be seen in good quantity 
samples due to the scale. Because these by-products are 
present in negative controls, they can be readily considered 
when interpreting results. 

 The   last artefact to consider is cross-reactivity of Y-STR 
primers with female DNA. The PCR primers are designed 
not to generate products with female DNA (and particularly 
with loci on the X-chromosome). However, when exces-
sive amounts of female DNA are in the PCR, non-specific 
products may be observed.  Sinha and colleagues (2003a)  
observed two TAMRA-labeled amplified products of sizes 
255       bp and 448       bp when the quantity of female DNA in the 
PCR was 10       ng or greater. Thus, when an evidence sample 
dictates that large amounts of female DNA are placed in 
a PCR, it is imperative to run a positive control from, for 

example, the female victim with similar amounts of tem-
plate DNA. 

 If   the negative control samples show no product, the 
positive control sample types correctly, and the evidence 
and reference profiles are determined to be of sufficient 
quality, DNA profiles from evidentiary sample(s) are com-
pared with profiles from known exemplar(s) to determine 
whether or not they are similar. There are three general 
interpretations that can be rendered: 

    1.     Inclusion, or match  –  the Y haplotypes from the two 
samples are sufficiently similar and potentially could 
have originated from the same source.  

    2.     Exclusion  –  the Y-haplotype profiles are dissimilar and 
could not have originated from the same source.  

    3.     Inconclusive  –  there are insufficient data to render an 
interpretation ( Budowle  et al ., 2003b ).    

 Exclusions   and inconclusive results require no further 
analysis. However, when a Y-haplotype obtained from a 
forensic specimen matches that of a suspect or victim (or 
cannot be excluded as arising from a biological relative), 
it is common practice to place some significance upon the 
likelihood of such an occurrence. Accordingly, statistics 
derived from population data are applied with the intent to 
provide an estimate of how common or rare a DNA profile 
is in the relevant population(s). The mode of Y-STR inher-
itance must be considered to decide the statistical approach 
to use when placing weight on an observed Y-STR hap-
lotype. As described earlier, the Y-STR loci reside on the 
non-recombinant portion of the Y-chromosome. Thus, the 
rarity of a multilocus Y-STR profile cannot be estimated 
as the combined product of the allele frequencies at each 
locus, as is done for the autosomal STR loci (       Roewer 
 et al ., 1996, 2000, 2001 ;  de Knijff  et al ., 1997 ;  Jobling 
 et al ., 1997 ;        Kayser  et al ., 1997b, 2002 ;  Gill  et al ., 2000 ; 
 Budowle  et al ., 2003b ). They must be evaluated as a haplo-
type of loci (i.e. inherited as a block). This can be achieved 
by evaluating the rarity of the Y-STR haplotypes in refer-
ence to which the observation of match is made ( Budowle 
 et al ., 2003b ). 

 The   counting method is one method employed (and 
the most likely to be used in the USA) to convey an esti-
mate of the rarity of the Y-haplotype ( Budowle  et al ., 
2003b ). Basically, the number of times a particular haplo-
type is observed in a reference database(s) is counted and 
divided by the number of profiles in the data set. Then, a 
correction for sampling error is applied. It is a very con-
servative approach, because although all loci are physically 
linked, they are not all in disequilibrium to the same extent 
( Budowle  et al ., 2003b ), likely due to the relatively high 
mutation rate of STR loci ( Kayser  et al ., 2000 ). 

 The   reference population database(s) used in forensics is 
composed of convenience samples ( NRC II Report 1996 ); 
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 that is, they are collected from such sources as paternity 
test laboratories and blood banks. The databases generally 
are divided into major population groups of the potential 
contributors of the evidence. For forensic applications the 
relevance and representativeness of these databases are 
considered and for autosomal loci the populations are rela-
tively homogeneous within a major population group, such 
as Caucasians, African Americans, and Hispanics. Because 
of the lack of recombination and smaller effective popu-
lation size of Y-markers compared with autosomal mark-
ers, the degree of heterogeneity is expected to be greater 
among populations within a major population group. Y-
haplotype data demonstrate population substructure more 
so than the autosomal loci ( de Knijff  et al ., 1997 ;  Jobling 
 et al ., 1997 ;  Kayser  et al ., 1997a ;  Kayser, 2003 ;  Budowle 
 et al ., 2003b ). Therefore, correcting for effects of substruc-
ture when estimating the rarity of the profile needs to be 
instituted. Such practices are already applied to calcula-
tions of the rarity of autosomal genotypes. The inbreeding 
coefficients will be larger for Y-STR loci. Data support that 
within Europe, interpopulation variability for Y-STR loci 
tends to be low within a geographic region. Common hap-
lotypes appear throughout Europe. The fst values, similar 
to Wright’s Fst values, are typically  	 0.01, such as those 
observed in central Europe. However, across Europe differ-
ent regional affiliations are evident. The fst values can be 
as high as 0.10. Not surprisingly, distances for European 
to non-European range from 0.2 to 0.5 (       Roewer  et al ., 
1996, 2000 ). The USA is somewhat more amalgamated 
than Europe and people tend to migrate more so.  Kayser 
and colleagues (2003)  analyzed African American, US 
Caucasian, and Hispanic Y-STR data (on European mini-
mal haplotype) and did not find significant geographic 
heterogeneity for Y-STR haplotypes within the major US 
population groups. For the major populations in the USA 
the effects of substructuring for the Y-chromosome are 
shown to be less than those observed across Europe.   

    26.4       CASE EXAMPLES 

 There   are many cases that have been analyzed and myriad 
examples that could be presented to gain an appreciation 
of the application of Y-STR analysis in identity testing. 
Two cases are described generally: a paternity case and an 
assault case. 

 In   a paternity test, a woman accused a man of being 
the father of her child and the man denied the allegation. 
A paternity test was undertaken using 15 autosomal STR 
markers. After accounting for the maternally inherited alle-
les, there were two loci in the child that had alleles (paternal 
in origin) that were not observed in the alleged biological 
father. Because of the relatively high mutation rate for STR 
loci (approximately at 10  � 3 ), one or two exculpatory loci 

are not sufficient for excluding the man as the biological 
father. However, the paternity index is substantially reduced 
because of these two loci. Further testing is required to 
attain a sufficient paternity index. The 12-locus Y-hap-
lotype for the child and the alleged father were identical. 
Thus, the genetic data could not exclude the alleged father 
as the biological father and because of the Y-STR typing a 
paternity index greater than 1,000 was obtained. 

 A   woman was attacked at night and her identification 
of the assailant was questioned, but the alibi of the suspect 
was weak. However, she did manage to scratch the arm 
of her assailant. The material under her fingernails was 
removed by scraping. There was very little tissue from her 
male assailant. In fact, most of the tissue obtained derived 
from the victim. An attempt was made to type the extracted 
DNA with the 13 core STR loci and the result yielded a sin-
gle source profile consistent with a reference sample from 
the victim. Subsequently, the total recovered DNA (about 
200       ng) was typed for six Y-STR loci. A profile was gen-
erated equivalent to about 750       pg of male template DNA, 
and the Y-haplotype was different than that derived from 
the reference sample of the accused. If not for the special 
qualities afforded by Y-specific DNA testing, the suspect 
would not have been excluded as a possible perpetrator.  

    26.5       MITOCHONDRIAL DNA MARKERS 
ANALYSIS IN FORENSIC SCIENCE 

 Although   the focus of this chapter has been on male lin-
eage Y-STRs, it is worth mentioning briefly the forensic 
value and application of the female lineage equivalent; that 
is, mitochondrial (mt) DNA. Mitochondria are subcellular 
organelles that contain an extrachromosomal genome, sepa-
rate and distinct from the nuclear genome. Human mtDNA 
differs from nuclear DNA in the following ways: 

      ●      It exists as a closed circular, rather than linear, genome.  
      ●      The genome is substantially smaller, consisting of 

approximately 16.5 kilobases.  
      ●      The molecule predominantly consists of coding 

sequences (for two ribosomal RNAs, 22 transfer RNAs, 
and 13 proteins), and only one notable non-coding 
region approximately 1,100       bp long, called the dis-
placement loop (D-loop) or control region.  

      ●      All mtDNA molecules are inherited maternally.  
      ●      There are many copies per cell.  
      ●      Similar to the Y chromosome, mtDNA does not undergo 

recombination (for review see  Budowle  et al ., 2003a ).    

 The   main advantage of analyzing mtDNA, compared 
with nuclear DNA, is the high copy number of mtDNA 
( Copenhagen and Clayton, 1974 ). Although each set of 
nuclear chromosomes is present in only two copies per cell, 
hundreds to thousands of mtDNA molecules reside within 
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 a cell. For forensic cases, where the evidence is particularly 
challenging, such as old bones, severely decomposed or 
charred remains, or single hair shafts, there may be insuf-
ficient quantity and/or quality nuclear DNA for analysis. 
However, because of sheer copy-number, the probability of 
obtaining a successful typing result from mtDNA is higher 
than that from nuclear DNA. One can also hypothesize that 
the circular structure of the mtDNA may make the mole-
cule more resistant to nuclease activity than nuclear DNA. 
Thus, mtDNA is likely to persist longer than nuclear DNA 
under environmentally difficult conditions. 

 Instead   of variation in the number of repeats being 
exploited for forensic identification, the variation among 
individuals is at the sequence of the nucleotides in the 
mtDNA. The greatest concentration of genetic variation 
resides in two hyper variable regions in the control region 
designated HV1 and HV2 ( Greenberg  et al ., 1983 ). These 
are sequenced using the Sanger method ( Sanger  et al ., 
1977 ), where four different fluorescently labeled dideoxyri-
bonucleoside triphosphate analogs (ddATP, ddCTP, ddGTP, 
and ddTTP) are placed in the chain synthesis reaction. The 
ddNTP in the sequencing reaction is incorporated into the 
growing chain by complementary base pairing to the tem-
plate, as are dNTPs, and therefore competes with its dNTP 
analog for incorporation. However, chain elongation is ter-
minated at the point where the ddNTP is incorporated since, 
unlike dNTPs, ddNTPs do not have a 3 �  hydroxyl group, 
which is necessary for chain elongation. Thus, the extended 
fragments are labeled by incorporation of a ddNTP with a 
fluorescent dye attached. The labeled fragments are sepa-
rated and detected by CE as is done with Y-STRs. 

 Because   the mtDNA molecule does not undergo recom-
bination, the mtDNA markers, barring mutation, are iden-
tical for all maternal relatives, which includes siblings. 
Thus, mtDNA typing can be useful in cases, such as those 
involving the analysis of the remains of a missing person, 
where known maternal relatives, separated by several gen-
erations, can provide meaningful reference samples for 
direct comparison to the questioned mtDNA type ( Ginther 
 et al ., 1992 ;  Sullivan  et al ., 1992 ;  Holland  et al ., 1993 ). For 
example, if one were attempting to identify the remains of 

a child using mtDNA analysis, reference samples could be 
obtained from the alleged mother, siblings, maternal grand-
mother, or children if the missing person is female. One of 
the first and most noted cases applying mtDNA typing was 
the identification of the remains of Tsar Nicholas II. The 
maternal reference samples were obtained from Countess 
Xenia Cheremeteff-Sfiri and the Duke of Fife ( Gill  et al ., 
1994 ;  Ivanov  et al ., 1996 ). 

 Although   bones and teeth are typical sources for identi-
fication in such cases as Tsar Nicholas II and in the identi-
fication of human remains in general, an important forensic 
application of mtDNA sequencing is in the analysis of hair 
shafts. Individual hairs contain very limited quantities of 
nuclear DNA, such that no molecular analysis of nuclear 
DNA markers is possible. However, mtDNA sequences can 
be obtained from as little as 1 – 2       cm of a single hair shaft 
(       Wilson  et al ., 1995a, b ; see  Fig. 26.3   ). Thus, hair, a biolog-
ical material often found at crime scenes, can be genetically 
characterized routinely to assist in resolving criminal cases.  

    26.6       LEGAL ADMISSIBILITY 

 DNA   evidence, in itself, does not prove guilt or innocence. 
It conveys information about who may have contributed the 
sample and those who could not be the source of the evi-
dence sample. Other evidence about the crime is considered 
by the fact finder to determine whether or not an accused 
individual is guilty. It is important to appreciate that the 
forensic field has a particular constraint not routinely 
encountered in other scientific disciplines, and that is, the 
results are often presented in a non-science forum, which 
is the courtroom. Although many genetic typing technolo-
gies have been demonstrated to be robust and reliable, the 
law determines the admissibility of the technology. The 
court carries out a process, called an admissibility hearing, 
to ensure that there is some level of confidence in the evi-
dence before it may be presented in a court proceeding. The 
federal standard for admissibility,  Daubert versus Merrell 
Dow Pharmaceuticals, Inc. (1993) , places the trial judge as 
a gatekeeper for determining that an expert’s testimony both 

 FIGURE 26.3          A sequence of a portion of the HV2 region of the human mtDNA genome. The top panel is from mtDNA derived from a hair shaft. The 
bottom panel is from mtDNA derived from a whole blood sample.    
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 rests on a reliable foundation and is relevant to the issue(s). 
Factors to consider in evaluating subsequent expert testi-
mony include: 

      ●      The testability of the science  
      ●      Peer review  
      ●      The error rate of the method  
      ●      Existence of standards  
      ●      General acceptance by those who are familiar with it    

 The   court � s role is to attempt to screen out inappropri-
ate and misleading (i.e. termed  ‘  ‘ junk ’  ’ ) science. 

 Science   and the law do not obtain the truth in the same 
manner. In science, beliefs and findings are questioned 
continuously using the scientific method. Hypotheses are 
proposed and experiments are carried out to test hypoth-
eses. If the data do not refute a hypothesis, the hypothesis 
gains more support and through constructive incremental 
steps the hypothesis becomes grounded and accepted as 
reasonable and reliable. In the legal setting, an adversarial 
approach is used. Admissibility challenges to scientific evi-
dence are classic examples of bias in ascertainment. Rarely 
is exculpatory evidence challenged. Inculpatory evidence 
is what is typically challenged for admissibility. Therefore, 
results that support the prosecution’s hypothesis of guilt are 
the likely ones to be challenged and adversarially criticized. 
Even if the result is objectively obtained, it will support 
one side’s beliefs over that of the other. Typically, a defense 
attorney is placed in the position or has the responsibility 
to vigorously create doubt, regardless of his/her personal 
beliefs of the client’s guilt. However, at times, a prosecut-
ing attorney may want to create doubt. In the courtroom, 
one may exploit the standard practice of science  ‘  ‘ to ques-
tion ’  ’  as lack of consensus, even if most, if not all, agree 
that the approach is reliable. Because the challenges are 
adversarial in the courtroom, the scientific arena and test-
ability have been and are a better forum for determining the 
validity of forensic analytical methods.  

    26.7       CONCLUSIONS 

 The   advent of molecular biology has been a boon to human 
forensic identification cases. Small, environmentally 
insulted samples can be genetically characterized and, in 
many cases, to such resolution that only one or a few indi-
viduals could be the source of the samples. In fact, DNA 
typing is one of the best exculpatory tools available when 
analyzing biological evidentiary materials. The technology 
and applications have become well established and rou-
tinely used. Now methods are being developed to address 
more challenging samples. One set of markers, those resid-
ing on the Y-chromosome, enable the forensic scientist to 
analyze samples that were not possible previously, such 
as mixtures composed of minute amounts of male DNA 
amidst a large background of female DNA. The Y-STRs 

were presented to exemplify some of the issues to consider 
when implementing DNA typing methods into the foren-
sic laboratory. Core sets of Y-STR loci have been defined 
and commercial kits have been developed. For methods to 
be used routinely, they must be validated, quality assurance 
measures must be implemented, interpretation guidelines 
instituted, and methods should be developed for placing 
statistical weight on an evidence profile that matches a 
reference sample profile.  
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 Chapter 27 

    27.1        INTRODUCTION 

 At   the beginning of the twentieth century, a relevant 
attribute of blood was detected by Karl  Landsteiner (1901) . 
His observations allowed the explanation of the underly-
ing basis of  “ transfusion disease ” . Precipitin detection shed 
light on the antigenic effect of blood transfusion disor-
ders. Accordingly, Landsteiner’s contribution explained an 
induced immunological impairment and identified a mono-
genic polymorphism that was employed to complement 
kinship rejections. 

 The   ABO blood group, coded in the DNA, became the 
first molecular tool to be used in human identification (see 
also Chapter 40)  . This discovery was followed by many 
others that included diverse serological polymorphic mark-
ers disclosed by Landsteiner and others ( Owen, 2000 ). 
Over five decades elapsed between the detection of the first 
informative molecular monogenic marker and the establish-
ment of the molecular structure of the double helix ( Watson 
and Crick, 1953 ), and over 80 years for the detection of 
DNA polymorphisms ( Wyman and White, 1980 ). 

 Therefore  , for over 80 years, blood groups and other 
serological polymorphisms remained as the molecular 
diagnostic tools for inferring biological kinship. Besides 
the limitation imposed by their relatively reduced discrimi-
natory power, these genetic markers required cell integrity 
and were not informative about the origin of the samples 
to be investigated  –  whether they came from evidentiary 
material or decomposed corpses or remains. 

 Soon   after, a true revolution came about in forensic sci-
ence with two groundbreaking findings: Alec Jeffreys’s 
DNA fingerprinting ( Jeffreys  et al. , 1985 ) and Kary 
Mullis’s development of the polymerase chain reaction 
(PCR;  Mullis  et al. , 1986 ). The major impact was brought 

forth in the field of human identification in cases involving 
living or deceased people, since even a certain degree of 
DNA degradation was likely to be neglected by the analysis 
of small polymorphic regions, termed short tandem repeats 
or STRs, widely distributed all around the genome ( Weber 
and Mayr, 1989 ;        Edwards  et al. , 1991, 1992 ). 

 The   availability of this new analytical approach effi-
ciently contributed to the development of strategies that 
permitted the identification of decomposed corpses and 
fragmentary human remains, often  “ by-products ”  of mass 
disasters, by comparing their genetic profiles with those of 
their putative relatives. This chapter will focus on the char-
acterization of victims and human remains from mass dis-
asters by DNA-based methods.  

    27.2       CLASSIFICATION OF MASS FATALITIES 
AND DIVERSE SCENARIOS FOR HUMAN 
REMAINS RETRIEVAL 

 Hazards   and mass disasters are extremely complex 
 scenarios whose origin might be mainly determined by 
two major forces: natural and human-induced catastrophes. 
Some authors such as  Wisner (2004)  argue that all disas-
ters are human induced, since human actions before the 
hazard can prevent their development into a mass disaster. 
Human failure in developing adequate disaster manage-
ment preventive policies might result in human responsi-
bility in most of them. Different kinds of hazards, which 
indicate the acting forces and their effect on the environ-
ment and human beings, are summarized in  Table 27.1   . It 
is important to keep in mind that some hazards are far from 
simple in terms of their effects, as they might produce a 
chain reaction with extremely severe effects. An example 
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 of such a situation recently occurred in East Asia, in late 
December 2004, when an earthquake produced a tsunami 
and  subsequent extensive flooding of flat coastal areas, 
with over 100,000 fatalities. 

 Many   factors can produce these catastrophes and devel-
oping countries seem to be prone to their effects. In fact, 
in these countries human vulnerability is increased due to 
the lack of appropriate emergency management and plan-
ning. Accordingly, the unexpectedness of the event may 
intensify the adverse effects of the hazard, which may, in 
turn, result in extremely serious human, structural, and 
financial losses. However, generalizations are mislead-
ing. A clear example of such an event and its impact on 
an industrialized country is Hurricane Katrina which had a 
catastrophic effect on New Orleans in the USA, on August 
29, 2005. 

 Both   natural and human-induced fatalities might cause 
a variable number of victims. Nevertheless, natural disas-
ters usually affect a great number of people and in most 
cases DNA-based identification (ID) is mandatory. Some of 
the most relevant circumstances surrounding natural disas-
ters are: the time elapsed since the moment the hazard hits 
a vulnerable area, determining the disaster’s occurrence, 
and the moment of retrieval of corpses and remains. In 
addition, the identification process might face serious 
restrictions such as the lack of surviving relatives that 
might otherwise have provided reference samples for 
comparison. 

 On   the other hand, human-induced fatalities might also 
widely vary in terms of the number of resulting victims. 
In some terrorist attacks, these may range from a few 

 TABLE 27.1          Summary of the different hazard types and their effect on the environment and humans.  

   Promoting force  Type of hazard  Description  Type of remains  DNA-based 
ID required 

   Natural  Geological  Earthquake  Buried/Decomposed   � / �  

     Climatological  Volcanic eruption  Burnt   � / �  

       Tsunami  Drowned/Decomposed   �  

       Hurricanes  Drowned/Decomposed   �  

       Landslide  Buried/Decomposed   �  

     Biological  Epidemics   –    �  

   Human-induced  Technological  Environmental   –    �  

       Engineering failures  Variable   � / �  

       Transport accidents  Fragmentary/Decomposed   �  

     Sociological  Terrorist attack  Fragmentary/Decomposed   �  

       Wars  Skeletonized   �  

(tens/hundreds), as in the case of suicide bombings, to a 
more considerable number (thousands), as in the event 
of the integrated terrorist attack that destroyed the World 
Trade Center in New York City on September 11, 2001. 
The retrieval of remains is a time-consuming process, 
strongly influenced by the magnitude of the disaster and 
the degree of environmental modifications produced by the 
hazard. Accordingly, corpses/fragmentary remains collec-
tion is usually inversely proportional to the dimension of 
the case, the number of victims, and the degree of envi-
ronmental destruction. Hence, retrieval, cataloging, and 
storage represent the slowest steps in the analysis. Instead, 
DNA typing is considerably faster. DNA extractions can 
be carried out in a few hours with the help of automated 
platforms that may ensure high throughput of molecular 
typing results. In most cases, living relatives can provide 
reference samples for comparison. Nevertheless, in spe-
cial cases where no relatives are available, victims ’  per-
sonal belongings are employed. In those terrorist attack 
cases where explosives are used, body fragmentation is 
usually produced. Under these conditions, it is important 
to analyze every tissue fragment in order to reconstruct 
the body for further comparison with reference samples. 
In some cases, this strategy may provide a clue concern-
ing the number of victims resulting from the explosion 
and, potentially, to identify the suicide terrorist, if that is 
the case. 

 In   some special cases, such as those produced by 
transport accidents in which the number and identity of 
the passengers are unknown but not all of them deceased, 
DNA-based ID is also mandatory.  
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    27.3        CONVENTIONAL IDENTIFICATION 
CRITERIA ROUTINELY USED FOR HUMAN 
IDENTIFICATION 

 The   ability to recognize and identify human individuals 
 represents a complex cognitive process. Although identifica-
tion can be considered an automatic recognizing reflex expe-
rienced either by babies during their early months of life or 
even by non-human mammals such as pets, its underlying 
mechanisms are far from simple. The basic process requires 
an information storage device, a sensorial system that might 
allow the information to be captured and stored and an ade-
quate program that could establish coincidences between 
the previously stored information and the incoming data 
detected at a time after the first capture. We daily practice 
this process unconsciously. This is true for the immediate 
recognition of a person from his/her surrounding environ-
ment. This process is mostly subjective and is affected by 
memory loss or alterations in the cognitive abilities. 

 Beyond   the individual process, personal identifica-
tion requires objective criteria to be used for developing 
robust and reliable identification systems that can con-
tribute to personal identification at a nationwide environ-
ment. What kind of traits can provide useful information 
for an unbiased identification? Basically, they should be 
highly polymorphic and remain unchanged throughout life. 
Fingerprints are the only morphological attributes that may 
fulfill these requirements. Their use in identification can 
be traced back to the end of the nineteenth century when 
Francis  Galton (1892)  described the identification potential 
of finger ridges or dermatogliphs. 

 During   the twentieth century, the creation of dactylo-
scopic databases, which currently constitute part of the ID 
documentation systems in most countries, was spread world-
wide. Their power of identification is remarkable since they 
can distinguish monozygous twins, a task that fails if carried 
out by DNA analysis. Other criteria include the signature, 
since calligraphic traces respond to an individual-specific 
pattern. Their analysis may allow correlating a piece of writ-
ing with a signature reference. Moreover, physiognomic traits 
are included as ID tools. However, it is evident that these 
features widely vary along a person’s life. Nevertheless, in a 
given life span they might provide useful ID information. 

 The   above-mentioned criteria can be put together and 
as a result, countrywide databases created. These criteria 
represent the conventional identification approaches stored 
in  “ institutional memories ”  and depicted in our ID cards 
and passports, depending on the countries ’  laws. These ID 
systems focus on establishing the identity of a given indi-
vidual by comparing an evidence, constituted by a per-
son’s photographic image or a piece of writing or even a 
latent fingerprint, and its corresponding reference, stored 
in a database. These criteria, which might be efficient for 
 identifying an individual, are not suited for establishing 
biological relatedness. 

 In   some special cases, such as mass disasters, aircraft 
crashes, terrorist bombings, mass floods, or earth slides, in 
addition to the dactyloscopic and photographic data avail-
able from databases, other information that can be pro-
vided by living relatives seeking missing family members 
might be relevant  –  for example: personal belongings, ante 
mortem information including dental records, radiological 
studies revealing personal features, and detailed description 
of personal marks, such as tattoos, piercings, or scars. 

 The   systematic use of these kinds of ID parameters may 
be useful but should be used with maximum care, since the 
emotional pressure of the relatives might lead to a biased 
recognition that could generate serious conflicts if the mis-
identification is detected at a later stage. 

 Currently  , in addition to the so-called conventional cri-
teria, mass disaster victim identification has been highly 
improved by the DNA-based identification approach. The 
first terrorist attack in which a wide set of DNA markers 
was used occurred in Argentina in 1992 ( Corach  et al. , 
1994 ), when the Israeli Embassy was hit by an explosive 
charge supposed to be driven in a light truck by a suicide 
terrorist, whose remains were never found. The inclusion of 
this new ID approach required the development of remains 
handling strategies in order to ensure the optimization of 
DNA retrieval from samples, when possible.  

    27.4       CRITERIA FOR PRESERVATION OF 
REMAINS 

 The   irruption of DNA-based ID methodology in the  forensic 
field brought about dramatic changes concerning sample 
preservation. Since its first use, both RFLP and PCR-based 
approaches have been applied to catastrophe-emerging 
remains. The first kind of markers mentioned above required 
preventing sample degradation. This is because polymor-
phic changes are detected within a wide range of DNA frag-
ment sizes, strongly influenced by the single locus probes 
used, and the restriction enzyme employed for DNA cleav-
age (mostly HaeIII with DNA fragment sizes ranging from 
1 to10       kb). The second set of markers, known as short tan-
dem repeats (STRs), were introduced by Edwards and 
coworkers in 1991 and are widely spread in the forensic 
field at present. These markers can be informative even with 
partially degraded DNA samples, but are highly sensitive to 
inter-individual contamination. Similar constraints are also 
valid for mitochondrial DNA sequencing of hypervariable 
regions I and II (HVRI and II) ( Anderson  et al. , 1981 ), also 
used in these cases. On the other hand, interspecies contam-
ination has no effect on PCR-driven polymorphism detec-
tion, since species-specificity is provided by the primer 
sequence used and is mostly human specific, either for STRs 
or  mitochondrial (mt) DNA HVR-I and II amplifications. 

 In   close relation to the described characteristics of the 
molecular approaches used for disclosing polymorphic 
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 attributes of the remains under study, practical procedures 
have been developed in order to optimize the material for 
preservation prior to analysis. 

 Mass   fatalities that occurred in Argentina were investi-
gated by our group. During the Embassy case, the collection 
of remains was far from ideal, no previous experience had 
been available, and therefore involuntary errors were commit-
ted. Inadequate handling of fragmentary body parts and long 
exposure to room temperature had led to a certain degree 
of sample degradation and in some cases to inter-individual 
contamination. These observations became apparent after 
DNA typing. The lesson we learnt from this dramatic experi-
ence led us to develop guidelines aimed at sample preserva-
tion procedures, whose implementation highly improved the 
results of other tragedies that were subsequently investigated. 

 These   preservation procedures included the recovery of 
fragmentary remains in individual plastic bags, and abun-
dant tap and sterile water washing and rinsing, previous to 
tissue sample collection. The tissues, mostly muscles, were 
placed in labeled 50       ml sterile plastic tubes, and kept at 
 � 20 ° C till the moment of DNA extraction. These simple 
and basic rules allowed for the improved recovery of DNA 
samples obtained from emerging victims ’  generally highly 
fragmented human remains. 

 The   second mass fatality occurred two years later in 
Buenos Aires City, with more severe effects than in the 
previous case and producing a higher number of victims 
( Corach  et al. , 1995, 1996a ). A terrorist attack with explo-
sives completely destroyed a building and buried some of 
the victims. Ten months after this fatality, when the building 
debris was removed completely, dehydrated muscle tissues 
were recovered. DNA was efficiently extracted and its qual-
ity was found suitable either for STR typing or for mtDNA 
sequencing. On the basis of the results obtained from the 
dehydrated soft tissue samples, a set of experiments was 
performed in order to develop a procedure that may warrant 
soft tissue preservation at room temperature. Since then, it 
has become our procedure of choice for fragmentary tis-
sue preservation ( Corach  et al. , 1996b ). At the moment of 
sample collection and for molecular identification purposes, 
the importance of complete sampling of all fragmentary 
remains must be stressed, even when some traits may lead 
to their visual identification. This practice will efficiently 
contribute to determine the number of victims and to reduce 
the number of unidentified remains at the morgue.  

    27.5       DNA POLYMORPHISMS USED 
FOR TRACING KINSHIP BETWEEN 
FRAGMENTARY HUMAN REMAINS AND 
THEIR DEMANDING RELATIVES 

 In   the mid-1980s, two scientific breakthroughs revolution-
ized the existing human identification approaches. On the 
one hand, Alec Jeffrey’s discovery of the hypervariable 

DNA mini-satellites became the landmark that set the bases 
for DNA identification technology ( Jeffreys  et al. , 1985 ). 
On the other hand, Kary Mullis’s development of the PCR 
( Mullis  et al. , 1986 ) permitted to broaden Jeffrey’s contri-
bution by optimizing it for forensic identification purposes. 

 During   a short period of time between 1985 and 1992, a 
variety of diverse polymorphisms were identified, validated, 
and used in forensic casework investigation. Restriction 
fragment length polymorphism (RFLP) analysis allowed 
detection of multilocus ( Jeffreys  et al. , 1985 ) and single 
locus ( Nakamura  et al. , 1987 ) mini-satellites. PCR-based 
approaches included HLA DQ-A1 ( Erlich and Bugawan, 
1989 ) and Polymarker ( Herrin  et al. , 1994 ) allele-specific 
oligotyping detected by reverse-dot-blot hybridization, 
STR typing ( Edwards  et al. , 1991 ), and mtDNA sequence 
analysis ( Ginther  et al. , 1992 ). Additionally, the inclusion 
of the markers harbored in the Y-chromosome efficiently 
contributed to gender determination, which represented a 
relevant contribution to the identification of fragmentary 
remains. 

 With   the exception of RFLP-based mini-satellite DNA 
typing and the DQ-A1/Polymarker systems, all other 
molecular approaches are currently in use with relevant 
improvement, such as the automation of analytical plat-
forms, either for sequence or fragment analysis. Additional 
markers were included for investigating the fatalities of one 
of the most sadly conspicuous terrorist attacks: the explo-
sions perpetrated on the World Trade Center on September 
11, 2001 in New York City. The inclusion of single nucle-
otide polymorphisms (SNP) and the use of  “ mini ”  STRs 
highly improved the ability to retrieve informative genetic 
profiles and genotypes from severely degraded samples.  

    27.6       CHALLENGES CONCERNING DNA 
DEGRADATION AND CONTAMINATION 

 Between   the occurrence of a given disaster and the 
 collection of remains, a highly variable period of time 
might elapse. Accordingly, the decomposition of corpses 
and human body fragments characterizes the materials to 
be analyzed. In addition, the decaying process is strongly 
influenced by environmental conditions, such as tempera-
ture, humidity, soil, surrounding debris, etc. Decomposing 
is associated with macromolecular degradation, mostly 
hydrolysis and deamination of proteins and reduction 
of the molecular size of DNA fragments. The initially 
developed genetic polymorphic markers for human ID, 
although highly informative, proved to be of limited use 
when degraded samples needed to be analyzed. DNA 
integrity is also required for the evaluation of these mark-
ers, whose average fragment size should be as high as 
10       kb. Furthermore, considerable amounts of genetic mate-
rial are needed, due to the requirements imposed by the 
Southern blot hybridization approach. Efficient detection of 
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  hybridization signals needs at least 50 nanograms of DNA. 
Another limitation, determined by the nature of multi-
locus probes (MLPs) ( Jeffreys  et al. , 1985 ) that are able to 
uncover highly polymorphic DNA mini-satellites, is related 
to its specificity. These genome-wide distributed poly-
morphisms are present in almost every organism, includ-
ing animals, plants, and fungi. Hence, the lack of human 
specificity may obscure the hybridization patterns since 
heterologous contaminant DNA may produce overlapping 
multi-band results. The use of MLPs was abandoned a few 
years after their discovery. However, their use as probes for 
screening human genome libraries permitted the detection 
and isolation of a wide variety of human-specific clones, 
many of which denoted variable degrees of polymorphisms 
( Nakamura  et al. , 1987 ). These single locus  –  SLP  –  mark-
ers were used as efficient probes that were sensitive to 
DNA integrity and quantity, but unaffected by heterolo-
gous contamination. Their use in forensic ID was wide-
spread and some cases of mass fatalities were investigated 
with the help of these markers ( Ludes  et al. , 1994 ;  Corach 
 et al. , 1994 ). SLPs were also used to confirm STR results 
obtained after the analysis of fragmentary remains. 

 Perhaps   some of the most informative genetic mark-
ers ever developed for human ID were derived from SLP 
markers, in particular the MS31s, on which the repeat units 
denote detectable variation. These markers were termed 
Mini-satellite Variant Repeats (MVR;  Jeffreys  et al. , 1990 ). 
The combination of long length PCR using primer specific 
reactions, followed by Southern blotting and hybridization 
with a specific SLP, allowed highly informative genetic 
 “ bar codes ”  to be obtained. Their use in highly degraded 
samples was extremely efficient, combining SLP informa-
tiveness and PCR sensitivity. Their use permitted the effi-
cient identification of remains emerging from the terrorist 
attack on a Jewish Mutual Association (AMIA) in Buenos 
Aires ( Corach  et al. , 1996a ). Unfortunately, these markers 
were not included in the routine casework marker battery. 

 Another   efficient approach successfully employed for 
obtaining valuable ID information from decomposed or 
skeletonized remains was provided by mtDNA sequence 
analysis. The most relevant attributes of this genetic 
marker reside in its size, structure, and multiplicity of cop-
ies present per cell. The small size of the mitochondrial 
genome (16,569       bp long) and its circular structure make it 
resistant to physical rupture and exonuclease degradation, 
and the high copy number (with an average of five copies 
per organelle and over 1,000 organelles/cells depending 
on their metabolic condition) increases the possibility of 
DNA recovery. The inheritance mechanism of the mito-
chondria limits their informative potential. Maternal trans-
mission of mtDNA only permits the matrilineage tracing 
of a given individual (see also Chapter 26)  . The control 
region or D-loop harbors a variety of polymorphic base 
substitutions and insertion/deletion polymorphisms within 
this non- coding region of about 1.2       kb. Three regions are 

 recognized within it, denoted as HVR-I (16024 – 16365), 
HVR-II (73 – 349), and HVRIII (438 – 574). In some cases 
in which highly degraded material is analyzed,  “ mini-
sequencing ”  strategies can be used in order to improve the 
results ( Gabriel  et al. , 2001 ). This strategy is based on the 
amplification of small amplicons included in the hypervari-
able regions for further sequencing. The amplification of 
overlapping fragments can  “ reconstruct ”  badly degraded 
DNA fragments, since smaller fragments are more abun-
dant in degraded samples. This approach has been success-
fully used in analyzing skeletonized human remains after 
long burial time periods ( Corach  et al. , 1997 ). 

 As   previously mentioned, forensic ID capabilities 
were boosted by the irruption of STR technology, which 
provided a powerful tool for routine use in establishing 
matching between suspects and crime scene evidence and 
investigating biological kinship relationships. Their main 
feature was to allow the typing of degraded samples con-
taining minute DNA amounts. Moreover, the genome-wide 
distribution of the STRs offers a chance to diversify their 
application field. The first set of STRs that appeared to be 
effective for forensic application was located onto the auto-
somal and X-chromosomes ( Edwards  et al. , 1991 ) and soon 
after, those located onto the Y-chromosome were described 
( Roewer  et al. , 1992 ). Autosomal STRs are fundamental for 
forensic evidence and individual identification, are highly 
informative, can undergo recombination, and are inher-
ited from both parents. Instead, those located onto the sex 
chromosomes have clearly different attributes. Those har-
bored onto the X-chromosome behave as autosomal mark-
ers in females with normal recombination whereas in 
males they fail to recombine with their counterpart, the 
Y-chromosome. Accordingly, the Y-chromosome is trans-
mitted unrecombined from fathers to sons, as a block of 
genetic information, and the sole variation they can incor-
porate is the product of mutation events. This characteristic 
restricts their ID potential to patrilineage level but provides 
a sensitive tool for detecting traces of male-specific mate-
rial such as semen in rape cases and in the analysis of frag-
mentary remains. On the other hand, the X-STRs have 
proved to be a relevant application in father – daughter cases 
( Schmidtke  et al. , 2004 ). The combined use of Y- and X-
STRs has efficiently sped up the ID tasks performed in mass 
disaster case identification ( Corach  et al. , 1995, 1997 ). 

 Another   additional improvement was introduced with 
the development of the  “ mini-STR ” . In these systems, the 
same loci are used. However, new primer sites were defined 
much closer to the variable region in which repeat units are 
tandemly organized. Accordingly, the amplification prod-
ucts are much more reduced in size, 100       bp shorter than their 
regular STR counterparts ( Wiegand and Kleiber, 2001 ). 

 The   most recent inclusion within the ID polymorphic 
systems has been SNP profiling. Since the number of 
 alleles per system is restricted to two (bi-allele markers), 
the use of a complete set of SNPs may provide acceptable 
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  discrimination and exclusion powers ( Gill, 2001 ). Since 
polymorphism is restricted to a single nucleotide, it offers 
the possibility of analyzing highly degraded DNA samples. 
Its usefulness was demonstrated in the September 11 ter-
rorist attacks ( Vastag, 2002 ).  

    27.7       CRITERIA EVOLUTION AND 
TECHNICAL APPROACHES APPLIED TO 
DNA-BASED VICTIM IDENTIFICATION IN 
MASS DISASTERS FROM THE EARLY 1990s 
TO DATE 

 As   in many other fields of science, the continuous improve-
ment in analytical processes, programing techniques, 
and software development have allowed the speeding up 
of data acquisition and processing. In addition, software 
design has contributed to optimize the data gathering sys-
tems included in automated sequencers and can deal with 
extremely high numbers of genotypes for rapid compari-
son/matching purposes. This adequately led to the estab-
lishment of the National Database in Great Britain in 1995 
and the Combined DNA Index System (CODIS) in the 
USA in 1997. Besides their relevant use in forensic case-
works, the latter proved to be of extraordinary help for the 
identification of victims emerging from the September 11 
terrorist attacks (DNA President’s initiative, 2004;  http://
www.dna.gov ). However, many previous cases were inves-
tigated and positive identification resulted from these anal-
yses. The successful use of manual platforms was attained, 
despite being more laborious and time consuming. Those 
labor-intensive approaches provided highly reproducible 
and robust results but their efficiency for handling massive 
sample sets was limited. 

 In   the early 1990s, the Southern blot hybridization 
approach allowed SLPs typing, but few polymorphisms that 
could be detected by PCR-based methods were available. 
Most of these were at a status of experimental develop-
ment; however, in some special cases their use was widely 
justified. Additionally, genotype comparison, originally 
carried out by simple counting ( Corach  et al. , 1995 ), was 
later replaced by simple programs that sped up the ana-
lytical process. This new approach made it possible to find 
samples that depicted genotype identities leading to body 
reconstruction or to establish possible kinship relationships 
between reconstructed bodies and putative relatives by com-
paring genotypes of remains/corpses and reference samples. 
Experimental strategies clearly varied due to technical fea-
sibilities available at the time of each investigated case.  

    27.8       DESCRIPTION OF ANALYZED CASES 

 Different   mass disaster situations are exemplified by five 
cases in which our laboratory was involved. These five 

mass disaster cases can be classified as human-induced 
disasters and their genesis can be defined as: (a) two open 
road accidents, one involving an airplane crash and the 
other two buses that crashed and caught fire and (b) three 
terrorist attack cases, two of them probably with religious 
motifs and one mass murder case conducted by state-ter-
rorism during the last military dictatorship in Argentina. 
A description of these cases is discussed in the next 
paragraphs. 

    27.8.1       Terrorist Attack Cases 

    27.8.1.1       Terrorist Attack on the Embassy of 
Israel in Buenos Aires, Argentina 

 On   March 17, 1992, a terrorist bomb completely destroyed 
the Israeli Embassy in Buenos Aires. Approximately 300 
people were wounded and the number of fatalities was esti-
mated to be 28, among them four Israeli members of the 
embassy staff, four local embassy employees, elderly resi-
dents at a nursing home, and school children on a passing 
bus. This attack marked the introduction of the Middle East 
( http://www.jewishvirtuallibrary.org/jsource/Terrorism/ter-
rortoc.html ) into South America and was the first mass dis-
aster whose emerging remains were investigated by means 
of DNA-based technology in its early development stages. 

 Ten   human remains were analyzed some time after the 
explosion. The material was partially putrid and intense 
bacterial contamination was denoted by the presence of 
16S and 23S bacterial rRNA overimposed on some sample 
lanes. The analyses were carried out by using single locus 
mini-satellite YNH-24 ( Nakamura  et al. , 1987 ), six STRs, 
two of them located on the X-chromosome (HUMARA 
and HUMHPRTB) and four on autosomal chromosomes 
(HUMTHO-1, FABP, RENA-4 and CD-4). Gender on the 
fragmentary remains was determined by means of amplify-
ing Yq13-ter sequences included within the heterochroma-
tin region of the Y-chromosome, described by  Kogan and 
coworkers (1987) . MtDNA sequencing of HVR-I and II 
was carried out by asymmetrical amplification. 

 Most   samples were completely typed and the data com-
pared with putative relatives; no missing victims were offi-
cially recognized. This was the first DNA requested in 
Argentina by the Supreme Court of Justice in a criminal case.  

    27.8.1.2       Bombing to the Argentine Israeli 
Mutual Association (AMIA) in 1994 

 On   July 18, 1994, the building of the Argentine Israeli 
Mutual Association was the target of a terrorist bomb attack 
in the city of Buenos Aires. In this attack, 85 people were 
killed whereas hundreds were injured. It was Argentina’s 
deadliest terrorist bombing aggression. The overall investi-
gation required the analysis of over 350 samples, including 
human remains and reference samples. A rapid molecular 
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 screening was performed by employing five autosomal 
STRs (HUMTHO-1, FES/FPS, FABP, vWA, HUMRENA4, 
and two sex chromosome STRs: HUMHPRTB on the X-
chromosome and Y27H39 on the Y-chromosome, also 
known as DYS19). STR profiling results were confirmed 
by SLP typing in those cases in which molecular integrity 
allowed the retrieval of quality-suited DNA for the analy-
sis. Four mini-satellite probes (YNH-24, PH-30, MS1, and 
LH-1) were used in subsequent hybridization/dehybridi-
zation cycles employing a single Southern blotted mem-
brane for each set of samples. In those cases with highly 
degraded DNA, confirmation was attained by the PCR-
MVR approach ( Jeffreys  et al. , 1990 ) or mtDNA HVR-I 
and II sequencing.  

    27.8.1.3       Mass Murder Case Conducted by State 
Terrorism during the Last Military Dictatorship 
in Argentina 

 Argentina   was ruled by military forces during the period 
between 1976 and 1983. During this time, the bloodiest 
repression ever was perpetrated by state terrorism. Over 
30,000 people are supposed to have been killed or miss-
ing, of which over 11,000 disappearances have been well 
documented. Diverse kidnapping/torture/killing modali-
ties were used, which resulted in some victims whose 
corpses were never retrieved. However, anonymous skel-
etal remains were discovered in public cemeteries, known 
as  “ NN burial sites ” . In order to investigate the efficiency 
of the molecular typing approaches, sets of bones and teeth 
were analyzed with several typing approaches including 
the nested-PCR reaction using external primer sequences 
to some STRs, mainly HUMTHO-1 and HUMFABP, and 
mtDNA sequencing. Although the first approach produced 
reproducible results in some samples, mtDNA sequencing 
proved to be successful in all samples tested. Unfortunately, 
at that time no sequence or genetic profile databases were 
available for comparison leading to missing person identi-
fication ( Corach  et al. , 1997 ).   

    27.8.2       Open Road Accidents 

    27.8.2.1       Bus Crash Accident 

 In   January 9, 1993, two buses crashed and one of them 
caught fire. The accident produced 56 fatal victims and 
a total of 80 injured passengers. The accident occurred 
on national route 14 near Santo Tome in the Province of 
Corrientes, Argentina. Two years later, several people were 
still missing, and had probably been victims of the multiple 
bus crash. A DNA investigation was requested, for which a 
combination of genetic markers including autosomal short 
tandem repeats (STRs), Y-chromosome STRs (Y-STRs), 
and mtDNA HVR-I and II were characterized. A set of 
25 human fragmentary remains including badly burned 

bones and teeth were analyzed, together with the reference 
 samples obtained from the demanding relatives. Taking 
into account the quality of the analyzed remains, the DNA 
extraction and typing proved successful in 65% of cases 
(16 out of 25), including the child of a demanding couple. 
Complete genotypes were obtained with four autosomal, 
one X-chromosome STR, and nine Y-STRs. The analyti-
cal strategy was focused on Y-STR haplotype detection 
of the putative son with the haplotypes obtained from the 
fragmentary remains. A premolar revealed the same haplo-
type and also shared at least one autosomal allele with both 
descendants and with the putative mother. HVR-I and II 
confirmed the matrilineage origin since the putative mother 
presented an identical mitochondrial haplotype.  

    27.8.2.2       Open Road Airplane Crash 

 On   August 31, 1999, LAPA Flight 3142 from Buenos Aires 
to the capital city of Cordoba, Argentina, crashed near 
Jorge Newbery airport, shortly after take-off. The crash 
resulted in 65 fatalities, 40 survivors and 17 others who 
were seriously injured, making it one of the worst acci-
dents in the history of Argentine aviation. Due to human 
errors and technical failure, the aircraft retracted flaps dur-
ing take-off and even though the aircraft had achieved min-
imum take-off speed it continued beyond the ramp, broke 
through the airport’s fence, crossed a road, dragged with it 
an automobile and finally collided with road-construction 
machinery. Gasoline spilling over the hot engines caused 
incineration and total destruction of the aircraft. 

 A   total of 38 human remains were received for DNA 
typing and the members of 13 family groups provided 
reference samples. DNA was extracted from corpse mate-
rial in triplicate and analyzed blindly also in triplicate. 
The analytical strategy focused on autosomal STR typing 
and gender determination by using amelogenin. All detec-
tion analyses were carried out with automated sequencers 
and 13 autosomal STRs were typed with commercial kits, 
while Y-STRs were analyzed with custom-made multi-
plexes using the minimal haplotype marker system ( Kayser 
 et al. , 1997 ). After identifying male samples by amelo-
genin gender-associated dimorphism, patrilineage tracking 
was conducted by Y-STR haplotyping of suitable reference 
samples. 

 Nine   remains were identified as belonging to persons 
that were biological relatives of the reference samples ’  
donors. Four of them did not correspond to any family 
group. Unfortunately, bodies were prematurely returned to 
relatives and hence errors occurred, which forced a com-
plete retyping of the exhumed bodies. This dramatic situa-
tion underscored the remarkable value of DNA typing not 
only for identifying remains and individuals, but for ensur-
ing the proper use of other forensic identification practices 
conventionally employed, such as visual recognition, per-
sonal belongings, odontology, radiology, and others.    



Molecular Diagnostics414

    27.9        FUTURE PROSPECTS 

 Soon   after the beginning of the new century, complex and 
multitudinous terrorist-produced mass disasters occurred. 
These challenging situations forced the forensic scien-
tist to optimize and update the identification approaches 
based on DNA typing (see also Chapter 26)  . The most dra-
matic terrorist attacks were the September 11 bombing of 
the Twin Towers at the World Trade Center in New York 
City in 2001, which resulted in 2,974 fatal victims, the ter-
rorist attack perpetrated against Atocha and other Madrid 
City Railway Stations on March 11, 2003, and the bomb-
ing attack on London’s Public Transport system on July 7, 
2005, which killed 55 people. In addition to these human-
induced disasters are those that are produced naturally, 
such as the tsunami in South-East Asia in December 2004, 
Hurricane Katrina in the USA in August 2005, Cyclone 
Nargis which affected Myanmar on May 3, 2008, an 
extreme catastrophe that might have produced over 80,000 
fatalities, and the destructive earthquake in China on May 
15, 2008, whose final death toll was 69,136 victims. 

 In   concordance with the magnitude of these catastrophes 
that might require DNA-based identification approaches, 
multi-laboratory facilities are needed. Additionally, inter-
national organizations such as Interpol have established 
detailed protocols for Mass Disaster Victim Identification, 
and the International Commission on Missing Persons may 
also provide advisory and technical help for mass fatalities 
worldwide. Currently, high-throughput platforms are effi-
ciently powering a modern investigation of such disasters. 
Molecular diagnosis based on DNA-typing approaches has 
undergone an intense evolutionary process that might effi-
ciently respond to the intensely demanding victim identi-
fication needs, imposed by extreme mass catastrophes that 
unfortunately characterize this age.   
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 Chapter 28 

    28.1       INTRODUCTION 

 Hemorrhagic   fever viruses (HFV) are a group of diverse 
viruses that have a common denominator of causing viral 
hemorrhagic fever. These viruses are responsible for high lev-
els of both mortality and morbidity in infected patients. The 
detection of HFV has been generally limited to  serological-
based assays, electron microscopy, or plaque assays all of 
which have serious limitations. However, the new standard 
in HFV detection is the use of quantitative reverse tran-
scription PCR (q-RT-PCR) assays (see also Chapter 7)  .
Herein we give a brief overview of q-RT-PCR assays, 
describe the published q-RT-PCR assays for HFV to date, 
and discuss the implications of these assays for use in 
expanding upon the limited therapeutic arsenal against HFV.  

    28.2       OVERVIEW OF HEMORRHAGIC 
FEVER VIRUSES 

 Viral   hemorrhagic fever (VHF) is a group of severe dis-
eases characterized mainly by fever and hemorrhage. 
Hemorrhage, from which the diseases are named, is only 
found in a fraction of patients and is rarely the cause of 
death. VHF has initial symptoms of fever, headache, myal-
gia, gastrointestinal problems, followed by organ failure. 
VHF is caused by multiple viral families, including filo-
viruses (Marburg and Ebola), arenaviruses (Lassa, Junin, 
Machupo, Guanarito, and Sabia), bunyaviruses (Crimean-
Congo hemorrhagic fever virus (CCHFV), Rift Valley fever 
virus (RVFV), and hantaviruses), and flaviviruses (yellow 
fever, dengue, Omsk hemorrhagic fever, Kyasanur Forest 

disease) ( Borio  et al. , 2002 ). These particular viruses are 
thus termed hemorrhagic fever viruses (HFV). The major-
ity of HFV are considered to pose serious risk as biological 
weapons and have therefore been classified as Category A 
agents ( Borio  et al. , 2002 ). 

 HFV   are enveloped single-stranded RNA viruses with 
variable genomes ( Fig. 28.1   ). With the exception of fla-
viviruses, HFV are negative-stranded RNA viruses. Both 
arenaviruses and bunyaviruses are segmented, whereas filo-
viruses and flaviviruses are non-segmented. The morphol-
ogy of HFV is also very different with arenaviruses and 
bunyaviruses being spherical or pleomorphic, flaviviruses 
being isometric, and filoviruses being unusual filamentous 
particles. 

 The   epidemiology of HFV varies depending on the 
virus in question ( Table 28.1   ). Humans are not the natural 
reservoir for HFV; rather they become infected by coming 
into contact with the animal reservoir or through arthro-
pod vectors. However, once humans are infected they can 
spread the disease from person to person, mainly by com-
ing into contact with infectious blood and bodily fluids. 
Notable exceptions to this are RVFV and the flaviviruses, 
where person to person spread has not been observed 
( Borio  et al. , 2002 ). Airborne transmission can also occur, 
but is not the primary means of spread. 

 The   natural animal reservoir for the arenaviruses 
and hantaviruses are rodents. Humans generally become 
infected by coming into contact with an infected animal 
or through inhalation of rodent urine or feces particles. It 
is thought that the type of rodent reservoir localizes the 
virus to a particular geographic location. Lassa virus, the 
causative agent of Lassa fever, is endemic in Africa and 
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 FIGURE 28.1          Genomes of the four HFV families. The general structures of the HFV genomes are depicted. For each viral family, only one example 
is shown to give a general overview of the genomic structure and allow for comparison between the viral families. For filoviruses the Ebola genome is 
depicted (A), for arenaviruses the Lassa genome (B), for bunyaviruses the RVFV genome (C), and the dengue genome for the flaviviruses (D).    

 TABLE 28.1          Characteristics of hemorrhagic fever viruses.  

   Family  Virus  Vector/Reservoir  Disease  Endemic region 

   Filovirus     
 Ebola  Unknown  Ebola hemorrhagic fever (EHF)  Sub-Saharan Africa 

 Marburg  Unknown  Marburg hemorrhagic fever (MHF)  Sub-Saharan Africa 

   Arenavirus             
    

 Lassa  Rodents  Lassa fever  West Africa 

 Junin  Rodents  Argentine hemorrhagic fever (AHF)  South America 

 Machupo  Rodents  Bolivian hemorrhagic fever (BHF)  South America 

 Guanarito  Rodents  Venezuelan hemorrhagic fever (VHF)  South America 

 Sabia  Rodents    South America 

   Bunyavirus     
    

 Crimean-Congo hemorrhagic fever  Ticks  Crimean-Congo hemorrhagic fever 
(CCHF) 

 Africa, China, 
Middle East 

 Hantavirus  Rodents  Hemorrhagic fever with renal 
syndrome (HFRS), human pulmonary 
syndrome (HPS) 

 Americas, Asia, and 
Europe 

 Rift Valley fever  Mosquitoes  Rift Valley fever  Sub-Saharan Africa, 
Egypt, Saudi Arabia, 
Yemen 

   Flavivirus         
    

 Dengue  Mosquitoes  Dengue fever, dengue hemorrhagic 
fever, dengue shock syndrome 

 Asia, Africa, Pacific, 
and the Americas 

 Yellow fever  Mosquitoes  Yellow fever  Sub-Saharan Africa, 
tropical regions of 
South America 

 Omsk hemorrhagic fever  Ticks  Omsk hemorrhagic fever  Central Asia 

 Kyasanur Forest disease  Ticks  Kyasanur Forest disease  Karnataka State, 
India 
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is hence classified as an Old World arenavirus. Junin, 
Machupo, Guanarito, and Sabia are all New World arena-
viruses endemic to South America ( Drosten  et al. , 2002 ). 
Junin causes Argentina hemorrhagic fever and Machupo 
is the causative agent of Bolivian hemorrhagic fever, 
both with a case fatality rate of about 20% ( Charrel and 
de Lamballerie, 2003 ). Venezuelan hemorrhagic fever is 
caused by Guanarito. Sabia virus was just recently iso-
lated in 1994, from a patient in Brazil who died from an 
HF disease. Hantaviruses can be divided into Old and New 
World hantaviruses, which tend to cause distinct diseases. 
Old World hantaviruses are the causative agent of hemor-
rhagic fever with renal syndrome (HFRS) and New World 
hantaviruses cause human pulmonary syndrome (HPS) 
( Muranyi  et al. , 2005 ). Hantaviral infections are found in 
the Americas, Asia, and Europe. 

 RVFV  , yellow fever, and dengue all utilize mosqui-
toes as their vector, whereas CCHFV, Omsk hemorrhagic 
fever (OHF), and Kyasanur Forest disease (KFD) use 
ticks ( Borio  et al. , 2002 ;  Monath, 2001 ). Both RVFV and 
CCHFV are zoonotic viral diseases that infect a number 
of wild and domestic animals, especially sheep and cattle. 
Humans can become infected by a bite of a mosquito or 
from coming into contact with blood or tissue of infected 
animals ( Monath, 2001 ). RVFV is primarily found in sub-
Saharan and North Africa. More recently there has also 
been outbreaks in Yemen and Saudi Arabia, which are 
thought to be due to infected sheep being imported from 
Africa ( Madani  et al. , 2003 ). The name Crimean-Congo 
originates from two different outbreaks of the virus. The 
first occurred in 1944 in Crimea and later a virus was iso-
lated from the Congo, hence the name Crimean-Congo 
Hemorrhagic fever virus ( Monath, 2001 ). CCHFV has 
a large geographic distribution being detected in over 
30 countries in Africa, south-east Europe, Asia, and the 
Middle East ( Hoogstraal, 1979 ). Yellow fever is endemic in 
tropical regions of South America and sub-Saharan Africa. 
Dengue infection results in a number of diseases including 
dengue fever, dengue hemorrhagic fever, and dengue shock 
syndrome and is prevalent in Asia, Africa, Pacific, and 
the Americas ( Gubler, 1998a ). There are approximately 
450,000 cases of dengue hemorrhagic fever/dengue shock 
syndrome reported every year (       Gubler, 1998a, b ). Both 
OHF and KFD are rare diseases that have only recently 
been recognized. KFD is found in southwestern India, 
while OHF has been recognized in central Asia ( Gritsun 
 et al. , 2003 ,  Pattnaik, 2006 ). 

 Filoviral   infections have generally been contained to 
sub-Saharan Africa. The natural reservoir of filoviruses is 
unknown to date. There have been several reports suggest-
ing that bats have an asymptomatic filoviral infection and 
are a potential reservoir. This hypothesis is based on the 
detection of both Ebola or Marburg nucleic acid as well as 
antibody to the virus ( Leroy  et al. , 2005 ;  Swanepoel  et al. , 
2007 ;  Towner  et al. , 2007a ) . However, live virus was unable 

to be isolated in any case. Therefore, the implication of 
these findings has yet to be fully demonstrated.  

    28.3       DETECTION METHODS 

 The   standard virological assay to measure productive virus 
reproduction is the plaque assay ( Moe  et al. , 1981 ). Plaque 
assays for HFV are performed using African green mon-
key kidney (Vero) cells. Briefly, Vero cells are grown in a 
monolayer and media removed. Various dilutions of sam-
ples are applied to the monolayer. The samples are incu-
bated to allow infection to occur, media removed, and 
fresh media added. Cell death due to the infection will pro-
duce an area of clearing, termed  “ plaques ” , which can be 
counted. The numbers of plaques are then correlated back 
to the dilution to determine the quantity of virus presented, 
expressed in plaque forming units per milliliter (pfu/ml). 
Although this is a widely used method, there are a number 
of major drawbacks to this procedure. First, plates need 
to be incubated for up to two weeks before results can be 
determined. Second, the entire procedure must be per-
formed in either a biosafety level (BSL)-3 or -4 laboratory 
(depending on the virus of interest). Third, the quantita-
tion determined is not necessarily reflective of the actual 
number of viruses present. This could be due to a number 
of reasons including inaccurate dilutions, defective viruses, 
the state of the cell, or the inherent low infectivity rate of 
the virus. Collectively, plaque assays are time consuming 
and questionably quantitative. Therefore, there is a need 
for a highly quantitative alternative that can be performed 
in a less restrictive laboratory environment (i.e. BSL-2). A 
number of molecular-based assays are currently being used 
as alternatives to plaque assays. These include standard 
PCR, nested PCR, and quantitative PCR. 

    28.3.1       RNA Preparation 

 The   initial step in almost any PCR-based assay is RNA 
extraction. Reliable RNA sample preparation is critical 
for downstream analysis. The most commonly used RNA 
extraction methods employ an acidic phenol/guanidid-
ium isothiocynate mixture to inactivate RNases and allow 
the separation of nucleic acids into the aqueous phase. 
An added benefit of RNA extraction reagents is that they 
render the viruses non-infectious.  Blow and coworkers 
(2004)  demonstrated that various HFV were non-infectious 
after treatment with either Trizol LS reagent (Invitrogen) 
or AVL buffer (Qiagen) as demonstrated by plaque assays. 
As mentioned above, HFV must be handled in BSL-3 
or -4 laboratories at all times. However, after treatment 
with Trizol LS, they can be safely removed from BSL-
3/4 laboratories and enter a BSL-2 laboratory for further 
processing. 
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 Phenol  -based RNA extraction is a common and reliable 
method. However, there are two common mistakes that can 
occur: (1) the loss of RNA pellet upon removal of ethanol, 
resulting in loss of precious sample and (2) failure to dry 
the RNA pellet completely, resulting in residual ethanol, 
which often inhibits PCR. To avoid these problems, many 
laboratories have moved toward commercially available 
kits that bind either DNA or RNA to a silica matrix, fol-
lowed by wash steps to remove contaminating substances, 
and elution. These kits provide reliable and reproducible 
results for both the beginner and the expert. 

 Phenol  -based extraction is difficult with large sample 
numbers and not amenable to high-throughput screening. 
There are a number of commercially available kits that 
streamline RNA extraction in a 96-well format. However, 
as mentioned above, due to safety considerations, HFV 
must be treated with Trizol LS reagent (Invitrogen) or 
AVL buffer (Qiagen) to inactivate the virus before removal 
from the BLS-4 laboratories for further processing ( Blow 
 et al. , 2004 ). Therefore, the authors adapted and optimized 
Ambion’s MagMax-96 for microarrays kit to handle their 
sample constraints. The MagMax-96 kit is a magnetic 
bead-based kit able to process 96 samples at a time. The 
protocol was modified slightly to accommodate larger vol-
umes and the Trizol LS reagent. Mock extraction experi-
ments were performed to test the reproducibility of the 
extraction procedure. Various amounts of purified Lassa 
RNA were resuspended in Trizol LS and extracted accord-
ing to the modified MagMax-96 for microarray extraction 
procedure ( n   �  6 per genomic copy concentration). Lassa 
RNA was quantitated using an optimized Lassa q-RT-PCR 
assay. Mean Ct values were plotted versus the genomic 
copy-number input ( Fig. 28.2   ). The high-throughput RNA 
extraction method provided reproducible extraction results 
for all quantities of input tested. 

 In   2007, two separate studies from the Center for 
Disease controls demonstrate the high-throughput RNA 
extraction of HFV ( Bird  et al. , 2007 ;  Towner  et al. , 2007b ). 
 Towner and coworkers (2007b)  systematically demon-
strated the safety and feasibility of a high-throughput RNA 

extraction utilizing NC lysis buffer (Applied Biosystems) 
and extraction with the 6100 Nucleic Acid Preparation 
Station (Applied Biosystems). The NC lysis buffer is not 
phenol based, but does contain guanididium isothiocynate. 
The optimal ratio of lysis buffer to induce complete viral 
inactivation was established by testing the infectivity of 
samples treated with various ratios of NC lysis buffer by 
plaque assays. A 3:1 ratio showed complete viral inacti-
vation; however, a 6:1 ratio (NC lysis buffer:sample) was 
adopted to allow for a margin of error. Deep 96-well plates 
were heat sealed before being dunked into decontamina-
tion solution and transferred from the BSL-4 to the BSL-2 
laboratory. This method proved to completely inactivate the 
virus without any cross-contamination between wells. This 
was demonstrated through alternating EBOV spiked sam-
ple and no template samples in the 96-well plate and sub-
sequently monitoring by q-RT-PCR. No false positive or 
negative results were observed. This high-throughput RNA 
extraction procedure coupled with a Marburg q-RT-PCR 
assay successfully analyzed over 500 samples at a field 
laboratory that was established during the 2005 Marburg 
outbreak in Angola.  Bird and coworkers (2007)  adapted 
this high-throughput extraction protocol to analyze RVFV 
samples from Saudi Arabia outbreaks in 2000.  

    28.3.2       RT-PCR 

 All   HFV are RNA viruses and therefore require reverse 
transcription-PCR (RT-PCR). RT-PCR involves the process-
ing of RNA into cDNA prior to PCR. This can be done in 
either a separate reaction (two-step RT-PCR) or in a sin-
gle reaction (one-step RT-PCR). One-step RT-PCR is pos-
sible due to the use of specialized enzymes. For example, 
one method employs Tth polymerase, a DNA-dependent 
DNA polymerase, which also contains reverse transcriptase 
activity ( Gibb  et al. , 2001a ;  Sanchez  et al. , 1999 ). Another 
method utilizes both an RT enzyme and a DNA polymer-
ase. The cDNA synthesis typically occurs between 50 ° C 
and 60 ° C, at which the DNA polymerase is inactive. The 
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 FIGURE 28.2          High-throughput RNA extraction reproducibility. Various amounts of purified LASV RNA (1.5e7 to 1.5e3) were resuspended in Trizol 
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DNA amplification reaction is then initiated at 95 ° C or  “ hot 
started ” , at which point the DNA polymerase now becomes 
active. The hot start of Taq polymerase increases specifi-
city of the RT-PCR reaction. The decision to use a two-step 
versus a one-step RT-PCR system is based on a number of 
factors. One-step RT-PCR is generally favored because it is 
quicker, less expensive to use, and minimizes the number 
of steps. This last factor is critical because less handling of 
samples translates to fewer possibilities for errors and con-
tamination. Quantitative one-step RT-PCR has also been 
shown to be more sensitive for specific genes ( Peters  et al. , 
2004 ;  Wacker and Godard, 2005 ). In the one-step method, 
gene-specific primers are used and both the RT and PCR 
occur in one reaction tube. Therefore, one potential draw-
back to the one-step method is that once the RNA sample 
is consumed, no additional reaction can be performed. If 
 followed-up testing is needed, RNA samples should be ali-
quoted and stored in a RNA favorable solution. RNA secure 
(Ambion) is a commonly used RNA storage solution that is 
an enzymatically free buffer to prevent RNase degradation. 

 One   advantage to two-step RT-PCR is that a cDNA 
sample is created from the RNA sample, which can be 
used for multiple PCR reactions. For two-step RT-PCR, 
random hexamers or oligo dT primers are typically used in 
an RT reaction in a separate tube. It is generally thought 
that cDNA is more stable than RNA, which is an advan-
tage to the two-step RT-PCR method. A caveat to this is 
that mRNA may be more stable than the cDNA created in a 
two-step RT-PCR method ( Wilkening and Bader, 2004 ). 

 Numerous   standard RT-PCR assays have been devel-
oped for the detection and diagnosis of HFV ( Drosten 
 et al. , 2003 ). Nested RT-PCR, which has increased sensitiv-
ity and specificity over traditional RT-PCR, has also been 
described for multiple HFV, including CCHFV, RVFV, 
Lassa, and dengue ( Drosten  et al. , 2002 ;  Lanciotti, 2003 ). 
Nested RT-PCR involves the use of two different primer 
sets and two PCR reaction steps. The second set of prim-
ers is within the region amplified by the first primer set and 
thus termed  “ nested ” . An important limitation of nested 
RT-PCR is that the additional handling and manipulation 
steps can lead to contamination. The advent of quantita-
tive PCR and quantitative RT-PCR (q-RT-PCR) has high-
lighted multiple limitations of standard PCR as compared 
to q-PCR. Some important limitations are lower sensitivity, 
short dynamic range, non-automated, post-PCR process-
ing, and non-quantitative. Therefore, q-RT-PCR is now the 
standard for molecular-based detection of HFV.  

    28.3.3       q-RT-PCR 

 q  -RT-PCR technology allows the detection of amplified 
products as the reaction is occurring, through the use of 
either a specific fluorescently labeled probe or a non-spe-
cific double-stranded DNA binding fluorescent dye. This 

approach offers the benefits of high specificity, sensitivity, 
and high-throughput capabilities. In q-RT-PCR, the number 
of cycles needed for fluorescence to reach a specific detec-
tion threshold is termed the Ct (cycle threshold) value. The 
Ct value is inversely related to the amount of DNA in the 
sample. That is, the more starting template you have, 
the lower the Ct will be. Quantitation can be performed in 
either a relative or absolute manner. Relative quantitation 
compares the Ct values from the target RNA to the Ct val-
ues of an internal reference gene (see also Chapter 7)  . The 
results are expressed as a ratio of the target to the internal 
reference. This method is often referred to as the compara-
tive Ct method. Absolute quantitation requires the use of 
a serially diluted standard template to generate a standard 
curve. The most commonly used template for standard 
curves are  in vitro  T7 transcribed RNA or serially diluted 
viral stocks. Absolute quantitation is used almost exclu-
sively for HFV q-RT-PCR assays. 

    28.3.3.1       Primer Design 

 A   critical aspect of PCR-based assays is the primer design. 
Without proper primer design the assay will fail to provide 
reliable and reproducible data. RNA viruses tend to have 
high mutation rates due to the error-prone nature of their 
RNA polymerase ( Holland and Domingo, 1998 ). This 
high mutation rate results in a great amount of genetic 
variability, making primer design difficult for assays which 
seek to detect multiple viruses and/or viral strains (i.e. 
diagnostic tests). For example, when analyzing 13 dif-
ferent viral strains of CCHFV it was determined that the 
nucleotide divergence was 20% for the S (nucleopcapsid) 
gene, 31% for the M (glycoprotein) gene, and 22% for the 
L (polymerase) gene ( Deyde  et al. , 2006 ). Junin strains 
are also relatively diverse with up to 13% diversity at the 
nucleotide level for the GP1 gene and up to 9% for the NP 
gene ( Garcia  et al. , 2000 ). Primers can tolerate up to four 
internal mismatches between the template and primer with-
out effecting PCR efficiency. In contrast, mismatches at the 
3 �  end are detrimental to the product yield ( Christopherson 
 et al ., 1997 ;  Kwok  et al. , 1990 ). With these restrictions 
primer design for multiple viruses and/or strains can be dif-
ficult. The development of high-quality primer and probe 
design software has helped to alleviate some of these con-
cerns. One mechanism to deal with the genetic diversity 
is to utilize degenerate primers. Degenerate primers are 
primers that have more than one base possibility at certain 
positions, and thus can recognize more than one nucleotide 
and multiple sequences. A degenerate primer-based q-RT-
PCR assay was designed to detect both Ebola Sudan and 
Ebola Reston ( Gibb  et al. , 2001a ). An added benefit of this 
assay was that differentially labeled probes were specific 
to each viral strain and thus enabled the detection of both 
strains with one primer set, but also allowing probe specific 
distinction. 
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 Due   to the genetic variability, primer sets are often 
designed to recognize the most conserved genes. For exam-
ple, all published CCHFV q-RT-PCR assays are designed 
to detect the S segment due to lower levels of genetic vari-
ability. Some other top candidates are the polymerase gene, 
L, GP, and N genes ( Fig. 28.1 ). It should be noted that there 
is limited sequence availability for certain HFV ( Huggins, 
1989 ) and therefore primers may have to be redesigned as 
additional strains are identified. In fact, a review in 2003 
analyzed published primer sets for various HFV and found 
that several primers would have five or more mismatches 
with newly available viral sequences and therefore would 
theoretically be unable to detect those viral strains ( Drosten 
 et al. , 2003 ). As an example, the Angola Marburg strain 
was recognized as a result of the 2005 outbreak in Angola 
( Towner  et al. , 2006 ). The published q-RT-PCR assays at 
the time were not optimal for this strain and primer and 
probes were redesigned to accurately recognize and quanti-
tate Angola Marburg ( Weidmann  et al. , 2007 ).  

    28.3.3.2       Detection Chemistries 

 In   q-RT-PCR, detection is accomplished through the use of 
either a specific fluorescently labeled probe or a non-spe-
cific double-stranded DNA binding fluorescent dye. One of 
the most commonly used dyes is  SYBR Green , which binds 
to the minor groove of double-stranded DNA (dsDNA). 
Prior to binding DNA,  SYBR Green  exhibits very little flu-
orescence, but upon binding to the DNA its fluorescence 
is greatly enhanced. The major drawback to using  SYBR 
Green  or other DNA binding dyes is the lack of specificity. 
 SYBR Green  binds to all dsDNA sequences present in the 
PCR reaction. Therefore, primer specificity is extremely 
important when  SYBR Green  is utilized. For these reasons, 
 SYBR Green  is generally used when money is limiting and/
or as a starting point in assay development. The detection 
of non-specific products can be evaluated through melting 
curve analysis at the end of the assay run. However, this 
becomes problematic when there are low starting template 
concentrations, resulting in reduced sensitivity and spe-
cificity of DNA binding dyes ( Mackay  et al. , 2002 ).  SYBR 
Green -based assays have been developed for multiple HFV 
due to large genetic variability limiting probe design. 

 For   more specific product detection, fluorescently 
labeled probes are used. There are various varieties of 
probes available.  Wong and Medrano (2005)  compiled an 
excellent review of the detection chemistries. The main 
types of probes that have been utilized in HFV q-RT-PCR 
are Taqman probes and fluorescence resonance energy 
transfer (FRET) probes (see also Chapter 7)  . Taqman 
probes are often used due to their ease of use, reliability, 
and commercially available software for probe design (i.e. 
Primer Express). Hairpin probes, such as molecular bea-
cons, have not been used for HFV, but are a useful tech-
nology to consider. It is important to note that the issues 

related to primer design (see section 28.3.3.1) also apply to 
probe design. 

    Taqman Probes 

 Taqman   probes are a specific type of hydrolysis probe that 
use FRET technology combined with the Taq polymer-
ase 5 �  exonuclease activity. Taqman probes contain a 
reporter fluorescent molecular at the 5 �  end of the probe 
and a quencher molecule at the 3 �  end of the probe. The 
quencher molecule is able to suppress the fluorescence of 
the reporter molecule due to its close proximity. As the Taq 
polymerase replicates the DNA, the 5 �  exonuclease activ-
ity degrades the probe, resulting in release of the quencher 
molecule and fluorescence of the reporter ( Walker, 2002 ). 
In traditional Taqman probes, the quencher is fluorescent, 
which may demonstrate some background fluorescence in 
the absence of amplified product. Minor groove binding 
(MGB) probes, which contain a non-fluorescent quencher, 
are also available. MGB, such as dihydrocyclopyrroloin-
dole tripeptide (DPI 3 ) can be used to increase the  T  m  and 
therefore allow the design of shorter probes ( Wong and 
Medrano, 2005 ). Shorter probes may be useful when a con-
served region of RNA is hard to find, such as in HFV.  

    FRET Hybridization Probes 

 FRET   hybridization probes can rely on either the three 
or the four oligonucleotide method ( Wong and Medrano, 
2005 ). In the four oligonucleotide method a set of primers 
and two probes are utilized. The upstream probe contains 
an acceptor dye at the 3 �  end and the downstream probe 
a donor dye at the 5 �  end. The probes are sequence spe-
cific and bind to the template in a head-to-tail orientation, 
allowing an increase in FRET when both are bound. The 
three oligonucleotide method relies on a similar principle, 
but only has one probe with a donor dye. The upstream 
primer contains the acceptor dye at its 3 �  end, function-
ally replacing the second probe used in the four oligonu-
cleotide method. It is important to note that both Taqman 
and hybridization probes are based on FRET, but in oppo-
site manners. Taqman probes rely on a decrease of FRET 
from the close proximity of the quencher and the reporter, 
whereas hybridization probes rely on an increase of FRET 
due to the close proximity of the acceptor and donor dye.  

    Molecular Beacons 

 Molecular   beacons are single-stranded short hairpin probes 
that unfold in the presence of the target sequence. The 
molecular beacon consists of four main parts. The first part 
is an 18 – 30       bp loop region that is complementary to the 
target sequence. The second part contains a complemen-
tary stem portion that consists of 5 – 7       bp on both sides of 
the loop portion. These two structural portions allow the 
formation of a stem – loop structure, with the loop being 
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exposed and available for complementary binding to the 
target sequence. The third part (at the 5 �  end) contains a 
fluorescent molecule that becomes active when the stem 
loop structure is disassociated. Finally, a non- fluorescent 
quencher is located at the 3 �  end, which prevents the 
molecular beacon from emitting light when it is in the 
closed loop structure. 

 Due   to the nature of complementary sequence binding, 
molecular beacons are well suited for the discrimination 
of single base pair differences. Assays utilizing molecular 
beacons would be very sensitive to HFV strain differences 
and may prove to be useful by providing strain-specific 
information.   

    28.3.3.3       Controls and PCR Inhibition 

 Controls   are essential to ensure the integrity of each q-
RT-PCR reaction. q-RT-PCR assays are particularly sen-
sitive to PCR inhibition. PCR inhibition can be caused 
by improper sample preparation (residual ethanol, and/or 
salts) or it may originate from the sample itself, such as 
heme from blood samples. To avoid false negatives caused 
by PCR inhibition either an internal positive control or 
exogenous positive control can be used. Internal positive 
controls are typically artificial control RNA that is added 
either at the time of extraction or amplification. They are 
amplified in the same reaction as the sample under study, 
thus termed internal. Internal positive controls require the 
use of an additional probe and/or primers to specifically 
detect the target template and thus can be more compli-
cated to implement. Internal positive controls have been 
successfully applied for HFV ( Panning  et al. , 2007 ;  Wolfel 
 et al. , 2007 ). There are also commercially available internal 
positive control kits, such as from the IPC kit from Applied 
Biosystems, which provides the template, primers, and 
probes in an all-in-one kit. Alternatively, exogenous con-
trols can be spiked into a duplicate sample prior to RNA 
extraction to control for extraction efficiencies as well as 
PCR inhibition ( Drosten  et al. , 2003 ;  Roth  et al. , 1999 ; 
 Towner  et al. , 2007b ). Samples should then be processed in 
parallel. Exogenous controls are usually  in vitro  transcribed 
RNA or virus. A negative result from samples containing 
either internal positive or exogenous positive controls indi-
cates PCR inhibition and the sample should be diluted and 
reanalyzed. Finally, to control for differences in master mix 
volume a passive reference dye (such as ROX) is usually 
included in the q-RT-PCR reaction. This technology has 
been implemented in most HFV assays.  

    28.3.3.4       Published Methods 

 Over   the past five years, there has been an abundance of 
q-RT-PCR assays developed for HFV. That being said, 
there is still a lack of available assays for certain viruses. 

For example, for the arenaviruses there are multiple assays 
available for Lassa, but none for Machupo or Sabia. The 
major differences in the assays lie in their use of detection 
chemistries, internal and exogenous positive controls, and 
the number and nature of primer and probes. In addition, 
the published assays vary widely based on the ability to 
identify multiple strains and/or multiple viruses. 

    Filoviruses 

 Filovirus   q-RT-PCR assays were one of the first assays 
published. Gibb and coworkers (2001) described a one-step 
q-RT-PCR assay that utilized degenerate primers to amplify 
both Ebola Zaire and Sudan viruses. Taqman probes that 
were specific for either Zaire or Sudan allowed for the 
differentiation between the two strains. Another one-step 
q-RT-PCR assay from the same group was also published in 
2001 for the detection of Marburg. This assay was designed 
to detect Musoke and Ravn with a sensitivity of 2 – 5       pfu/
PCR reaction ( Gibb  et al. , 2001b ). In 2002, Drosten and 
coworkers published a study describing q-RT-PCR assays 
for the detection of Ebola, Marburg, Lassa, CCHFV, RVFV, 
dengue and yellow fever ( Drosten  et al ., 2002 ;  Towner 
 et al. , 2007b ). One benefit of their design was that there 
were two sets of RT-PCR conditions applicable to all these 
assays, allowing several assays to be run in parallel ena-
bling a quick turnaround time for diagnosis ( Drosten  et al ., 
2002 ). Filovirus primers for the L gene were used to detect 
both Ebola and Marburg. The q-RT-PCR assay for Ebola/
Marburg was  SYBR Green  based and thus run in parallel 
with the Lassa and CCHF  SYBR Green -based assays. After 
the Angola Marburg outbreak of 2005, a q-RT-PCR assay 
was developed that was able to recognize Angola strains as 
well ( Weidmann  et al. , 2007 ). 

 In   2007, a network of European BSL-4 laboratories 
in collaboration with Qiagen published the first industry-
standard q-RT-PCR assay for filoviruses ( Panning  et al. , 
2007 ). Their assay utilizes five primer sets and three probes 
targeted against the L gene and was designed to detect all 
known filoviral L sequences. This multiplexing strategy 
was necessary to detect all Ebola and Marburg strains in 
one assay, but did not decrease the overall assay sensitivity, 
which was approximately ten copies/assay. A copy of tar-
get RNA that has a mutated probe binding site and there-
fore must be detected by an alternative probe was included 
as an internal positive control that prevents false negative 
results due to poor sample preparation. To our knowledge, 
this is the first HFV q-RT-PCR assay to include an inter-
nal positive control and multiple primer/probes. This assay 
system is a major breakthrough that will enable the consist-
ent and reliable detection of filoviruses.  

    Arenaviruses 

 There   are a number of q-RT-PCR assays currently avail-
able for Lassa, but not for the other arenaviruses. The first 
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Lassa q-RT-PCR assay was developed by  Drosten and 
coworkers (2002)  and utilized  SYBR Green  detection chem-
istry targeting the GPC gene.  SYBR Green  was chosen due 
to the high-level genetic variability of Lassa ( Bowen  et al. , 
2000 ), which prevented probe design that allowed detection 
of multiple Lassa strains. This one-step assay was capable 
of detecting 2,445 virus genome equivalents (geq)/ml at a 
95% confidence interval. The primers used in this assay 
were originally designed for a standard RT-PCR ( Demby 
 et al. , 1994 ). Recently, a multiplex q-RT-PCR assay that 
targets the L gene has been developed ( Vieth  et al. , 2007 ). 
The L gene was chosen based on its higher level of conser-
vation among not only Lassa, but other Old World arena-
viruses. This assay is capable of detecting Lassa, Mobala, 
Ippy, Mopeia, Morogoro, and LCMV, all Old World are-
naviruses. A mixture of three forward primers and two 
reverse primers is used to control for the genetic variability 
among the viruses, at the same time retaining a sensitivity 
of 4290 copies of Lassa/ml. 

 For   the New World arenaviruses there are only q-
RT-PCR assays published for the detection of Junin and 
Guanarito ( Vieth  et al. , 2005 ). These assays, which were 
designed to detect the NP gene, used FRET probe technol-
ogy, requiring the use of two probes and two primers for 
each assay. While the assays specifically detected both 
Junin and Guanarito, the sensitivity of the Guanarito assay 
was only 1,000 copies per reaction. The lack of sensitivity 
observed here is possibly due to probe and primer restraints 
that were placed to try to recognize all strains of these 
viruses. In addition, the authors speculated that the lack of 
sensitivity was a result of secondary structure affecting the 
RT step ( Vieth  et al. , 2005 ).  

    Bunyaviruses 

 The   first q-RT-PCR for bunyaviruses described by  Drosten 
and coworkers (2002)  (see filoviruses) was designed to 
detect the NP gene of CCHFV and the G2 gene of RVFV 
( Drosten  et al ., 2002 ). The CCHFV assay was  SYBR Green  
based, due to the large genomic variability limiting probe 
designed, whereas the RVFV assay was Taqman probe-
based. The sensitivity of these assays was 2,779       geq/ml 
for CCHFV and 2,835       gep/ml for RVFV. In the past three 
years, five additional q-RT-PCR assays all targeting the 
S segment of CCHFV have been published. To overcome 
the constraints of strain variation on primer and probe 
design  Yapar and coworkers (2005)  developed a one-step 
q-RT-PCR Taqman-based assay utilizing degenerate prim-
ers and probes to allow the detection of CCHFV infected 
samples ( Yapar  et al. , 2005 ). Eighteen serum samples 
from patients from East Anatolia were tested. However, it 
was not clear how many different strains of CCHFV this 
group of patients represented. A q-RT-PCR assay specific 
for CCHFV strains in the Balkan region and the Drosdov 
strain was established ( Duh  et al. , 2006 ). A FRET probe 

which uses the endonuclease activity of Taq polymerase 
was used. Detection of CCHFV strain Kosovo Hoti, clinical 
serum samples and ticks were used to verify the specificity 
and sensitivity of the assay. Importantly, this assay did not 
cross-react with the Dobrava or Puumla hantavirus RNA, 
which are prevalent in the Balkan region. In a follow-up 
study that evaluated the ability of q-RT-PCR to accurately 
measure viral load in 24 patients from Kosovo, the above 
described q-RT-PCR assay was modified slightly ( Duh 
 et al. , 2007 ). Multiple controls were incorporated into the 
assay, including a synthetic RNA to be used as a quantita-
tive calibrator and a competitive internal control which rec-
ognizes a binding site present in the synthetic RNA, but not 
in the template RNA, to allow detection of PCR inhibitors. 
 Wolfel and coworkers (2007)  were able to develop a q-RT-
PCR assay that detects a global spectrum of clinically rel-
evant viral strains. They adopted an alternative strategy to 
deal with the genetic diversity of CCHFV through incorpo-
rating a multiple probe Taqman-based assay system, which 
used a primer set and three probes. This assay was tested 
against 63 serum samples from 31 patients with CCHFV 
infection. When compared to a standardized nested RT-
PCR assay, the q-RT-PCR assay demonstrated sensitivity at 
least as high. Finally, a Taqman MGB probe-based assay 
was developed that was able to detect 18 strains of CCHF 
( Garrison  et al. , 2007 ). The sensitivity was demonstrated to 
be ten genomic copies and it did not cross-react with RNA 
from 28 viruses or DNA from 78 organisms. 

 In   addition to the RVFV q-RT-PCR assay described by 
 Drosten and coworkers (2002) , there are two other assays 
that have been published in the literature. The first is a 
Taqman-based assay that targeted the highly conserved NS 
region. Sera from mice infected with RVFV strain ZH548 
were used successfully to evaluate the assay. In addition, 
the authors demonstrated the feasibility of using q-RT-
PCR for antiviral drug screening through testing four com-
pounds including ribavirin as a positive control. A study 
published in 2007 indicated that the primers and/or probes 
designed in both the  Drosten and coworkers (2002)  and 
 Garcia and coworkers (2001)  reports contained mismatches 
with recently acquired RVFV genomes that may hinder the 
ability to detect these newly recognized RVFV. Therefore, 
new primer and probes were designed that recognized 40 
strains to establish a  “ pan-RVFV ”  q-RT-PCR assay ( Bird 
 et al. , 2007 ). Evaluation of this assay indicated that it had 
high sensitivity ( � 5 RNA copies of RNA/reaction) and 
high efficiency. Furthermore, this group coupled the q-RT-
PCR assay with a high-throughput RNA extraction method 
that allowed the evaluation of 96 samples in 4.5 to 5 hours. 

 A   number of q-RT-PCR assays for the detection of multi-
ple hantaviruses (Puumala, Seoul, Dobrava, and Hantaan) in 
cell culture have been described ( Aitichou  et al. , 2005 ;  Garin 
 et al. , 2001 ;  H  et al ., 2008 ). In particular one group estab-
lished their q-RT-PCR assay for the evaluation of anti-viral 
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compounds ( H  et al ., 2008 ).  Kramski and coworkers (2007)  
developed five q-RT-PCR assays, three that specifically 
detected Dobrava, Puumala, or Tula hantaviruses (which 
cause HFRS) and two that recognize a combination of 
hantaviruses (which cause HPS). These assays were based 
on degenerate primers and MGB probes that recognize the S 
segment of hantaviruses. The Puumala and Dobrava hanta-
virus q-RT-PCR assays were able to be multiplexed with no 
adverse effects. Pyrosequencing (see also Chapter 8)   was 
used to confirm the q-RT-PCR results. In a case study of 
the first Dobrava hantavirus patient with HFRS, the hanta-
virus infection was confirmed with an  SYBR Green -based 
q-RT-PCR assay ( Jakab  et al. , 2007 ). A Puumala-specific 
q-RT-PCR assay utilizing Taqman MGB probes was also 
developed ( Evander  et al. , 2007 ). The sensitivity of this 
assay was particularly impressive, being able to detect down 
to two copies of RNA per reaction. One importance aspect of 
these studies is that HFRS displays similar clinical manifes-
tations and there is therefore a need to determine the specific 
hantavirus causing disease. Another Taqman-based q-RT-
PCR assay designed to specifically detect Dobrava hantavi-
rus was tested against 46 patients with confirmed infection 
( Saksida  et al. , 2008 ). This assay has the added benefit of an 
internal control probe and synthetic RNA transcripts, which 
allows for quantitation calibrators and PCR inhibitor con-
trols. Viral RNA was detected in 26 of the patients, 13 with 
severe disease and 13 with mild to moderate disease. The 
authors speculated that the lack of detection of viral RNA 
in other patients could be due to low levels of virus present 
even in severe disease cases and that severity of disease does 
not depend solely on virus concentration. The results of this 
study are surprising in light of the sensitivity demonstrated 
by other q-RT-PCR assays.  

    Flaviviruses 

 Most   standard flavivirus PCR assays utilize primers that 
target the highly conserved non-structural NS5 region 
( Drosten  et al. , 2003 ). Taqman-based q-RT-PCR assays 
have been described that specifically target either the enve-
lope or the 5 �  non-coding region of the virus ( Drosten  et 
al ., 2002 ). Sensitivity was determined to be 1,545       geq/ml 
( Drosten  et al ., 2002 ). q-RT-PCR assays have also been 
successfully implemented in the testing of yellow fever 
patients samples ( Bae  et al. , 2005 ). A multiplex q-RT-PCR 
assay designed to detect medically important flaviviruses, 
including yellow fever, has been described ( Chao  et al ., 
2007 ). This multiplex utilizes four primers and four probes, 
each probe containing four unique reporter dyes, allowing 
specific detection of viruses. Even with the multiplex plat-
form, the assay sensitivity for yellow fever was 3.5       pfu/ml 
and the assay was specific to the virus of interest. 

 There   are numerous published q-RT-PCR assays for the 
detection of dengue ( Callahan  et al. , 2001 ;  Chutinimitkul 
 et al. , 2005 ;  Drosten  et al ., 2002 ;  Houng  et al. , 2001 ). One 

such assay has the ability to detect all dengue virus sub-
types ( Drosten  et al ., 2002 ). Other assays are able to distin-
guish between all four subtypes of dengue ( Callahan  et al. , 
2001 ;  Drosten  et al ., 2002 ;  Houng  et al. , 2001 ). Recently, 
two  SYBR Green -based one-step q-RT-PCR assays were 
described. The first is a multiplex assay consisting of one 
conserved forward primer and four reverse primers target-
ing areas of the M and C genes of dengue 1, 2, 3, and 4 
( Yong  et al. , 2007 ). When examining dengue patient sam-
ples, the assay detected dengue in 178 out of 210 samples 
with a specificity of 100% being observed. In 2008, an 
 SYBR Green -based one-step q-RT-PCR assay was devel-
oped against the 5 �  region of the dengue genome ( Dos 
Santos  et al. , 2008 ). This assay was very specific for den-
gue, not detecting other flaviviruses and able to detect den-
gue virus 1, 2, and 3. The advantage of this assay is the use 
of one primer pair set versus the use of multiple primers. 

 To   date there are no q-RT-PCR assays published for 
Omsk hemorrhagic fever or Kyasanur Forest disease. It 
would be interesting to determine if any of the published 
flavivirus q-RT-PCR assays would be capable of detecting 
Omsk hemorrhagic fever or Kyasanur Forest disease.     

    28.4       IMPLICATIONS FOR THERAPEUTICS, 
VACCINES, AND BIODEFENSE 

 HFV   are a class of the most deadly viruses known to 
humans, with mortality rates approaching 90% in some 
Ebola outbreaks ( Mason, 2008 ), and yet there are currently 
few effective therapies against them. This may be in part 
due to the fact that HFV are endemic in tropical and/or sub-
tropical regions of the world, which have limited resources 
available for therapeutic development. In addition, 
outbreaks have been relatively infrequent, with a lim-
ited number of people becoming infected and quarantine 
of sick patients being effective in controlling epidemics. 
However, with the frequency of travel, the threat of infec-
tion in returning travelers is increasing ( Hanna  et al. , 2006 ; 
 Schmitz  et al. , 1996 ;  Schwarz, 1996 ). In addition, since the 
terrorist attacks of September 11 in the USA, the public as 
well as the scientific community have an enhanced aware-
ness of potential bioterrorism uses of HFV. In combination, 
this has led to the increased study of HFV and the search 
for effective therapeutics. 

 The   only currently available vaccine for HFV is the 
live attenuated 17D vaccine for yellow fever virus, which 
has been available since the 1930s ( Barnett  et al. , 2008 ). 
Individuals traveling to endemic areas of Africa and South 
America are required to receive this vaccination ( Barnett 
 et al. , 2008 ). A number of vaccines have been approved 
as investigational new drugs (IND). Candid No. 1 is a live 
attenuated vaccine against Junin that was developed at 
USAMRIID ( McKee  et al. , 1992 ). This vaccine has been 
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proven to be safe and effective in protecting agricultural 
workers during a phase 3 clinical trial in South America 
( Maiztegui  et al. , 1998 ). There are two IND vaccines against 
Rift Valley fever. One of which is a formalin-inactivated 
vaccine that is made available to at-risk laboratory work-
ers and troops ( Niklasson  et al. , 1985 ;  Pittman  et al. , 1999 ). 
For Kyasanur Forest disease virus, there is also a formalin-
inactivated vaccine. A field study performed in Shimoga, 
Uttar Kannada, and Chikmangalur districts during 1990 – 92 
KFD epidemic seasons demonstrated a protective effect of 
vaccination among over 100,000 individuals vaccinated 
( Dandawate  et al. , 1994 ). 

 There   are several vaccine candidates in development for 
Lassa and filoviruses which have shown promising results 
in non-human primates. Virus-like particle (VLP) vaccines 
have shown especially effective protection in rhesus mon-
keys against lethal challenge with either Ebola or Marburg 
viruses ( Bosio  et al. , 2004 ;  Swenson  et al. , 2005 ;              Warfield 
 et al. , 2003, 2007a, b, 2005, 2004 ;  Yang  et al. , 2008 ;  Ye 
 et al. , 2006 ). The use of VLP is promising from a safety 
standpoint as they are non-infectious. A Lassa vaccine 
based on an attenuated recombinant vesicular stomatitis 
virus vector, which expresses Lassa GP, showed 100% pro-
tectivity against a lethal challenge of Lassa in cynomolgus 
monkeys ( Geisbert  et al. , 2005 ). 

 Currently  , there are no licensed drug treatments for 
HFV, leaving supportive treatment as the main option for 
HFV diseases. Some studies have indicated that conva-
lescent human plasma is effective in the treatment of are-
naviral infections ( Kilgore  et al. , 1997 ). Ribavirin is a 
guanosine analog that displays very broad antiviral activi-
ties. It is effective both  in vitro  and  in vivo  against the are-
naviruses, Hantaan virus, and possibly CCHF virus, but not 
against filoviruses or flaviviruses ( Connor, 1990 ;  Fisher-
Hoch  et al. , 1995 ;  Huggins, 1989 ;  Huggins  et al. , 1991 ; 
 McCormick  et al. , 1986 ;  McKee  et al. , 1988 ;  Rodriguez 
 et al. , 1986 ;  Weissenbacher  et al. , 1986 ). However, ribavi-
rin is only partially effective and is associated with negative 
side-effects ( McKee  et al. , 1988 ). Clearly, new therapeutic 
options for HFV are needed. 

 q  -RT-PCR assays are an excellent option for large-scale 
drug/compound screening projects. There are real-time 
PCR instruments available that can process up to 384 sam-
ples simultaneously, with most instruments accommodat-
ing 96 well plates. To further aid RNA sample processing, 
one-step RT-PCR kits are available, which allow both the 
RT and PCR reactions to be performed in the same tube, 
eliminating the needed to produce cDNA before RNA sam-
ples can be processed by the real-time PCR instrument. 
Furthermore, RNA extraction reagents denature and inac-
tivate viral RNA, allowing both extraction and q-RT-PCR 
analysis to be performed in a BSL-2 laboratory. This set-
up, as shown in  Fig. 28.3   , allows the efficient processing of 
samples in a high-throughput manner in a relatively short 
amount of time. This type of large-scale screening could 

never be performed accurately and in a timely fashion with 
plaque assays. In fact, two recent studies by the Centers 
for Disease Control have designed such a high-throughput 
q-RT-PCR detection method for Ebola and RVFV in clini-
cal specimens for the application to outbreak settings ( Bird 
 et al. , 2007 ;  Towner  et al. , 2007b ). However, there are cur-
rently no published studies on high-throughput compound 
screening, which would take advantage of this technology 
and hopefully lead to new therapeutic options. 

 It   should be kept in mind that q-RT-PCR assays do not 
measure the infectivity of the virus, but rather only indi-
cate the presence of a particular gene or genes of the virus. 
Assays that are designed to detect multiple viral genes, 
including the polymerase gene, can be suggestive of viral 
infectivity, but can never completely replace plaque assays. 
Plaque assays are an important assay to be used as a confir-
mation of results. This is reflected in the fact that viral titers 
measured through q-RT-PCR assays are 2 to 3 logs higher 
than viral titers measured through plaque assays ( Garcia 
 et al. , 2001 ). This is probably due to quantitation of non-
infectious viral RNA by the q-RT-PCR assay. Therefore, in 
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 FIGURE 28.3          High-throughput drug discovery screening method. To 
achieve a high-throughput drug discovery screening method for HFV the 
depicted method can be utilized.  In vitro  cell culture samples can be pre-
treated with the compound of interest, infected with the appropriate virus, 
followed by post-treatment with the compound. After 48 hours, cellular 
supernatants containing released virus are collected and treated with RNA 
extraction buffer. Following RNA extraction buffer treatment, samples can 
be removed from BSL-4 laboratories and transferred to BSL-2 laborato-
ries, where RNA extraction and q-RT-PCR assays will be completed. The 
entire turnaround time will be approximately three days versus up to two 
weeks if the effects of drug treatments were determined by plaque assays.    



Chapter | 28 Detection of Highly Pathogenic Viral Agents 427

the case of large sample numbers, limited resources, and 
time constraints, q-RT-PCR assays have become standard, 
with plaque assays being used for confirmation of results 
when necessary.  

    28.5       CONCLUSIONS 

 HFV   are deadly re-emerging pathogenic viruses with lim-
ited treatment options. To help identify new therapeutic 
options, compound screening should be implemented. 
Compound screening to identify therapeutics generally 
begins with  in vitro  assays where cells grown in cell cul-
ture are pretreated with the compound of interest, infected 
with the appropriate virus, followed by post-treated with 
the compound. Cellular supernatants containing released 
virus are then assayed to determine if the compound has 
decreased the viral titer as compared to an untreated control 
( Fig. 28.3 ). The standard virological assay to measure pro-
ductive virus reproduction, the plaque assay, is both tedi-
ous and time consuming and must be performed in either 
BSL-3 or BSL-4 laboratories for HFV. Therefore, there is 
a need for an alternative to plaque assays that can be per-
formed in a BSL-2 laboratory. q-RT-PCR technology is a 
molecular technique that has the ability to quantitate viral 
titers in lieu of traditional plaque assays. q-RT-PCR assays 
have been developed for almost all HFV and have proven 
to be sensitive, specific, and reliable. In addition, a high-
throughput RNA extraction method for HFV has recently 
been described ( Bird  et al. , 2007 ;  Towner  et al. , 2007b ) 
which when coupled with q-RT-PCR assays will enable 
high-throughput capabilities. This high-throughput screen-
ing method will streamline compound screening procedures 
against the notoriously difficult to work with VHF agents.  
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    29.1       INTRODUCTION AND HISTORICAL 
PERSPECTIVE 

 Adopting   modern biotechnology, including genetic trans-
formation, has developed new plant varieties. Genetically 
modified (GM) products contain an additional trait encoded 
by an introduced gene(s), which generally produces a 
protein(s) that confers the trait of interest. Raw material 
(e.g. grains) and processed products (e.g. foods) derived 
from GM crops might thus be identified by testing for the 
presence of introduced DNA, or by detection of expressed 
novel protein(s) encoded by the genetic material. Both 
qualitative (i.e. those that give a yes/no answer) and quanti-
tative diagnostic methods are available ( Ahmed, 2002 ). 

 Most   developed countries over the last few years have 
established mechanisms for adjudicating on the safety of 
novel food before it is marketed ( Moseley, 1999 ). GM foods 
have not gained worldwide acceptance because of unmol-
lified consumer suspicion resulting from earlier food and 
environmental concerns, transparent regulatory oversight, 
and mistrust in government bureaucracies, all factors that 
fueled debates about the environmental and public health 
safety issues of introduced genes; for example, potential 
gene flow to other organisms, the destruction of agricultural 
diversity, allergenicity, antibiotic resistance, gastrointestinal 
problems ( Gaskell  et al ., 1999 ; Hasslberger, 2000). Social 
acceptance of such novel foods or ingredients is not uniform 
in developed countries. Consumer concerns can be based on 
ethical considerations (i.e. scientists playing God) or safety 
worries (i.e. more testing needs to be done;  Moseley, 1999 ). 
Other economical and ethical issues pertaining to intel-
lectual property rights came into play ( Serageldin, 1999 ) 
with the realization that inadvertent contamination of non-
GM seeds with genetically modified organisms (GMOs) 
is likely. These factors induced countries, exemplified by 

the European Union (EU), either to restrict the import of 
bioengineered foods or to introduce legislation requiring 
mandatory labeling of GMO foods or food ingredients con-
taining additives and flavorings that have been genetically 
modified or have been produced from GMOs (       Commission 
Regulation, 2000a, b ). EU regulations mandate labeling of 
food containing GMOs (       Council Regulation, 1997, 1998 ). 
Norway and Switzerland, which are not members of the 
EU, demand the labeling of GMOs in their food ( Hardegger 
 et al ., 1999 ). Moreover, in 1998, the EU introduced a  de 
facto  moratorium on the import and production of GM 
foods. In March 2003, the European Commission upheld 
the moratorium and is standing firm on its decision that any 
food containing more than 0.9% of a GM product would 
carry a label ( Hellemans, 2003 ). In the USA, recent legisla-
tion did not stipulate mandatory labeling of GM foods but 
has instead recommended a voluntary labeling of bioengi-
neered foods and requested that companies must notify the 
US Food and Drug Administration (FDA) of their intent to 
market GM foods at least 120 days in advance of launch 
( Editorial, 2000 ). 

 It   appears that insufficient attention has been given to 
the following issues: 

      ●      The introduction of the same gene into different types 
of cells can produce distinct proteins.  

      ●      The introduction of any gene (either from the same or 
different species) can significantly change overall gene 
expression, and thus the phenotype of the recipient cells.  

      ●      Enzymatic pathways introduced to synthesize micronu-
trients may interact with endogenous pathways leading 
to production of novel metabolically active molecules.    

 Consequently  , as with secondary modifications, it is 
possible that any or all of these perturbations may result in 
unpredictable outcome ( Shubert, 2002 ). Although short- and 
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long-term toxicity and metabolic studies could be carried 
out to address concerns, it is probably not feasible that they 
will detect relevant changes unless extensive safety testing 
is carried out on GM crops, and more importantly provided 
the effect(s) in question is known so that it can be targeted 
and carefully studied. 

 Assessing   the risk that a GM food poses to human 
health has been based on comparing its chemical com-
position to that of unmodified food; if the composition is 
similar, it is considered safe for human consumption. This 
concept, called substantial equivalence, has been based on 
relatively easy and inexpensive tests ( Kuiper  et al ., 2001 ). 
However, some scientists in Europe criticize the method-
ologies currently used and contend that such tests do not 
include all biological, toxicological, and immunological 
aspects of GM food ( Hellemans, 2003 ). 

 The   first generation of  ‘  ‘ input traits ’  ’  of GM crops (e.g. 
traits with purely agronomic benefits) is entering its ninth 
year, with the large majority derived from these leading 
crops in North America, namely canola (rapeseed), corn, 
and soybean. These products harbor traits that serve an agro-
nomic purpose (i.e. benefiting farmers, but not necessarily 
the consumers). They entered the North American market 
with minimum regulations and without segregation, and 
have been judged by regulators as substantially equivalent to 
existing varieties. Second generation crops, which involve 
output modifications (traits with health and nutritional ben-
efits;  Agius  et al ., 2003 ), most likely will not be cleared 
unless their purity is assured; this is a problematic prospect 
given the current difficulties of attaining gene containment. 

 Third   generation crops with new industrial, nutriceuti-
cal, or pharmaceutical properties most likely will require an 
effective gene control system so that they may be allowed 
to enter the markets ( Kleter  et al ., 2001 ). Regardless of how 
effective regulations are, some producers (either deliberately 
or inadvertently) will misappropriate these technologies, 
creating risks and liabilities. Moreover, many plant species 
are sexually promiscuous, creating natural gene flow to 
related species, and leading to the following liability issues: 

      ●      The potential of volunteer seeds inadvertently left in the 
field to germinate the following year(s)  

      ●      The potential for pollen flown from GM crops to non-
GM crops  

      ●      The potential of co-mingling of GM and non-GM 
crops, which could jeopardize the value of both crops 
and product lines if transgenes remain undetected 
before processing  

      ●      The potential for environmental risks associated with 
uncontrolled gene flow from GM varieties into related 
plants, which will impede export of GM varieties to 
countries not willing to adopt the new technologies    

 These   liability issues have resulted in some disastrous 
consequences and have imposed significant cost on the 

food industry ( Smyth  et al ., 2002 ). About 36 countries have 
legislation making it imperative that governments, the food 
industry, testing laboratories, and crop producers develop 
ways to accurately quantitate GMOs in crops, foods, and 
food ingredients to assure compliance with threshold levels 
of GM products ( Butler and Reichardt, 1999 ;  Kuiper, 1999 ; 
 US National Academy of Sciences, 2000 ). The aim of this 
chapter is to detail diagnostic test methods, their potential, 
and their limitations.  

    29.2       SAMPLING PLANS 

 Both   sample size and sampling procedures are important 
issues for testing GMOs in raw material and food ingre-
dients if one is to avoid problems of non-homogeneity. 
The sampling plan should be performed in a manner that 
ensures that the sample is statistically representative, and 
the sample size must be sufficient to allow adequate sensi-
tivity, because the statistical significance achievable with a 
small sample size is weak ( Gilbert, 1999 ). When a sample 
is used to represent the content of a lot, its content is likely 
to deviate from the actual content of the lot. Sampling 
errors create risks for both the buyer and the seller in a 
transaction. The buyer may get a lot with a higher con-
centration than desired. The seller may also have a lot that 
meets a contract rejected. These two types of risks are 
referred to as seller’s and buyer’s risk, respectively, and the 
relationship between them is seen in  Fig. 29.1   . Probability 
can be used to estimate a likely range that a sample may 
deviate from the true lot content, as long as the sample is 
properly taken ( Whitaker  et al ., 2001 ). 

 Results   from theoretical and simulation research have 
shown that GMO distribution in bulk commodities is more 
likely to be heterogeneous than homogeneous, which 
poses a serious limit to the unconditional acceptance of the 
assumption of random distribution of GM material and to 
the use of binomial distribution to estimate producer and 
consumer risks ( Paoletti  et al ., 2003 ). Due to the heterog-
enous distribution of biotech seeds (or beans or kernels) 

0
0

25

50
Lots

Accepted
(%)

75

100

0.5

Accept

1000 Seeds

Seller’s Risk

Reject

Buyer’s Risk

1.0 1.5 2.0

Biotech Seed (%)

 FIGURE 29.1          Operating characteristic curve illustrating buyer’s and 
seller’s risk. From Whitaker and colleagues (2001); with permission.    
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within a load, there is a probability that a sample from the 
load will contain a concentration that is higher or lower 
than the true concentration. Using a sample size of 1,000 
seeds, the probability of accepting a load containing various 
percentages of biotechs is defined by the operating char-
acteristic (OC) curve shown in  Fig. 29.1 . The buyer’s and 
seller’s risk for a load containing a true concentration of 1% 
biotech units, randomly distributed in a load, is indicated by 
the area of the figure between the QC curve and the line 
representing 1%. Using these statistic principles to manage 
marketing risks, different sampling and testing strategies 
have been developed to meet the demand of the market. 

 In   situations where biotech grains have been approved 
by government authorities, appreciable concentration of 
biotech grains in a load may be tolerated. In this case, it 
is possible to imagine a transaction where the buyer wants 
high confidence that the beans being purchased contain less 
than 1% Roundup Ready  ™   (RR) soybeans to avoid labe-
ling. At the same time, the seller wants reasonable confi-
dence that if the load contains less than 1% RR, there is a 
high probability that the load will be accepted.  Figure 29.2    
illustrates an example of a sampling and testing protocol, 
called threshold testing, that uses lateral flow strips for 
qualitative determination of novel protein, which could be 
useful under such a scenario to provide acceptable assur-
ances to both parties ( Remund  et al ., 2001 ). A limitation 
of the use of this technology is the difficulty of testing all 
available biotech events using a single sample. To use the 
threshold testing protocol, it is necessary to limit the maxi-
mum number of kernels in a sample so that the presence 
of only a single biotech kernel will always give a positive 
response. When performing threshold testing for multiple 
biotech events in a single sample, it is necessary to limit 
the number of kernels so that the lowest expressing event 

will always be detected, and such a constraint significantly 
limits the sensitivity of the methods for high expressing 
events. This constraint on sensitivity, and the fact that there 
is a large and ever-changing list of biotech events, has cur-
tailed efforts to develop methods to detect multiple biotech 
events in a single sample of corn grain ( Stave, 2004 ). 

 As   raw material often comes from different suppli-
ers, and given that industrial activities are structured in 
space and time, one can expect a portion of the original 
chronological order always to be present in the spatial 
structure of any lot. Under this assumption, a systematic 
sampling approach is recommended over a random sam-
pling approach. Systematic sampling should take place 
when lots are being unloaded (i.e. when there is the option 
of continuous sampling of the entire consignment). This 
is preferable to the situation of large batches in silos or 
trucks, where it is difficult to access remote parts even 
when employing sampling probes ( Paoletti  et al ., 2003 ). 

 It   is difficult to make clear recommendations on the 
number of increments used to produce the bulk sample, 
because the number of increments required to minimize the 
sampling error will depend upon the heterogeneity of the 
lot under investigation. The lack of data on the expected 
distributions of real lots makes it impossible to establish 
objective criteria to address this problem. When defining 
the number of increments to be sampled, it should be taken 
into account that even modest levels of heterogeneity will 
compromise sampling reliability when 30 to 50 increments 
are used to produce the bulk sample ( Paoletti  et al ., 2003 ). 

 All   the sampling steps necessary to produce final sam-
ples of suitable working size from large bulk samples are 
needed. However, assuming random distribution to esti-
mate the errors associated with each of these secondary 
sampling steps is not going to pose a problem as long as 
grinding and mixing of the material is properly carried out. 
Sampling size reduction should be attempted only when all 
the sampled material is reduced to the same particle size as 
the smaller, and the more uniform this is after milling, the 
more successful the mixing will be in ensuring homogene-
ity in the population, and ultimately in minimizing sam-
pling error. Sampling size is selected to best meet the needs 
of the buyer and seller, and often involves a compromise 
between precision and cost ( Paoletti  et al ., 2003 ).  

    29.3       CERTIFIED REFERENCE MATERIAL 

 Appropriate   reference materials for positive and negative 
controls provide the basis for the validation of analytical 
procedures and for assessing the performance of methods 
and laboratories. Reference material should be independ-
ent of the analytical methods and should be focused on raw 
material or base ingredients rather than on finished foods 
( Ahmed, 2002 ). Various types of material can be used as 
a certified reference material (CRM) for the detection of 
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 FIGURE 29.2          Threshold testing protocol providing high confidence that 
1% will be rejected and 0.1% will be accepted. From Remund and col-
leagues (2001); with permission.    
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 TABLE 29.1          Advantages and disadvantages of various types of GMO CRMs. Adapted from Trapmann and colleagues 
(2004); with permission.  

   Type of CRM  Advantages  Disadvantages 

   Matrix GMO CRMs       ●       suitable for protein- and
DNA-based methods    

      ●      different extractability (?)    

          ●      extraction covered          ●      large production needed    

          ●      commutability          ●      low availability of raw material due to restricted use of seeds    

            ●      degradation    

            ●      variation of the genetic background    

   Genomic DNA CRMs       ●      good calibrant          ●      large production needed    

          ●      fewer seeds needed          ●      low availability of raw material due to restricted use of seeds    

          ●      commutability          ●      variation of the genetic background    

            ●      long-term stability (?)    

   Pure protein DNA CRMs       ●      fewer seeds needed          ●      commutability (?)    

   Plasmidic DNA CRMs       ●       easy to produce in large 
quantities    

      ●      plasmid topology    

          ●      broad dynamic range          ●      discrepancies    

            ●      commutability (?)    

GMOs: matrix-based material (produced from seeds), pure 
DNA, or protein standards. Pure DNA standards can con-
sist of either genomic DNA extracted from plant leaves or 
plasmid DNA in which a short sequence of a few hundred 
base pairs (bp) has been cloned and amplified in a suitable 
vector. Pure protein can be extracted from ground seed, 
or produced by recombinant DNA technology. Different 
requirements have to be met by CRM depending on their 
use for identification and/or quantitation of GMOs, and each 
has advantages and disadvantages (see  Table 29.1   ). In con-
trast to protein detection methods, in which a single stand-
ard can be settled on relatively easy, DNA-based methods 
are better served through combinations of several positive 
controls. The availability of reference materials is currently 
limited owing to concerns over intellectual property rights 
and costs ( Serageldin, 1999 ). The Institute of Reference 
Materials and Measurements at the Joint Research Center 
in Geel, Belgium, offer through Fluka (Buchs, Switzerland) 
a limited number of reference materials for modified soya, 
corn, and maximizer maize (MM) ( Ahmed, 2002 ).  

    29.4       PROTEIN-BASED TESTING METHODS 

 Immunoassay   technologies using antibodies are ideal for qual-
itative and quantitative detection of many types of proteins 

in complex matrices when the target analyte is known ( Brett 
 et al ., 1999 ). Both monoclonal (highly specific) and polyclo-
nal (often more sensitive) antibodies can be used depending 
on the amounts needed and the specificity of the detection 
system (e.g. antibodies to whole protein, or to specific peptide 
sequences) depending on the particular application, time allot-
ted for testing, and cost. On the basis of typical concentrations 
of transgenic material in plant tissue ( � 10       mg/tissue), the 
detection limits of protein immunoassays can predict the pres-
ence of modified proteins in the range of 1% GMOs ( Stave, 
1999 ). Immunoassays in which antibodies are attached to a 
solid phase have been used in two formats: 

      ●      A competitive assay in which the detector and analyte 
compete to bind with capture antibodies  

      ●      A two-site (double antibody sandwich) assay in which 
target analyte sandwich between the capture anti-
body and the detector antibody; this assay is deemed 
preferable    

    29.4.1       Western Blot 

 The   Western blot is a highly specific method that  provides 
qualitative results suitable for determining whether 
a sample contains the target protein below or above a 



Chapter | 29 Identification of Genetically Modified Organisms 435

predetermined threshold level ( Lipton  et al ., 2000 ), and 
is particularly useful for the analysis of insoluble protein 
( Brett  et al ., 1999 ). Further, because electrophoretic sepa-
ration of protein is carried out under denaturing conditions, 
any problems of solubilization, aggregation, and copre-
cipitation of the target protein with adventitious proteins 
are eliminated ( Rogan  et al ., 1999 ;  Sambrook and Russel, 
2000 ). The detection limits of Western blots vary between 
0.25% for seeds and 1% for toasted meal ( Smyth  et al ., 
2002 ). This method, even though it can provide quantitative 
results and is sensitive, is considered more suited to research 
applications than to routine testing because it is not amena-
ble to automation. Western blotting generally takes about 
two days and costs about $150/sample ( Ahmed, 2002 ).  

    29.4.2       ELISA 

 ELISA   assumes more than one format: a microwell plate 
(or strip) format, and a coated tube format. The antibody-
coated microwell strips, with removable strips of 8 to 12 
wells, are quantitative, highly sensitive, economical, pro-
vide high throughput, and are ideal for quantitative high-
volume laboratory analysis, provided that the protein is not 
denatured. The typical run time for a plate assay is 90       min, 
and an optical plate reader determines concentration levels 
in the samples. Detection limits for CP4 EPSPS soybean 
protein was 0.25% for seeds and 1.4% for toasted meal. The 
antibody-coated tube format is suited for field testing, with 
typical run times ranging from 15 to 30       min, and tubes can 
be read either visually or by an optical tube reader; results 
are qualitative. Because there is no quantitative internal 
standard within the assay, no extra information can be 
obtained concerning the presence of GMO at the ingredient 
level in food. The ELISA test generally takes about 1 to 2       h, 
and costs about $5.0/sample on the average ( Ahmed, 2002 ).  

    29.4.3       Lateral Flow Strip 

 A   lateral flow strip is a single unit device that allows for 
manual testing of individual samples. Each nitrocellu-
lose strip consists of three components: a reservoir pad on 
which an antibody coupled to a colored particle such as 
colloidal gold or latex is deposited, a result window, and 
a filter cover (see  Fig. 29.3   ). An analyte-specific capture 
antibody (Ab) is also immobilized on the strip. Inserting 
the strip in an eppendorf vial containing an extract from 
plant tissue solution harboring a transgenic protein, leads to 
the solution moving toward the reservoir pad solubilizing 
the reported Ab, which binds to target analyte and forms 
an analyte – Ab complex that flows with the liquid sample 
laterally along the surface of the strip. When the complex 
passes over the zone where the capture Ab has been immo-
bilized, it binds to the Ab and produces a colored band. 
The presence of two bands indicates a positive test for the 

protein of interest. A single band indicates that the test 
was performed correctly, but that there was no protein of 
interest present in the sample. This test provides a yes/no 
or threshold (semi-quantitative) determination of the tar-
get protein in about 10       min at an average cost of about $2/
sample, is appropriate for field or on-site applications, and 
does not require specialized equipment ( Ahmed, 2002 ). 
Commercially available lateral flow strips are currently 
limited to few biotechnology derived protein-producing 
GMO products, but strips that can detect multiple proteins 
simultaneously are being developed ( Smyth  et al ., 2002 ).  

    29.4.4       Other Immunoassay Formats 

 In   addition to microplate ELISA and later flow devices, 
other immunoassay formats use magnetic particles as the 
solid support surface. The magnetic particles can be coated 
with the capture antibody and the reaction carried out in 
a test tube. The particles with bound reactants are sepa-
rated from unbound reactants in solution using a magnet. 
Advantages of this format are superior kinetics because 
the particles are free to move in reaction solutions, and 
increased precision owing to uniformity of the particles. 
Other less commonly used formats utilize nesting or a 
combination of two steps in one ( Brett  et al ., 1999 ;  Stave, 
1999 ;  Lipton  et al ., 2000 ;  Ahmed, 2002 ). In the near future, 
improvements in immunoassays are expected to occur via 
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 FIGURE 29.3          A schematic view of lateral flow strip assay format illus-
trating the principles of the assay. From Lipton and colleagues (2000); 
with permission.    



Molecular Diagnostics436

advances in antibody technology and improved instruments 
( Smyth  et al ., 2002 ). Recent advances in proteomics have 
implications for GMO diagnosis. However, their sensitivity 
has to be increased, and instrument cost has to be brought 
down ( Ahmed, 2004 ).  

    29.5       DNA-Based Testing Methods 

 Molecular   diagnostic methods for GMOs detect and quan-
tify those DNA sequences that have been introduced into 
the organism during the process of gene modification. The 
DNA that has been engineered into a crop consists of sev-
eral elements that govern its functioning. They are typically 
a promoter sequence, structural gene, and a stop sequence 
for the gene. Although several techniques are available, 
two are commonly used: Southern blot, and, particularly, 
PCR analyses. Microarray-based and real-time biosensor 
technologies have recently also been applied for diagnos-
ing GMOs.  

    29.5.1       Southern Blot 

 The   method involves fixing isolated sample DNA onto 
nitrocellulose or nylon membranes, probing with  double-
stranded (ds)-labeled nucleic acid probe(s) specific to 
the organisms whose diagnosis is desired, and detecting 
hybridization radiographically, fluoremetrically, or by 
chemiluminescence. Earlier probes were labeled with 32P. 
However, non-radioactive probe labeling methods employ-
ing the indirect or the direct approach have been developed 
to allow convenient diagnosis and avoid use of radioactive 
isotopes. Indirect methods relying on fluorescence and 
chemiluminescence have been developed ( Ross  et al ., 
1999 ). Direct methods utilizing fluorophores are faster than 
indirect methods because the antibody conjugates, incuba-
tion, and associated blocking and washing steps have been 
eliminated ( Osborne, 2000 ). 

 A   comparison of the performance of PCR, ELISA, and 
DNA hybridization for the diagnosis of the causal agent of 
bacterial ring rot  Calvibacter michiganensis  subsp.  sepe-
donicus  in crude extracts of field grown potatoes was car-
ried out. Results showed that PCR was slightly better than 
ELISA, and both PCR and ELISA were superior to DNA 
hybridization in detection sensitivity. On the other hand, 
the two DNA-based assays (PCR and DNA hybridization) 
have the advantage of not relying on an arbitrary positive 
threshold, and had greater specificity ( Drennan  et al ., 1993 ; 
 Slack  et al ., 1996 ). 

 Recently  , an alternative Southern blot technology has 
been attempted using near infrared (IR) fluorescent dyes 
(emissions at approximately 700 and 800       nm) coupled to a 
carbodiimide reactive group and attached directly to DNA 
in a 5       min reaction. The signals for both dyes are detected 
simultaneously (limit in the low zeptomolar range) by two 

detectors of an IR imager, something not yet possible with 
conventional radioactive or chemiluminescent detection 
techniques ( Stull, 2001 ). 

 Although   Southern hybridization can be quantitative, it 
is mainly used as a research tool for GMO detection, and 
is not suitable for routine day-to-day diagnosis because of 
its low throughput, as it takes on average two days to com-
plete at a cost of $150/sample, and it is unsuitable for auto-
mation ( Ahmed, 2002 ).  

    29.5.2       Polymerase Chain Reaction (PCR) 

 Because   not all GM foods contain expressed protein(s) 
or have antibodies available to detect them, and the rather 
low expression levels of transgenic products in tissue used 
for human consumption ( Lipton  et al ., 2000 ), more sensi-
tive PCR methods are used for diagnosis. A positive result, 
however, has to be conformed by a specific assay deter-
mining the unique modification ( Schreiber, 1999 ). Two 
essential prerequisites for the application of PCR-based 
diagnostic methods are complete knowledge of the foreign 
gene construct within the GMO to be detected, and the 
ability to extract significant amounts of amplifiable DNA 
from the samples to be diagnosed ( Ahmed, 1995 ); whereas 
the availability of CRM and criteria for standardization are 
the limiting factors for PCR diagnosis ( Wurz  et al ., 1999 ). 

 PCR   exploits the specificity of DNA polymerase to allow 
the selective amplification of specific DNA segments occur-
ring at low frequency in a complex mixture of other DNA 
sequences. In a standard PCR test, two pairs of primers are 
used: forward, sense or 5 � A 3 � A; and reverse, antisense or 
3 � A 5 � A. These primers are designed to hybridize on oppo-
site strands of the sequence of interest, and through a series of 
repetitive cycles (of 2 – 3 thermal steps) amplify the sequence 
between the primers millions of times (see also  Fig. 29.2 ). 
Amplified fragments can be subjected to agarose gel elec-
trophoresis to separate amplified DNA according to size, 
although other separation methods such as high- performance 
liquid chromatography (HPLC) and capillary electrophoresis 
(CE) are used ( Ahmed, 1995 ;  De Palma, 2001 ). 

 PCR   diagnosis of GMOs involves four critical steps: 

    1.     Sampling and sample preparation  
    2.     DNA purification and aliquot size  
    3.     PCR amplification and detection of reaction products  
    4.     Interpretation of results    

 Sampling   issues have been discussed in a previous sec-
tion. For routine purposes, a sample size in the 2.5 to 3       kg 
range is recommended ( Fagan, 2004 ). The field samples 
are ground and homogenized, and duplicate subsamples 
(between 1 and 2       g) are taken in a manner that ensures that 
the analytical sample is representative of field samples in 
accordance with recommendations of the ISO/CEN work-
ing group on GMO testing ( Whitaker  et al ., 2001 ). DNA 
is then isolated independently from the duplicate analytical 
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subsample for later PCR analysis. Purification proce-
dures not producing DNA that is free from PCR inhibitors 
or DNA degradation must be minimized, and DNA yield 
must be sufficient for reliable analysis. There are two basic 
procedures commonly used for isolating DNA from food 
and ingredient products for GMO diagnosis: the CTAB 
method, based on incubating food sample in the presence 
of the detergent cetyltrimethylammonium bromide; and 
the Wizard method, employing DNA-binding silica res-
ins (Promega Corp., Madison, Wisconsin). Both methods 
produce satisfactory DNA isolation without unacceptable 
DNA degradation and are cost effective. Extraction meth-
ods for GMO diagnosis employing several commercial kits 
have recently been reviewed in detail ( Terry  et al ., 2002 ). 

 Food   and agricultural products contain numerous com-
pounds that are inhibitory to PCR such as polysaccharides, 
caramelized sugar, proteins, fats, cocoa extracts, phenols, 
Ca      �      � , Fe      �      � , and other secondary metabolites and trace 
compounds. Although not easy to separate these inhibitors, 
an extraction kit (e.g. QI Amp DNA Stool Kit  ™   (QIAGEN 
Inc., Valencia, CA)) was reported to effectively remove 
PCR inhibitory substances such as cocoa from highly proc-
essed foods containing GMOs ( Tengel  et al ., 2001 ). 

 Factors   such as excessive heat, nuclease activity, and 
low pH (quite common in food processing) also contribute 
to DNA degradation. This is most likely for products with 
long shelf lives, such as prepared meatballs in tomato sauce 
and beef burgers. Data suggest that the critical minimum 
average DNA size for successful PCR analysis is approxi-
mately 400       bp ( Meyer, 1999 ). Remedies such as increasing 
the amount of sample DNA added, and selecting primer 
sets whose recognition sites within the fragment DNA are 
very close together resulting in amplicons approximately 
100       bp long, have been recommended ( Fagan, 2004 ). 

 The   most currently available GMOs in the EU contain 
any of three genetic elements: the cauliflower mosaic virus 
(CaMV) 35S promoter, the nopalin synthase (NOS) termi-
nator, or the kanamycin-resistance marker gene (nptII), and 
others ( Ahmed, 2002 ). These elements also occur naturally 
in some plants and soil microorganisms, and can thus be 
detected using PCR giving false positive results. If the PCR 
assay gives a positive result, product-specific PCR methods 
that have been developed for a range of different GM foods, 
can be carried out. These product-specific PCR methods are 
based on the use of a primer pair set that spans the bound-
ary of two adjacent genetic elements (e.g. promoters, target 
genes, and terminators), or that are specific for detection of 
the altered target gene sequence. Detection limits are in the 
range of 20       pg to 10       ng of target DNA and 0.0001 – 1% of 
the mass fraction of GMOs ( Smyth  et al ., 2002 ). 

 Different   methods can be used to confirm the PCR 
results: 

      ●      Specific cleavage of the amplified product by restric-
tion endonuclease digestion ( Meyer, 1999 )  

      ●      Hybridization with a DNA probe specific for a target 
sequence  

      ●      Direct sequencing of the PCR product ( Sambrook and 
Russel, 2000 )  

      ●      Nested PCR ( Bouw  et al ., 1998 ), in which two sets of 
primer pairs bind specifically to the amplified target 
sequence    

    29.5.2.1       Qualitative PCR 

 The   first method for GMO identification in foodstuffs devel-
oped to identify the Flavr Savr  ™   tomatoes was a qualitative 
PCR application assay because the genetic modification did 
not produce a protein in the plant ( Meyer, 1995 ). This tomato 
contains  –  in addition to the polygalacturonase (PG) gene, 
which degrades pectin in the cell wall  –  the Kanr gene, con-
ferring resistance to kanamycin and the cauliflower mosaic 
virus promoter CaMV 35S. PCR detection was achieved by 
designing two pairs of primers: one pair amplified a 173       bp 
fragment for Kanr, and the second pair amplified a 427       bp 
fragment that contains part of the promoter sequence ( L ü thy, 
1999 ). Other methods for detection of RR soybean, contain-
ing the genetic element from the crown gall causing bac-
terium  Agrobacterium tumifaciens  producing the enzyme 
3-enolpyruvyl-shikimate-5-phosphate-synthase (EPSPS) that 
makes the plant resistant to the herbicide glyphosate, and of 
maximizer maize  ™   (MM) containing the synthetic endotoxin 
cryIA (b) gene employing qualitative PCR, were developed 
( L ü thy, 1999 ). 

 Later   on, a nested PCR method was applied to the 
detection of EPSPS gene in soya meal pellets and flour, 
as well as a number of processed complex products such 
as infant formulas, tofu, tempeh, soy-based desserts, bak-
ery products, and meal-replacing products ( Bouw  et al ., 
1998 ). In this two-step method, an outer primer was used 
to amplify a 352       bp fragment, followed by an inner primer 
set to amplify a 156       bp. This resulted in improved selec-
tivity and sensitivity of the PCR reaction. RR bean DNA 
could be detected at 0.02%, but processed products (e.g. 
candy, biscuits, lecithins, cocoa-drink powder, and vegetar-
ian paste) were undetectable by PCR due to DNA break-
down as a result of heating, and low pH, which resulted 
in increased nuclease activity leading to depurination and 
hydrolysis ( Meyer, 1999 ;  Wurz  et al ., 1999 ). The pres-
ence of inhibitory components and low amounts of DNA in 
some material (e.g. lecithin, starch derivatives, and refined 
soya oil) makes it difficult to develop a single reliable 
method for detection of all products ( L ü thy, 1999 ).  

    29.5.2.2       Limiting Dilution PCR 

 A   semiquantitative method for RR detection based on the 
limited dilution method has been the official method for 
detection of GM foods in Germany (German Food Act 



Molecular Diagnostics438

LMBG  §  35,  Jankiewciz  et al ., 1999 ). This method is 
based on optimization of the PCR so that amplification of 
an endogenous control gene will take place in an all-or-
none fashion occurring at the terminal plateau phase of 
the PCR, and the premise that one or more targets in the 
reaction mixture (e.g. GMO) will give rise to a positive 
result. Accurate quantitation is achieved by performing 
multiple replicates at serial dilutions of the material(s) to 
be assayed. 

 At   the limit of dilution, where some endpoints are posi-
tive and some are negative, the number of targets present can 
be calculated from the proportion of negative endpoints by 
using Poisson statistics ( Sykes  et al ., 1998 ). In this method, 
two measurements are used for setting limits for the GMO 
content of foods: a theoretical detection limit ( L  Theoret ), 
defined as the lowest detectable amplification determined 
from the serial dilution of target DNA with/without back-
ground DNA; and a practical detection limit ( L  Pract ), defined 
as the lowest detectable amplicon determined by examining 
certified reference material CRM containing different mass 
fraction of GM and non-GM organisms. The  L  Theoret  for both 
RR and MM (0.0005%) is generally two or more orders of 
magnitude lower than  L  Pract  (0.1%,  Sykes  et al ., 1998 ). An 
advantage of this method is that it does not require coam-
plification of added reporter DNA. However, caution should 
be exercised when using this technique because of potential 
contamination of PCR reactions due to various dilutions and 
manipulations ( Hupfer  et al ., 1998 ).  

    29.5.2.3       Quantitative Endpoint PCR 

 An   important aspect in GMO food analysis is quantita-
tion, since maximum limits of GMO in food are the basis 
for labeling in countries like the EU, and the fast increasing 
number of GM foods on the market demands the develop-
ment of more advanced multidetection systems ( Schreiber, 
1999 ). Therefore, adequate quantitative PCR detection 
methods were developed. Quantitative competitive (QC)-
PCR was first applied for the determination of the 35S pro-
moter in RR and MM in Switzerland as described by  Studer 
and colleagues (1998) . In this method, an internal DNA 
standard was coamplified with target DNA ( H ü bner  et al ., 
1999 ). The standard was constructed using linearized plas-
mids containing a modified PCR amplicon, which was an 
internal insert of 21 or a 22       bp deletion in the case of RR 
and MM DNA, respectively. QC-PCR consists of four steps: 

    1.     Coamplification of standard and target DNA in the 
same reaction tube  

    2.     Separation of the products by an appropriate method 
such as agarose gel electrophoresis and staining the gel 
by ethidium bromide  

    3.     Analysis of the gel densitometrically  
    4.     Determining the relative amounts of target and standard 

DNA by regression analysis    

 At   the equivalent point, the starting concentration of 
internal standard and target are equal. In the QC-PCR, the 
competition between the amplification of internal standard 
DNA and target DNA generally leads to loss of detection 
sensitivity. Nevertheless, the method allows for the detec-
tion of as little as 0.1% GMO DNA ( H ü bner  et al ., 1999 ).  

    29.5.2.4       Quantitative Real-Time PCR 

 To   overcome some of the limitations of conventional quan-
titative endpoint PCR, a real-time PCR was introduced that 
provided a large dynamic range of amplified molecule, 
allowing for higher sample throughput, decreased labor, 
and increased fluorescence ( Ahmed, 2002 ). 

 Several   commercially available real-time PCR ther-
mal cyclers, although different in design and operation, all 
automate the analytical procedure and allow cycle-by-cycle 
monitoring of reaction kinetics; this mode of monitoring 
permits calculation of the concentration of target sequence. 
Several formats are used to estimate the amount of PCR 
product: 

      ●      The ds-DNA-binding dye SYBR Green I  
      ●      Hybridization probes, or fluorescence resonance energy 

transfer (FRET) probes  
      ●      Hydrolysis probes (TaqMan ®  technology)  
      ●      Molecular beacons (see also Chapter 7)      

 These   systems also permit differentiation between 
specific- and non specific-PCR products (such as primer-
dimer) by the probe hybridization or by using melt curve 
analysis of PCR products, as non-specific products tend to 
melt at a much lower temperature than the longer specific 
products ( Ahmed, 2000 ).  

    29.5.2.5       Quality Assurance Issues 

 There   are generally two sources of sample-to-sample vari-
ability in PCR experiments: differences caused by varia-
tion in the quantity or quality of the samples (e.g. partial 
degradation or the presence of contaminants), and random 
sample-to-sample variation (which includes user-induced 
ones). Unfortunately, random variability is a fact in PCR; 
the best way to minimize it is to run duplicate samples and 
average the data. Variability caused by operator error can 
be minimized by making a cocktail of reagents or master 
mix ( Fagan, 2004 ). 

 PCR   is a very sensitive amplification process. 
Therefore, extreme care must be taken to prevent contami-
nation of primers and PCR reagents with cDNAs, cRNAs, 
RNase, or DNase. PCR reactions should be set up in a 
laminar flow hood, employing the same precautions used 
in aseptic procedures, in a laboratory separate from the lab-
oratory where the reaction will be run. Examples of these 
procedures include cleaning all work surfaces with DNA 
Away (Molecular Bio-Products, San Diego, CA), wearing 
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gloves, using aerosol-resistant pipette tips, using dedicated 
pipettors, routinely cleaning the pipettes with DNA Away, 
using DEPC-treated water for all dilutions, and adding 
primers and/or DNA to the master mixes after all compo-
nent tubes have been closed to prevent cross contamination 
( Ahmed, 1995 ). 

 Changes   made in reagents by manufacturers often pro-
duce different results, or may change the level of sensitiv-
ity of the assays. Collecting and storage procedures were 
found to influence detectable levels of soluble markers; 
even using the same kits, studies demonstrated differences 
among results obtained by various laboratories suggesting 
that factors relating to assay performance may be respon-
sible. It is important that a laboratory be attuned to quality 
control and good laboratory practice issues in testing and 
sample storage (see also Chapter 40)  ; assessing analytical 
sensitivity for minimum detection level of markers under 
consideration; intra- and interassay variability; problems 
inherent in use of different suppliers  –  and sometimes dif-
ferent batches  –  for the same reagents; and the need to 
establish median, mean SD, and 5th and 95th percentiles 
for references ’  range ( Ahmed, 2000 ). 

 A   method for preamplification inactivation of amplified 
DNA that allows for the selective destruction of previously 
amplified DNA can be used, in which deoxynucleotide 
5 � A-uridine triphosphate (dUTP) is substituted for deoxy-
nucleotide 5 � A-thymine triphosphate (dTTP) in the master 
mix. All amplified DNA therefore will contain U instead 
of T. When a new amplification reaction is set up, the mas-
ter mix is supplemented with the enzyme uracil-DNA-
 glycosylase (UDG) prior to the start of the temperature 
cycling. This enzyme catalyzes the excision of uracil from 
ss- and ds-DNA (but not RNA). During the first denatura-
tion cycle of the PCR program, there is strand scission of 
the aglycosidic linkage, destroying contaminating tem-
plates. UDG is inactive at most temperatures used during 
PCR cycling (i.e. above 55 ° C), so newly synthesized ampli-
cons will not be degraded prior to detection. The level of 
effective sterilization approaches 106 copies of input DNA, 
which is much more than should be necessary to control 
aerosol carryover contamination. Moreover, the presence 
of UDG at the start of the amplification appears to enhance 
the specificity of the amplification reaction. Because resid-
ual UDG activity can potentially degrade dU-PCR prod-
ucts under certain conditions (i.e. prolonged incubation of 
the product at either 4 or 25 ° C) following thermal cycling, 
the samples are kept at 72 ° C to protect amplified dU prod-
ucts. The UDG inhibitor protein Ugi is used to inactivate 
residual UDG activity and protect dU-containing products 
during benchtop manipulations ( Ahmed, 2003 ). 

 Optimization   experiments for PCR can be carried 
out by attempting various cycles (from 25 to 40); chang-
ing annealing temperatures (in 3 ° C increments above or 
below calculated annealing temperature); employing hot 
start Taq DNA polymerase; and varying MgCl 2  and dNTPs 

concentrations. In the case of amplifying regions of high 
GC content, denaturants such as formamide and DMSO 
may be tried. Both positive and negative controls should 
be employed. To detect inhibitors of Taq DNA polymerase, 
additional validation procedures, or a method referred to as 
quality control PCR, need to be employed ( Ahmed, 2003 ). 

 Maintaining   uniformly high standards of performance in 
the laboratory carrying out PCR diagnosis includes adher-
ence to a thorough system of standardized operating pro-
cedures, assessment of laboratory performance from within 
and through external performance assessment schemes, 
accreditation, and availability of international standardized 
and validated testing methods ( Fagan, 2004 ).   

    29.5.3       DNA Microarray Technology 

 The   study of gene expression by microarray technology is 
important because changes in the physiology of an organ-
ism or a cell are accompanied by changes in patterns of 
gene expression ( Jordan, 1998 ). The technology is based 
on immobilization of cDNA or oligonucleotides on solid 
support. The major advances of DNA microarray tech-
nology results from the small size of the array, permitting 
more information to be packed into the chip, thereby allow-
ing for higher sensitivity, enabling the parallel screening of 
a large number of genes, and providing the opportunity to 
use smaller amounts of starting material (see also Chapter 
16)  . Mainly, the introduction of differently labeled fluo-
rescent probes for control and test samples made possible 
miniaturization of arrays, and because microarrays can be 
produced in series, this facilitates comparative analysis 
of a number of samples. Microarray technology has been 
employed for diagnosing GMOs in plants and foods ( Van 
Hal  et al ., 2000 ). The principles of the technique are illus-
trated in  Fig. 29.4   . 

 Like   any analytical technique, quality assurance issues 
(e.g. sensitivity, specificity, ruggedness, test performance) 
must be rigorously tested and evaluated. The sensitivity of 
microarray detection is an area where research has been 
carried out to improve its performance. Recent reports have 
indicated sensitivities to be in the order of fg of purified 
DNA in complex samples containing potential PCR inhibi-
tors and competing target DNAs ( Wilson  et al ., 2002 ). If 
carried out correctly, high-density oligonucleotide arrays 
were shown in some cases to confirm the identity of pre-
dicted sequence changes within the gene with about 99% 
accuracy covering a minimum of 97% of the sequence 
under study ( Hacia  et al ., 1998 ). The hindrances to utiliza-
tion of the microarray technique on a wide scale in diagno-
sis include lack of standardization, and the initial expense 
of the technology. A typical basic experiment involving 50 
or so pairwise hybridizations would cost between $5,000 
and $10,000 in reagents. An investment of about one mil-
lion dollars will bring into existence a DNA microarray 
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facility ( Ahmed, 2000 ). Attempts have been made to 
reduce cost by employing a visualization system based on 
an enzyme-linked system to generate a dye visible to the 
naked eye, and increasing the size of spots on the arrays 
where probes are attached forms a few microns of approxi-
mately 1 to 2       mm in diameter, thus allowing signal visu-
alization by the naked eye, instead of using sophisticated 
confocal microscopy ( Grohmann, 2002 ).  

    29.5.4       DNA-Based Biosensors 

 DNA   biosensors are based on the immobilization of a 
DNA probe, and on monitoring and recording the varia-
tion of a transducer signal when the complementary target 
in solution interacts with the probe, forming a stable com-
plex. There are currently two types of real-time biosens-
ing transducers for GMO diagnosis: piezoelectric, in the 
form of quartz crystal microbalance (QCM), and surface 
plasmon resonance (SPR); both the QCM and SPR biosen-
sors have been used by immobilizing specific 25-mer oli-
gonucleotide probes using different sensing surfaces (e.g. 
a screen-printed electrode (or chip), the piezoelectric crys-
tal, and the Biacore  ™   sensor (M5) dextran-coated chip). 
These sequences are complementary to the sequences of 
the CaMV  35 S-promoter and the NOS terminator ( Minunni  
et al ., 2001 ). 

 The   piezoelectric and SPR sensors require biotinyla-
tion of the probes, but not for the electrochemical one. 
The PCR probe must first be denatured to produce a sin-
gle-stranded (ss) DNA capable of hybridization. For QCM 
sensing, denaturation at 95 ° C for 5       min followed by incu-
bation on ice was reported to be adequate. For SPR sens-
ing using the Biacore X instrument (Upsala, Sweden), the 
thermal treatment did not allow for an adequate amount 
of ss-DNA to reach the sensor surface and react with the 
probe. However, when magnetic beads were used, the 
problem was overcome.  Figure 29.5    shows QCM signals 
for three different denaturing methods: thermal, enzymatic, 
and magnetic using CaMV  35 S PCR-amplified plasmid 
DNA. Signals obtained from GMO samples for different 
foods (e.g. dietetic snacks and drinks, certified reference 
material (CRM)) were treated only thermally. The system 
has been optimized using synthetic complementary oligos 
(25-mer), and the specificity of the system (which relies on 
the immobilized probe sequence) was tested with a non-
 complementary oligo (23-mer). The hybridization study 
was performed also with DNA samples from CRM soy-
bean powder containing 2% GMO and amplified by PCR. 
Non-amplified genomic or plasmid DNA was also used. 
The amplified CaMV  35 S resulted in a fragment 195       bp 
long ( Minunni, 2003 ). 

 These   affinity systems are attractive for DNA sensing 
since their versatility is often associated with probability 

Primer designs
(for ORFs and intergenic regions)

Amplification of
genomic DNA

PCR products Long oligonucleotides In situ synthesis

Spotting on glass slides or membranes Short oligonucleotide arrays

Total RNA isolation and labeling

Hybridization and image processing

Data analysis

 FIGURE 29.4          Construction of a DNA microarray showing principles of gene expression analysis. From Ye and colleagues (2001); with permission.    
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and with absence of any labeling. Additionally, many anal-
yses can be performed on the same sensor surface with the 
possibility of reuse of the QCM and SPR devices up to 30 
times and more than 100 times, respectively. Future pros-
pects in this rapidly developing area will result  –  within few 
years  –  in new equipment and formats that will enhance the 
detection sensitivity of these methods. 

 The   BIACORE X instrument is priced at $112,000. 
The chip employed for SPR analysis (e.g. dextran modi-
fied) costs about $200 per chip, with one chip capable of 
performing 100 analyses of PCR-amplified samples. A 
system based on piezo sensing, however, is much cheaper, 
averaging about $13,000 (including software). The sens-
ing element (i.e. piezoelectric crystal) costs approximately 
$25, allowing up to 25 analyses per surface, and doubling 
the number of reactions with both surfaces used. Reagents 
for both methods cost nearly the same (about $70 for bioti-
nylated probes immobilized on the transducer surface). 
Usually about 35 probes are needed for the analysis, mak-
ing a probe cost per chip in the range of $1. Synthetic oli-
gonucleotides are needed to generate a calibration curve, at 
a cost of $3 per chip. 

 Based   on affinity biosensing, GeneScan Europe has 
recently introduced a test kit for diagnosing of GMOs in 
food products, which allows a multiplex PCR for the spe-
cific detection of DNA sequences from plant species and 
GM traits using a biosensor chip and a biochip reader. The 
detection limit for the GMO chip kit is in the range of 250 
copies of each of the target DNA sequences in the PCR 
( GeneScan Europe, 2001 ).   

    29.6       NEAR-INFRARED (NIR) 
TECHNOLOGY 

 NIR   transmittance spectroscopy has been widely used by 
grain handlers in elevators in the USA and in most of the 
world for non-destructive analysis of whole grains for the 
prediction of parameters including moisture, protein, oil, 
fiber, and starch. The technique has recently been used 
to distinguish RR from conventional soybean, but unfor-
tunately, the sensitivity has been quite low (Rousel  et al ., 
2001). Attempts are being made to increase the sensitiv-
ity of NIR systems by accumulating an adequate database 
from which to glean a common NIR  ‘  ‘ signature ’  ’  for a 
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given GMO, and linking the systems to sophisticated com-
puters to increase signal detection, but the capacity has not 
yet been realized ( Roussel and Cogdill, 2004 ).  

    29.7       CONCLUSIONS 

 The   commonly used methods for diagnosing GMOs in 
foods are presented in  Table 29.2   . To respond to global 
regulations requiring food labeling, a tiered approach may 
be employed using first qualitative PCR for GMO detec-
tion. If no GMOs were detected using a validated quali-
tative method, the product(s) would be evaluated for the 
presence of protein. If no protein is detected, the product is 
presumed not detectable. If the qualitative PCR showed a 
positive result, the product is considered as  ‘  ‘ non-approved 
GMO ’  ’ , and a validated real-time PCR is used to detect the 
level of GMO. If the level is above an established thresh-
old, the product is also considered non-approved GMO, 
but if below the threshold, the product need not be labeled 
( Ahmed, 2002 ). The high sensitivity and specificity of 
PCR methods and their ability to be applied to different 

food matrices make them suitable for diagnosing GMOs 
at low thresholds in various foods. Developments in DNA 
microarrays, biosensor devices, and proteomics promise to 
increase diagnostic approaches for GMO detection dramat-
ically ( Ahmed, 2004 ). 

 The   greatest uncertainty of using DNA-based assays, as 
for protein-based methods, is that not all products derived 
from GM foods (e.g. refined oil) contain enough DNA. 
In addition, heating and other processes associated with 
finished food production can degrade DNA. Similarly, if 
GMO is expressed on a relative basis (i.e. % GMO), it is 
important to know whether the estimate is to be based on 
total DNA from all sources, or on the basis of analyzed 
product DNA. This approach, known as genetic equiva-
lence, which is sound and pragmatic, was correlated with 
results of studies where GMO content was expressed on 
a percent weight basis. Quantitative PCR might best be 
applied at the early stages in the food production chain. 
Using the genome equivalent approach to assess the GMO 
content of food ingredients and tracking the ingredients 
used should allow for accurate estimation of GMOs. This 
approach is also consistent with current EU food labeling 

 TABLE 29.2          Summary of methods that specifically detect recombinant deoxyribonucleic acid (rDNA) products 
produced by GM foods. Modified from Ahmed (2002); with permission.  

   Parameter  Protein-based           DNA-based      

    
 Western 
blot  ELISA 

 Lateral flow 
strip 

 Southern 
blot 

 Qualitative 
PCR  1   

 QC-PCR 
and limiting 
dilution 

 Real-time 
PCR 

 DNA 
microarrays 

 DNA 
sensors 

     Difficult  Moderate  Simple  Difficult  Difficult  Difficult  Difficult  Difficult  Difficult 

   Needs 
special 
equipment 

 Yes  Yes  No  Yes  Yes  Yes  Yes  Yes  Yes 

   Sensitivity  High  High  High  Moderate  Very high  High  High  High  Low 

   Duration  2    2       d  30 – 90       min  10       min  6       h  3    1.5       d  2       d  1       d  2       d  2       d 

   Cost/sample  US$150  US$5  US$2  US$150  US$250  US$350  US$450  US$600  US$200 

   Provides 
quantitative 
results 

 No  Yes  4    No  No  No  Yes  Yes  5    Yes  No 

   Suitable for 
field test 

 No  Yes  4    Yes  No  No  No  No  Yes  Yes 

   Employed 
mainly in 

 Academic 
labs 

 Test facility  Field testing  Academic 
labs 

 Test facility  Test facility  Test 
facility 

 Academic  6   
labs 

 Academic  6   
labs 

      NIR detects structural changes (not DNA or protein), is fast ( 	 1       min) and inexpensive ( � $1).  
   1   Including nested PCR and GMO chip.  
   2   Excluding time allotted for sample preparation.  
   3   When non-radioactive probes are used; otherwise 30       h with 32P-labeled probes.  
   4   As in the antibody-coated tube format.  
   5   With high precision.  
   6   In development.  
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regulations that focus on ingredients, and is also applica-
ble to finished products containing more than one GMO-
derived ingredient ( Ahmed, 2002 ).  
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 Chapter 30 

    30.1       INTRODUCTION 

 Invasive   infections in humans can be caused by a wide 
variety of protozoan, fungal, microbial, and viral patho-
gens. This renders microbiological and viral diagnosis a 
complicated task, especially since many of these pathogens 
generate similar and sometimes even identical clinical syn-
dromes. As a further complicating factor, clinical samples 
submitted for culture-based diagnostic procedures are fre-
quently contaminated by microorganisms naturally colo-
nizing the epithelial lining of the human body. Moreover, 
the specimens also may contain substances that limit the 
chances for pathogen’s survival and, thereby, cultivation 
success. On the whole, microbial diagnostics is usually 
performed on a wide variety of clinical samples and the 
microbial agents requiring identification may differ in prev-
alence with age, sex, habits, demographics, health status, 
and several other personal characteristics of the individual 
patient. The prevalence of infectious agents may also be 
subject to strong seasonal and geographic variation and is 
currently considered to be strongly influenced by travel 
habits as well. In all, culture-oriented clinical microbiology 
seems to be an art rather than a precise scientific approach. 
With respect to correctness of a diagnosis, much depends 
on the expertise of the clinical microbiologist or infectious 
disease (ID) specialist: during the diagnostic procedures 
several important decisions must be taken and these may 
be biased due to personal preferences rather than scientific 
appropriateness. 

 The   choice of microbiological laboratory procedure is 
usually dictated by personal experiences: doctors ask for a 
specific type of diagnostic assay, but this may not always 
be the most obvious one. After clinical parameters have 
been assessed at bedside, the first step in microbial diagno-
sis normally consists of a straightforward (gram-) staining 

 procedure. This segregates gram-positive from gram- negative 
bacteria and already, in part, may lead to direct species iden-
tification of the pathogen involved. Malaria parasites, for 
instance, show very distinct morphological features upon 
simple Giemsa staining of a blood smear ( Iqbal  et al ., 2003 ). 
Subsequently, the clinical specimen may be further ana-
lyzed by cultivation-based tests. In addition, concomitant 
host serum samples may be analyzed for antibodies raised 
by the host’s immune system against the pathogen involved. 
Microbial antigens rather than the complete and viable 
organism itself can be searched for as well. Finally, when 
investigations are finished and a pathogen has been identi-
fied beyond any reasonable doubt, rational therapy can be 
implemented, if available. Therapy is usually preceded by 
assessment of the antimicrobial susceptibility profile and/
or virulence characteristics of the microorganism involved; 
that is, in case of successful cultivation, of course. It goes 
without saying that speed and quality of the diagnostic pro-
cedures in the end determine the clinical impact and efficacy 
of antibiotic therapies. 

 Since   some pathogens may be transmitted easily 
between humans, not only diagnosis is important. It is 
also relevant to keep track of the spreading of certain 
pathogens, both in the hospital and in the open population. 
Classic microbiology uses methods such as phagetyping, 
serotyping, or antibiogram comparison to assess epidemi-
ological relatedness among strains of a given pathogenic 
species. The diagnostic and epidemiological methods just 
mentioned have been in place for already quite some time. 
Seeing the continuing impact of infectious diseases on 
modern society (i.e. the AIDS pandemic, biological war-
fare, emergence of multidrug resistant bacteria, the recent 
SARS outbreak), there is a persisting need for continuous 
improvement of diagnostic microbiology and virology 
( Demain, 1999 ). Initially, serological tests, covering both 
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host antibody responses assessment and bacterial serotyp-
ing, helped improve adequate diagnosis of several infec-
tious diseases. More recently, molecular microbiology has 
provided the laboratory with additional tools that will help 
significantly to improve the quality of microbial detection 
and (subspecies) identification (see  Fig. 30.1   ). 

 Molecular   microbiological techniques initially were 
developed during the 1960s and 1970s in fundamental 
research laboratories. As a direct result, over the past one 
or two decades, the identification of the organisms that are 
infectious to humans has been greatly facilitated by the 
development and application of specific molecular hybridi-
zation (probe) tests ( Ksiazek  et al ., 2003 ). In addition, the 
availability of (real-time) nucleic acid amplification meth-
ods has been instrumental in the development of another, 
even more recent category of direct, highly sensitive diag-
nostic assays. The polymerase chain reaction (PCR) is 
among the most popular of these methods ( Wolk  et al ., 
2001 ). The currently available molecular assays enable both 
the direct detection of antigens (DNA and RNA) of putative 
pathogens in clinical material and the genetic identification 
(also known as DNA fingerprinting or comparative genom-
ics) of microorganisms obtained by culture. Fingerprinting 
also allows for species identification and, more importantly, 
facilitates the identification of molecular markers that are 
associated with the disease invoking potential of a given 
strain of a potentially pathogenic microorganism. So-called 
pathotyping is an important recent development. 

 The   availability of molecular diagnostics initially was 
considered a panacea, but replacement of conventional 
tests for detection and identification of microorganisms 
by molecular procedures turned out to be a slow and cau-
tious process. However, several of the innovative nucleic 
acid identification tests are currently just beyond or slightly 
ahead of their breakthrough. For all the clinically relevant 
microorganisms one or more molecular tests for detection 
and identification, even below the species level, have now 
become available, although commercially developed tests 
are for sale for only the most prevalent infectious disease 
agents. High-throughput use of these tests, however, is 
becoming more common although still somewhat restricted 
to the larger laboratories possessing adequate technical 
equipment and analytical expertise. 

 In   this chapter, the current state-of-the-art of molecular 
diagnostics and comparative genomics in medical micro-
biology will be described, together with the technological 
advances that have been made recently. In addition, some 
of the problems remaining to be solved prior to general 
acceptation of nucleic acid-mediated detection and identi-
fication of microbial pathogens will also be reviewed. This 
chapter highlights the success of the novel applications 
by providing examples of modern molecular diagnostic 
approaches in the field of bacterial infections. Viral diag-
nosis will not be discussed in depth, but a short section 
describing the current state of affairs within virology will 
be provided later in this chapter.  
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 FIGURE 30.1          Schematic representation of sample routing in clinical microbiology. The classic methods are depicted in standard letter type, whereas the 
novel molecular diagnostic tools are depicted in italic and bold lettering. The arrows indicate the flow of activities; note that epidemiological investiga-
tions can be guided by data from both the antigen detection and culture-based test systems (ELISA: enzyme-linked immunosorbent assay; RFLP: restric-
tion fragment length polymorphism; SNP: single nucleotide polymorphism).    
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    30.2       TECHNOLOGICAL IMPROVEMENTS 

 Essentially  , molecular diagnostics of infectious diseases is 
simple and straightforward. A clinical sample (or a not yet 
identified organism derived from a microbiological cul-
ture experiment) is provided and the use of a broad-spec-
trum nucleic acid isolation procedure generates material to 
be included as a template in nucleic acid hybridization or 
amplification assays. These reactions proceed and positive or 
negative results are produced, interpreted, and translated into 
a diagnostic result. However, this simple scenario has been 
compromised by a variety of obvious and emerging prob-
lems. Most of these have been solved, but some remain and 
are continuously investigated in search of elegant solutions. 
Some examples of recent technological successes follow. 

    30.2.1       Optimization of the Isolation of 
Template Nucleic Acid Molecules 

 During   the past decade, the guanidinium isothiocyanate/
Celite affinity procedure was accepted as the gold standard 
in many molecular diagnostic laboratories ( Boom  et al ., 
1990 ). Its main downside was the fact that the manual ver-
sion of this procedure was and still is quite time- consuming 
and laborious. Fortunately, alternative systems have 
become available. Extraction simplification and automa-
tion have progressed well and after the commercial avail-
ability of handy spin column assays (e.g. the Qiagen kits; 
 McOrist  et al ., 2002 ), fully automated nucleic acid isola-
tion systems have been developed. bioM é rieux has auto-
mated the Celite affinity procedure through the Nuclisense 
Extractor machine. Roche Molecular Systems is marketing 
the MagnaPure DNA isolation robot, which allows for par-
allel DNA extractions for hundreds of samples per working 
day, invoking limited hands-on time only ( Van Doornum 
 et al ., 2003 ). In a recent study, three methods (NucliSens 
miniMAG (bioM é rieux), MagNA Pure DNA Isolation Kit 
III Bacteria/Fungi (Roche), and a silica-guanidiniumthio-
cyanate (Si-GuSCN-F) procedure for extracting DNA from 
stool specimens) were compared. The manual Si-GuSCN-F 
procedure showed the highest analytical performance at the 
lowest associated costs per extraction (euro 4.28). However, 
this method did require the longest hands-on time. Both 
miniMAG and MagNA Pure extraction showed similar per-
formances. With regard to amplification inhibition all meth-
ods showed relatively low rates ( 	 4%). Costs, finally, were 
euro 4.28 for Si-GuSCN, euro 6.69 for MagNA Pure, and 
euro 9.57 for miniMAG ( Schuurman  et al ., 2007 ). Further 
improvements in the nucleic acid yield and sample through-
put are anticipated. The currently separate DNA extraction 
and amplification machines will soon be combined in a sin-
gle apparatus ( Cockerill and Smith, 2002 ). 

 To   monitor the extraction process for loss of target or 
contamination by inhibitory compounds, internal process 

controls should be introduced (see also section 30.4 for 
more details). This methodology identifies deleterious 
effects during extraction (loss of sample) and amplification 
(inhibition), and enables one to be more confident on both 
positive and negative results generated. It has to be stated 
that molecular microbiologists have been putting in enor-
mous efforts to demonstrate the efficacy of nucleic acid-
mediated testing over the past years. Far more than classic 
microbiology, DNA/RNA testing has been subjected to 
extremely detailed and stringent intercenter quality con-
trol studies. Interestingly, most of the new generations 
of tests withstood the comparisons with classic testing 
quite easily, thereby confirming their superiority over the 
widely accepted classic test systems ( Harmsen  et al ., 2001 ; 
 Niesters, 2002 ). Recently, the molecular diagnostics of 
methicillin resistant  Staphylococcus aureus  MRSA bacteria 
has also been the subject of such a multicenter validation 
study ( van Belkum  et al ., 2007a ).  

    30.2.2       Prevention of Carry-Over 
Contamination 

 The   implementation of PCR and other amplification tests 
in routine laboratories requires logistic adaptation and 
training programs for the personnel involved. For one, the 
various stages in PCR diagnostics (i.e. nucleic acid puri-
fication, preparation of enzyme master mixes, collating 
the complete PCR samples, amplification, and, finally, 
the analysis of the amplified material) should preferably 
be performed in physically separate laboratories. It is 
advisable even to plan personnel involvement in a down-
stream manner: individuals that have been in contact with 
amplimers should not be allowed to enter the clean labo-
ratory anymore that day. The most important adaptations 
are those required to prevent contamination and subse-
quent false positive results. The current generation of com-
mercial assays uses intelligent systems such as the UNG 
glycosylase approach ( Meier  et al ., 1993 ). This results in 
pre-PCR destruction of amplimers generated in prior tests; 
this system has proven to be quite robust ( Rys and Persing, 
1993 ). There are several other measures and precautions 
to be taken that essentially prevent carry-over contamina-
tion from occurring. Replacement of DNA-contaminated 
disposable articles by clean ones, avoiding pipette abuse 
(aerosol formation!), adequate routing of patient materials, 
and the use of molecular-grade PCR ingredients are a few 
of these alternative options. A comprehensive discussion 
of most of the important factors was recently published by 
 Millar and colleagues (2002) .  

    30.2.3       Real-Time PCR Systems 

 The   initial molecular tests for infectious diseases were 
strictly qualitative in nature: they provided a straightforward 
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yes-or-no answer to questions relating to the absence or 
presence of certain pathogens. With recent improvements 
of the nucleic acid-mediated technology, quantitative 
aspects also became addressable. Current methodologies 
allow for the assessment of the relative quantity of a given 
nucleic acid target molecule in a clinical sample ( Barken  
et al ., 2007 ). A variety of real-time PCR machines 
have been developed. These include, among others, the 
GeneAmp 5700 and Prism 7700 by Applied Biosystems, 
the BioRad iCycler, the Roche LightCycler, the Cepheid 
Smartcycler and GeneXpert, the MX400 by Stratagene and 
the Rotor Gene by Corbette Research (see also Chapter 7)  . 
All these machines share a high assay speed (between 20 
minutes and 2 hours per run) and sufficient sample capacity 
(from 16 to 384 samples per run). Real-time technologies 
combining PCR and TaqMan hydrolysis probes ( Lunge 
 et al ., 2002 ), NASBA and molecular beacons ( Weusten 
 et al ., 2002 ), or hybridization probes ( Bidet  et al ., 2003 ) 
helped to improve the tedious process of real-time detec-
tion and identification. It has been well established that the 
new technologies have the reproducible ability to detect 
(small amounts of) an infectious agent in all sorts of clini-
cal specimens. 

 The   question whether nucleic acid quantification may 
have an added value for clinical infectious disease man-
agement in distinct groups of patients should and must be 
answered in the near future. The main issue here is whether 
larger amounts of pathogens present may be an indication 
of the severity of (underlying) disease. If this is the case (as 
suggested by some virology studies;  Schutten and Niesters, 
2001 ) this implies that quantitative tests could also be used 
successfully to monitor the efficacy of a treatment protocol.  

    30.2.4       Broad Spectrum PCR and PCR 
Multiplexing 

 In   some cases, species of microbial pathogens capable of 
invoking an infectious syndrome may be large in number. 
Infection of the lower and upper airways, for instance, can 
be caused by a variety of bacterial species. These include, 
in random order,  Streptococcus pneumoniae ,  Moraxella 
catarrhalis ,  Haemophilus influenzae ,  Bordetella pertus-
sis ,  Mycoplasma pneumoniae ,  Legionella pneumophila , 
 Chlamydia pneumoniae ,  Staphylococcus aureus ,  Klebsiella 
pneumoniae , and others covering a wide variety of viruses, 
fungi, and parasites as well. It would be very cost effective 
if these pathogens, involved in similar, clinically manifest 
diseases, could be detected by a single assay. Broad spec-
trum PCR coupled to species-specific nucleic acid prob-
ing assays could provide such an opportunity ( Roth  et al ., 
2000 ), whereas multiplex PCRs have been described that 
are capable of achieving a similar feat ( Ko  et al ., 2003 ). 
This type of assay will become increasingly important 
over the coming years, especially with the introduction of 

quantitative variants of these tests. The downside of mul-
tiplexing is that the multiplex PCR is usually considered 
to be less sensitive than the simplex approach. This prob-
lem could be circumvented by applying a new generation 
of PCR-mediated tests. For instance, the multiplex liga-
tion probe assay is supposed to be relatively insensitive 
to the downside of classical PCR multiplexing ( Reijans 
 et al ., 2008 ). A recent test was described which supposedly 
detects 15 respiratory viruses in one reaction. The MLPA 
reaction is preceded by a pre-amplification step which 
ensures the detection of both RNA and DNA viruses with 
the same specificity and sensitivity as individual monoplex 
real-time RT-PCRs. The use of this test showed an increase 
of the diagnostic yield from 35.5 up to 60% compared to 
cell culture. The test provided a user-friendly and high-
throughput tool for the simultaneous detection of 15 respi-
ratory viruses with excellent overall performance statistics. 

 The   detection of ill-defined or even previously unrec-
ognized bacterial pathogens can be pursued by broad 
spectrum PCR, a method already alluded to in the previ-
ous section ( Relman, 1998 ). The method usually involves 
PCR targeting of universally conserved, eubacterial PCR 
priming sites. A well-known example of such targets are 
the ribosomal genes, although successful broad spectrum 
amplification of genes encoding DNA polymerase, DNA 
gyrase, or protein elongation factors has been described as 
well. Broad spectrum PCR has recently been used to try 
to resolve a variety of clinical syndromes. These include, 
for instance, periodontal diseases ( Kumar  et al ., 2003 ) 
and non-chlamydial, non-gonococcal urethritis in men 
( Riemersma  et al ., 2003 ). The latter study elegantly demon-
strated that in infectious diseases not only the presence of a 
pathogen may be important, but also the absence of certain 
apparently healthy components of the resident flora may 
be helpful in diagnosing disease. There may be, however, 
fundamental obstructions to the diagnostic implementation 
of broad spectrum PCR. For instance, there is an intense 
discussion still ongoing on the presence of native, non-
 pathogenic commensal bacteria in human blood ( Nikkari  et 
al ., 2001 ;  McLaughlin  et al ., 2002 ). Such phenomena may 
in the end completely frustrate the application of broad 
spectrum PCR in nucleic acid extracts of these matrices.   

    30.3       PERSISTING PROBLEMS WITH 
MOLECULAR DIAGNOSTICS 

 In   clinical microbiology, companies focus on a limited 
number of economically attractive microbes for the devel-
opment of well-standardized, commercially available 
assays. From this perspective, it is deemed unlikely that the 
number and scope of actively marketed infectious disease 
tests will increase rapidly over the coming years: all of the 
economically interesting diagnostic areas now seem to be 
covered and primarily the competition between diagnostic 
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companies may increase significantly when different tests 
aiming at the same agent become more widely available. 
However, it should be emphasized that there is a large and 
still growing list of less prevalent microbial pathogens for 
which the commercial availability of nucleic acid test sys-
tems would be much appreciated by medical microbiol-
ogists and infectious disease specialists. For most of these 
minor pathogens, molecular diagnosticians have to rely on 
tests that have been developed in-house; a major drawback 
is the fact that these tests generally are not accepted and 
widely used. These tests usually suffer from restricted qual-
ity control only (see also Chapter 40)  . Hopefully, the small 
niche markets will raise the interest of start-up or other 
small companies. 

 Besides   the current lack of specific tests availability, 
another bottleneck is due to the lack of convenient and 
reproducible nucleic acid isolation systems used in combi-
nation with the diversity of clinical specimens received by 
the clinical microbiology laboratory. Although several open 
systems are available, there still is a clear need for versa-
tile, highly reliable automated systems. When available, 
these machines may significantly enhance full implemen-
tation of nucleic acid detection in the day-to-day labora-
tory setting. Furthermore, this will enable the laboratory 
to generate results within a short turnaround time, which 
is essential for infectious disease management. In addition, 
only limited amounts of information are available on the 
(dys)functioning of the present generation of robots and 
other instruments in use for diagnostic analyses. This scant 
availability has thus far frustrated detailed intercenter com-
parisons on the machines ’  performance. It is interesting to 
note that integrated platforms for both nucleic acid extrac-
tion and amplification are now available. It is particularly 
noteworthy that some of these machines can even be con-
sidered portable due to their small size ( Seme  et al ., 2008 ). 

 Lack   of standardization and quality control pro-
grammes is another persisting problem area in molecular 
diagnostics (see also Chapter 40)  . It has been known since 
the early 1990s that one of the most significant hurdles to 
be overcome by molecular technologies is false positivity 
due to contamination and false negativity due to the large 
differences in sensitivity between various test systems 
( Schuurman  et al ., 1996 ). European intercenter quality con-
trol research programs have indeed shown the clear need 
for standardized reference materials and the general desire 
to participate in quality control programs, for instance 
the ones organized by the Quality Control for Molecular 
Diagnostics (QCMD) organization ( Van Vliet  et al ., 2001 ; 
 van Belkum  et al ., 2007b ). This latter organization, initially 
funded by the European Union, provides quality control 
schemes for an increasing number of viral and bacterial 
targets. 

 Besides   the need for well-defined qualitative quality 
control programs, there is also a lack of standardization of 
(semi) quantitative assays. External standards should be 

developed in a format that shows maximum identity to the 
samples of interest. In the end this integration of molecu-
lar standards and maybe even unit definition would facili-
tate the intercenter communication of matching data. The 
conclusion still is that at present absolute quantification is 
very hard to achieve, a problem that may persist for years 
to come. Also, in the field of subspecies identification of 
clinical bacterial isolates, big problems have been noted. 
Many of the molecular technologies used for fingerprinting 
the genomes of microbes failed to be reproducibly imple-
mented even in different but closely collaborating labora-
tories ( van Belkum  et al ., 1995 ;  van Belkum  et al ., 1998a ). 
Although incidental successes have been reported, there is 
no current gold standard procedure for microbial typing 
( De Lencastre  et al ., 1996 ;  Murchan  et al ., 2003 ). The tech-
nology most likely to survive in the end and already now 
providing useful tools for detailed international microbial 
dissemination studies probably will be multilocus sequence 
typing (MLST), a technology that can now be applied using 
Affymetrix DNA chip technology as well ( Maiden  et al ., 
1998 ;  Van Leeuwen  et al ., 2003 ). In addition, the applica-
tion of bacterial whole genome sequencing and other forms 
of  ‘  ‘ deep sequencing ’  ’  are now becoming more accessible. 
These technologies will be discussed in a later section of 
this chapter.  

    30.4       MOLECULAR VIRUS DETECTION 

 One   has to realize that the translation from experimental 
research tools into routine molecular diagnostics is still not 
completed in many cases. In virology this is mainly ham-
pered by the fact that many of the new testing systems are 
really new: there are no historic alternatives for the sensi-
tive detection procedure by non-nucleic acid methodolo-
gies, with the detection of the hepatitis virus, the human 
metapneumovirus, or the coronavirus causing SARS as 
recent examples (Su  et al ., 2002  ; Poon  et al ., 2003  ;  Van 
den Hoogen  et al ., 2001 ). This renders comparative quality 
assessment difficult if not impossible and both laboratory 
scientists and clinicians need to put their trust in a test that 
stands largely unverified. However, the powerful versatility 
and reliability of nucleic acid testing has already convinced 
most investigators with clinical responsibilities. 

 The   availability of unprecedented tests in virology has 
accelerated the development of process and quality controls 
( Oberste  et al ., 2000 ;  Van Elden  et al ., 2001 ;  Zaaijer  et al ., 
1993 ). One of the means to measure and validate the per-
formance of diagnostic testing is the use of external quality 
assessment (EQA) control programs. The QCMD network 
again supplies standardized reference sample panels to be 
used for monitoring of development and implementation 
of nucleic acid detection technologies, both in a qualitative 
and a quantitative manner ( Quint  et al ., 1995 ;  Valentine-
Thon  et al ., 2001 ;  Wallace, 2003 ). The use of EQA has 
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until recent years been focusing almost exclusively to 
blood-borne viruses, for which standardized tests are now 
commercially available. However, the need for EQA relat-
ing to the large panel of clinically relevant but commer-
cially less interesting targets is growing ( Espy  et al ., 2000 ; 
 Savolainen  et al ., 2002 ). 

 Besides   external quality control, virology has also 
excelled in the development of internal control procedures. 
One of these elegant control systems concerns a complete 
non-human seal herpes DNA virus ( Van Doornum  et al ., 
2003 ). A real-time and quantitative TaqMan assay was 
developed for this phocine herpes virus (PhHV). The virus 
can be grown relatively easily in cell culture and, hence, is 
available in sheer unlimited amounts. Also, a universal RNA 
virus was introduced as an internal control; the phocine dis-
temper virus (PDV) could serve the same purpose as PhHV, 
for example for reverse transcriptase (RT) PCR applica-
tions ( Niesters, 2004 ). The assumption here is that an intact 
virus, when used as universal internal control, behaves more 
similarly in the extraction procedure as compared to tar-
get viruses of interest, in contrast to using, for example, a 
plasmid as internal control. A low and fixed amount of this 
virus (equal to an amount giving a cut-off (Ct) value in the 
real-time assay of approximately 30 – 33 cycles of amplifica-
tion) needs to be added to each clinical sample before the 
extraction procedure starts. In virology this mostly involves 
serum or plasma, although analysis of sputum and throat 
samples has also been successful. The internal control virus 
genomes are co-extracted and subsequently amplified in a 
quantitative manner in (currently) a separate tube.  

    30.5       EXAMPLES FROM BACTERIOLOGY 

 In   all protocols, molecular diagnostic bacteriology starts 
with the purification of DNA or RNA from the bacteria 
involved. In other words, procedures aimed at the detection 
of a certain specific pathogen can be adapted simply to the 
detection of other pathogens in general. The commercially 
available molecular procedures suited for the detection of 
the sexually transmitted, intracellular pathogen  Chlamydia 
trachomatis  will be highlighted in the following pages. 
In addition, methods suited for the detection and subspe-
cific identification of the gram-positive microorganism 
 Staphylococcus aureus , often based on in-house testing, 
will be discussed in detail. 

    30.5.1       Commercial Test Systems for 
 Chlamydia trachomatis  Diagnosis 

  C  . trachomatis  is a microbe capable of causing two major 
clinical syndromes. When infecting the eye it can cause tra-
choma, which ultimately leads to blindness. When infect-
ing the fallopian tubes it can cause pelvic inflammatory 
disease (PID), a major cause of infertility in women 

(for a review see  Schachter, 1985 ). It is clear that diagnosis 
of  C. trachomatis  infection, in Western countries usually 
disseminated by sexual contacts or through vertical trans-
mission during birth, requires some priority. Classical  C. 
trachomatis  diagnosis depended on the organism’s capabil-
ity to infect certain receptor cell-lines. Cervical swabs were 
taken, transported to the laboratory in a specialized conser-
vation medium and the suspected material was inoculated 
into the cell culture system. The appearance of a cytopatho-
genic effect was indicative of the presence of  C. trachoma-
tis  ( Suchland  et al ., 2003 ). This test system was insensitive, 
laborious, expensive, and required high levels of analytical 
expertise. Hence, the availability of an initial DNA hybridi-
zation-based culture confirmation test spurred enthusiasm 
from the diagnostic community ( Tenover, 1993 ). 

 In   addition to the extended culture diagnosis, the first 
direct nucleic acid tests became available in the early 
1980s of the last century. These commercial tests manufac-
tured by GenProbe (San Diego, CA) were initially aimed 
at direct ribosomal RNA detection, the second generation 
of tests was also able to generate limited ribosomal RNA 
amplification ( Verkooyen  et al ., 2003 ). Ultimately, various 
amplification mediated tests were developed based on tech-
nologies such as bacteriophage Qb RNA polymerase medi-
ated amplification ( Stefano  et al ., 1997 ), the ligase chain 
reaction or LCR ( Blocker  et al ., 2002 ), and, of course, the 
PCR (see  Verkooyen  et al ., 2003  and references therein). 
These tests all underwent extensive comparisons with the 
culture-based assay and among each other, and ultimately 
the PCR tests prevailed, although the LCR tests demon-
strated adequate sensitivity and specificity ( Pannekoek 
 et al ., 2003 ). 

 With   the apparent preference of many researchers for 
the PCR, commercial developments took various quan-
tum leaps. Roche Molecular Systems is now selling an 
integral PCR-based detection system called COBAS 
AMPLICOR. This system facilitates automated  C. tra-
chomatis  diagnostics, not only based on the use of cervi-
cal swabs but also on less invasive, more patient-friendly 
urine samples ( Leslie  et al ., 2003 ). Similarly, commercial 
diagnostic systems developed by Becton Dickinson and 
based on the Strand Displacement Amplification princi-
ple were introduced and found to be versatile and reliable 
as well ( Bang  et al ., 2003 ; Cosentino  et al. , 2004). In con-
clusion, in a mere 15 years a drastic diagnostic change has 
been observed concerning the detection of  C. trachomatis . 
From the cumbersome cell culture systems, to be com-
bined with cervical swabs, we now have a new gold stand-
ard technology: the detection of  C. trachomatis  in urine 
can be performed with a machine generating an adequate 
result within half a working day. So, added to the increased 
sensitivity and specificity of the test system, speed and 
throughput also have improved significantly over the past 
decade (for a concise meta-analysis of some of the available 
data, see  Table 30.1   ). Although detailed cost-effectiveness 
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 TABLE 30.1          Meta-analysis of  Chlamydia trachomatis  molecular diagnostics versus culture. Various diagnostic 
procedures are listed in the column on the left, some information on each and every system is indicated in the other 
columns. This is not a complete survey; this is meant for highlighting some of the more common technologies and 
their respective performance in clinical diagnostics.  

   Procedure  Target sequence  Specificity  Sensitivity  Number of samples  References 

   Radioactive probe 
hybridization 

 Cryptic 7       kbp plasmid  91 – 94%  87 – 90%  1,214 conjunctival 
samples 

  Dean  et al . 
(1989)  

   PCR  16S rRNA  No cross-reactivity with 
DNA from 13 different 
bacterial species 

 1 bacterial cell in 
100,000 host cells 

 DNA extracts from 
cell lines and various 
bacterial species 

  Pollard  et al . 
(1989)  

   PCR and radioactive 
RNA hybridization 

 Conserved plasmid  100%  100%  200 vaginal swabs   Griffais and 
Thibon (1989)  

   Probe hybridization  16S rRNA  Not discussed  10 – 100 picograms  Variable numbers from 
different sources, mainly 
conjunctival swabs 

  Cheema  et al . 
(1991)  

   PCR-RFLP analysis  Plasmid and outer 
membrane protein 1 
(omp1) 

 Not relevant  30 culture positive, 
38 PCR positive 

 209 cervical scrapes   Lar  et al . 
(1993)  

   LCR  Major outer membrane 
protein (MOMP) 

 All serovars positive, no 
cross-reaction not even 
with C. psittaci and C. 
pneumoniae 

 3 elementary bodies  Dilution series of 
serovar L2 DNA 

  Dille  et al . 
(1993)  

   LCR  Plasmid and MOMP  99.8 – 100% (40 – 85% 
when culture efficacy 
was assessed) 

 93 – 98% for plasmid 
PCR, 68% for the 
MOMP PCR 

 1,500 urines and 
urethral swabs 

  Chernesky 
 et al . (1994)  

   Q β  replicase  16S rRNA  85 out of 88 culture 
negatives were also PCR 
negative 

 1,000 molecules, 
five out of six culture 
positive ones 

 94 urogenital samples   Shah  et al . 
(1994)  

   Q β  replicase 
and PCR 

 Both 16S rRNA  Both methods added 
three positives to the 
culture positives 

 Five elementary 
bodies for both 
methods 

 94 endocervical 
samples 

  An  et al . 
(1995)  

   PCR  16S rRNA and MOMP 
for discordance 
analysis 

 PCR can give positive 
signals for two weeks 
after antibiotic treatment 

 92.7 for the PCR, 
79.1% for culture 
after discordance 
analysis 

 1,110 cervical swabs   Goessens  
et al . (1995)  

   Capture PCR  C1Q capture and 
endogenous plasmid 

 Not discussed  90 – 95% respectively 
for low and high 
positive cultures; 
capture helps 
concentrate bacteria 

 71 cervical swabs 
including samples with 
high and low positivity 
in the culture test 

  Herbrink  et al . 
(1995)  

   Transcription-
mediated 
amplification TMA, 
LCR and COBAS 
AMPLICOR PCR 

 TMA: 16S rRNA LCR: 
plasmid Amplicor: 
plasmid 

 TMA: 98% LCR: 99% 
Amplicor: 99% versus 
culture 

 TMA: 90% LCR: 
91% Amplicor: 96% 
versus culture 

 First void urine and 
urethral/cervical scrapes 
for 544 males and 456 
females, respectively 

  Goessens  
et al . (1997)  

   TMA and COBAS 
AMPLICOR PCR 

 TMA: 16S rRNA 
Amplicor: plasmid 

 TMA: 100% Amplicor: 
99% 

 TMA: 85% Amplicor: 
97% 

 First void urine of 320 
males and 338 females 

 Pasternack
 et al . (1997) 
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studies have not been published thus far, preliminary explo-
rations already indicated that in populations with a preva-
lence of  C. trachomatis  infections over 3.9% the direct 
costs of PCR mediated screening programs are low, as 
compared to symptom-driven analyses ( Paavonen  et al ., 
1998 ). Recently, in an evaluation of  C. trachomatis  testing 
with pregnant women, first-void urine specimens from 750 
consecutive asymptomatic pregnant women were collected 
( Rours  et al ., 2005 ). The COBAS AMPLICOR test was 
compared to the COBAS AMPLICOR test with prior DNA 
isolation by use of the MagNA Pure. Next, using all 750 
urines, the COBAS AMPLICOR performance for individ-
ual testing was compared to pooled testing with the standard 
COBAS AMPLICOR procedure and subsequently to pooled 
testing with COBAS AMPLICOR in combination with the 
MagNA Pure bacterial DNA isolation kit. The sensitivity of 
COBAS AMPLICOR was 65% on individual and 42% on 
pooled urines but improved to 92% on pooled urines with 
the MagNA Pure bacterial DNA isolation kit, making this 
combination the best screening method. The  C. tracho-
matis  prevalence in this population appeared to be 6.4%. 
Additionally, the cost of the combined MagNA Pure bac-
terial DNA isolation kit and COBAS AMPLICOR method 
on pooled urines was only 56% of the cost of the standard 
COBAS AMPLICOR test applied to individual urines. Costs 
per positive case detected in the combined method were 
39% of standard costs. It is noteworthy that the molecular 
testing for  C. trachomatis  continues to surprise the scientific 
community. Cases of conjunctivitis can be directly linked to 
maternal carriage ( Rours  et al ., 2008 ) whereas there are also 
ongoing discussions on the relatedness between premature 
delivery and  C. trachomatis  status ( Caan, 2006 ).  

    30.5.2       Molecular Detection and 
Identification of  Staphylococcus aureus  

 Classical    S. aureus  culture is still amenable to improvement. 
Novel selective growth media providing excellent yield and 
specificity are still strong competitors to diagnostic DNA 
testing. In the case of  S. aureus , especially the detection of 
the methicillin-resistant version of  S. aureus  (MRSA), it 
is an important driving factor behind diagnostic improve-
ment. Colonization of patients or medical personnel with 
this particularly antibiotic-multiresistant bug predisposes 
to dangerous, difficult-to-treat infections. Colonization and 
subsequent infection, or spread of MRSA in the hospital 
setting, must therefore be prevented, hence the continuous 
need for methods for MRSA detection and genetic identifi-
cation (see  Table 30.2    for a short list of currently available 
methods). MRSA, like methicillin- susceptible  S. aureus  
(MSSA), has its prime ecological niche in the vestibulum 
nasi, the foremost compartment of the nose. 

 Diagnostic   procedures are often focused on the analy-
sis of nasal swabs. An example of a recently described, 

new medium is the Oxacillin Resistance Screening Agar 
developed by  Blanc and colleagues (2003) . This medium 
provides adequate results within 48 hours after inoculation. 
The most extensive comparison of culture-based assays 
was recently presented by  Safdar and colleagues (2003) , 
who compared 32 different media. Their conclusion was 
that optimal samples are taken with standard rayon swabs, 
the material should be enriched overnight in salt-containing 
trypticase soy broth, and the pre-enrichment culture should 
subsequently be inoculated on lipovitellin-containing man-
nitol salt agar containing oxacillin. Addition of an oxacillin 
disk on the agar surface further increased the specificity. 

 It   has been shown that the quality of the clinical speci-
men is one of the prime determinants of diagnostic efficacy. 
For instance, nasal swabs are to be preferred over perianal 
or throat swabs for assessing the colonization status of a 
person ( Singh  et al ., 2003 ). However, PCR is still consid-
ered to be the future gold standard diagnostic tool, espe-
cially for the detection and identification of MRSA. Many 
of the  S. aureus  PCR tests in one way or another include 
the detection of the methicillin resistance gene encoding 
the penicillin binding protein PBB2 �  ( Miyamoto  et al ., 
2003 ). The first mecA-specific test was published as early 
as 1991 ( Murakami  et al ., 1991 ) and many followed over 
the past decade. 

 Testing   for the presence of MRSA is clinically impor-
tant. For instance,  Hallin and colleagues (2003)  dem-
onstrated that PCR diagnosis was instrumental in the 
modification and optimization of antibiotic therapy in 7/28 
(25%) of patients included in their clinical study. Also, 
among cardiac surgery patients the prevention of post-
 surgical  S. aureus  wound infections was better guided by 
PCR than by culture ( Shrestha  et al ., 2003 ). Besides PCR, 
other molecular amplification methodologies are also 
applied to the detection of  S. aureus . A new method, isother-
mal signal amplification (ISA), allows for the detection of at 
least 2      �      10 5  MRSA cells ( Levi  et al ., 2003 ). Although the 
method may have its advantages, the fact that in general a 
time- consuming enrichment culture is required prior to ISA 
may ultimately be a significant obstacle. The latest devel-
opment is that of real-time quantitative PCR ( Borg  et al ., 
2003 ;  Fang and Hedin, 2003 ;  Gueudin  et al ., 2003 ). Real-
time procedures have been successfully applied for infec-
tion control purposes and high-throughput application has 
been facilitated by spectacular technological developments 
( Boyce  et al ., 2008 ;  Gilpin  et al ., 2007 ;  Kluytmans, 2007 ). 

 Many   other nucleic acid-controlled technologies are 
applied in order to reach further refinement of molecular 
diagnostics. This includes genome sequencing and com-
puterized or experimental comparative genomics in order 
to increase the number of adequate target sequences ( Baba 
 et al ., 2002 ). Recently, it was shown that whole genome 
sequencing could help to identify the development of muta-
tion in the staphylococcal genome that contributes to the 
development of vancomycin resistance ( Mwangi  et al ., 



 TABLE 30.2          Examples of MRSA-specific test systems. Four categories of test systems are included. Again, this is 
not a complete survey; this is meant for highlighting some of the more common technologies and their respective 
performance in clinical diagnostics.  

   Test principle  Data output  References 

    Culture-based tests      

   The  BBL crystal MRSA ID test  assesses viability 
by means of biochemical detection of oxygen 
consumption through a fluorescent compound 

 Fluorescence, commercially available 
multi-well system for assessing growth in 
the presence of various antibiotics 

  Qadri  et al . (1994) ;  Zambardi  et al . 
(1996) ;  Kubina  et al . (1999)  

   The  soft salt mannitol agar cloxacillin test  consists 
of tubes containing this medium; can be used at 
bedside for direct swab inoculation 

 An indicator substance induces a color 
change upon the presence of MRSA 

  Mir  et al . (1998)  

    CHROMagar Staph aureus and oxa resistance 
screen agar  are chromogenic plate media; addition 
of 4        μ g/ml renders the media suitable for MRSA 
identification 

  S. aureus  colonies on the agar show a 
distinct purple color on Chromagar; 
some problems have been noted with test 
sensitivity 

  Merlino  et al . (2000) ;  Apfalter 
 et al . (2002)  

    Lipovitellin salt mannitol agar  is a selective 
medium; lipovitellin is a glycosylated, lipid binding 
protein present in the yolk of egg laying animals, 
showing homology to human apolipoprotein B 

 Growth or not   Verghese  et al . (1999)  

    Vitek technology  is developed by bioMerieux 
and represents automated biochemical and anti-
microbial screening of bacterial isolates 

 Biochemical and antimicrobial profiles 
are produced with limited hands-on time 

  Knapp  et al . (1994)  

    Oxacillin resistant screen agar  is another 
chromogenic, selective culture medium 

 Blue stained colonies, does require 
follow-up identification reactions 

  Blanc  et al . (2003)  

    Protein detection systems      

    230 kilodalton    S. aureus    surface protein  was 
found to be useful in the agglutination of non-
agglutinable strains of MRSA 

 Experimental set-up using purified 
antibodies reacting with the protein 

  Kuusela  et al . (1994)  

    MRSA screen  facilitates the detection of PBP-2a in 
crude cell preparations 

 Latex agglutination system   Van Leeuwen  et al . (1999)  

    Nucleic acid detection systems      

    EVIGENE probe hybridization  can be used for 
non-PCR-mediated detection of MRSA 

 Staining and spectrophotometry at 
405       nm 

  Levi and Towner (2003)  

    Velogene rapid MRSA identification assay  is a 
probe-mediated procedure, which uses a chimeric 
probe for cycling mediated recognition of MecA 
gene 

 Fluorescence value based on fluorescein, 
this procedure is intermediate between 
probe mediated and nucleic acid 
amplification mediated testing 

  Louie  et al . (2000) ; Van Leeuwen 
 et al . (2001);  Arbique  et al . (2001)  

    Nucleic acid amplification      

    Multiplex PCR for nuc, Tnase and MecA  facilitates 
detection of MRSA 

 Home-brew PCR, analysis of products by 
gel electrophoresis 

  Brakstadt  et al . (1993)  

    Multiplex PCR for femA and mecA  facilitates 
detection of MRSA 

 Home-brew PCR, analysis of products 
by gel electrophoresis. Has also been 
combined with immunoassay for product 
identification, including mupirocin 
resistance 

  Vannuffel  et al . (1998) ;  Towner  et al . 
(1998) ;  Perez-Roth  et al . (2001) ;  Jonas 
 et al . (2002)  

   Combined  immunomagnetic enrichment of  
  S. aureus   followed by  TaqMan PCR using the 
SmartCycler  

 Fluorescence measurements using the 
SmartCycler hard- and software 

  Francois  et al . (2003)  

    TaqMan PCR for the    S. aureus    nuc gene  in 
combination with selective culture-based 
pre-enrichment 

 Fluorescence measurement   Fang and Hedin (2003)  
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2007 ). Such studies demonstrate that sequencing is useful 
for both diagnostic but also epidemiological analyses, not 
forgetting the linkage between genome flexibility and pheno-
types. Transcription profiling using DNA chips is useful for 
enhancing our understanding of stage- or stimulus- specific 
gene expression in  S. aureus  ( Mongodin  et al ., 2003 ). In 
addition, exploring the human genome for polymorphisms 
that can be associated with staphylococcal infection or car-
riage could in the end generate alternative strategies for the 
identification of people at elevated risk of acquiring staphy-
lococcal infections (van Belkum  et al. , 2007a  , b;  van den 
Akker  et al ., 2006 ;  Wertheim  et al ., 2008 ). 

 A   very important new feature of the diagnosis of 
 S. aureus  infection is the possibility of simultaneously 
detecting the presence of certain virulence genes. For 
instance, French studies convincingly showed that the pres-
ence of the gene for the Panton-Valentine leukocidin (PVL) 
confers strong disease invoking capacities upon the sta-
phylococcus. PVL-positive strains have been implicated as 
causal agents in very severe cases of necrotizing pneumonia, 
a disease that is leading to significant mortality ( Gillet  et al ., 
2002 ). In addition, it has been shown by a Dutch research 
group that the presence of one or more virulence genes may 
lead to enhancement of impetigo in children. It was shown 
that the presence of the exfoliative toxin B (ETB) gene and 
also the PVL gene led to an increase in the number and the 
overall size of the impetigo lesions ( Koning  et al ., 2003 ). 

 With   the availability of complete inventories of  putative 
virulence genes, as based on whole genome comparisons, 
the possibilities for predictive diagnosis will increase in 
the future: the virulence gene repertoire of a colonizing 
 S. aureus  strain can be assessed by molecular  diagnostics, 
and depending on its virulence gene profile it may be 
decided that the strain needs to be eliminated prior to a 
patient undergoing surgical treatment, which reduces the 
risk of post-surgical wound infection. 

 Finally  , the detection of subspecies genetic polymor-
phism is important for fingerprinting staphylococcal iso-
lates and, hence, facilitates epidemiologic studies into the 
dissemination of clones of MSSA and MRSA. In the past, 
epidemiologic studies essentially were based on a strain’s 
antimicrobial resistance profile, biochemical character-
istics, or its phage type ( Weiss and Nitzkin, 1971 ). Phage 
typing determines a strain’s susceptibility toward infec-
tion by a large panel of lytic  S. aureus- specific bacterio-
phages. Essentially, a binary code is developed consisting 
of alternating sensitivity or resistance toward given phages 
( Weller, 2000 ). Forty years ago, phage typing was the epi-
demiological gold standard and used even for successful 
and informative nationwide analysis of the dissemination 
of identical  S. aureus  phagetypes. This clonal dissemina-
tion revealed interesting staphylococcal colonization and 
infection dynamics and set the stage for the development 
of more stable and reproducible typing systems. Again, 
molecular microbiology provided most of the alternative 

possibilities. Phage typing has, for instance, been compared 
in detail with random amplification of polymorphic DNA, 
a PCR method generating DNA fingerprints consisting of 
non-identified DNA molecules ( van Belkum  et al ., 1993 ). 
This showed that the DNA-mediated procedure was better 
in the sense that it appeared to be more reproducible and 
that its resolving power was clearly enhanced. 

 Over   the past years a relatively large set of alternative 
strategies for typing  S. aureus  has become available. This 
includes the assessment of mutation in a variable number of 
tandem repeat (VNTR) loci ( Sabat  et al ., 2003 ), a method 
aiming at the detection of unit number variation in certain 
genetic loci of fast-evolving repetitive DNA. The mechanism 
behind this form of DNA polymorphism is slipped strand 
mispairing: during replication the DNA polymerase skips or 
adds a repeat unit as a consequence of the complex tertiary 
structure of the repetitive DNA domain ( van Belkum  et al ., 
1998b ). Multilocus analysis, so-called MLVA approaches 
have now been developed for all medically relevant spe-
cies and for  S. aureus  multiple systems have been described 
( Tenover  et al ., 2007 ;  Francois  et al ., 2005 ). Specific for 
MRSA, various methods for finetyping of the PBP-encoding 
gene and its neighboring sequences have been developed ( Ito 
 et al ., 2001 ;  Oliveira and De Lencastre, 2002 ); these meth-
ods usually depend on the selective PCR-mediated amplifi-
cation of locus-specific sequence elements (see  Fig. 30.2   ). 

 Although   nearly all DNA typing methods appear to be 
useful for epidemiologic analysis of MRSA and MSSA 
( van Belkum, 2000 ), pulsed field gel electrophoresis 
( Stranden  et al ., 2003 ) and multilocus sequence typing 
(MLST;  Feil  et al ., 2003 ) are the two methods that are 
currently best appreciated. Hundreds of papers have been 
published describing the use of PFGE for epidemiologi-
cal comparisons of sets of MRSA and MSSA strains ( van 
Belkum, 2000 ; see  Fig. 30.2  for examples). These research 
efforts all strongly contributed to the current awareness of 
the nature of international MRSA dissemination ( Aires de 
Sousa and De Lencastre, 2003 ). MLST is relatively new 
and defines single nucleotide polymorphisms (SNPs) in 
housekeeping genes. Each gene sequence is translated into 
an allele code and the accumulation of all (generally 7 or 
8) alleles lead to an allelic profile. This can be redefined 
into a single digit sequence type (ST). Its resolving power 
is not as strong as that of PFGE but its biggest advantage 
is that sequencing data are extremely portable. Data can be 
put in a single large database and each and every individ-
ual researcher can compare his strains according to MLST 
type with the database entries. This facilitates worldwide 
comparisons on staphylococcal genotypes to be made and 
a number of really seminal studies on the population struc-
ture of MRSA and MSSA have recently been published 
( Day  et al ., 2001 ;  Fitzgerald  et al ., 2001 ;  Enright  et al ., 
2002 ;  Feil  et al ., 2003 ). Overall, five or six major MRSA 
clones have traveled the world and many more minor types, 
restricted to certain locations, have been identified. 
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 Presently  , also the allelic variation in a single staphylo-
coccal gene can be used for epidemiological tracing of iso-
lates within the species. The protein A-encoding  spa  genes 
contain a repeat region where the number of repeats is not 
the single variant, also the repeat sequence itself varies in 
sequences. So, on the basis of the number of repeats and 
their sequence identity, a binary code can be attributed to 
a strain ( Strommenger  et al ., 2008 ). This method is highly 
reproducible ( Aires de Sousa  et al. , 2006 ) and has already 
generated massive amounts of well-communicable data. A 
dedicated website exists and the  spa  typing is widely advo-
cated as a tool that should bring national reference centers 
closer to their customers and, also, to their colleague cent-
ers. Even more importantly,  spa  typing is now suggested to 
be the first system that could possibly facilitate real-time 
typing in clinical settings ( Mellmann  et al ., 2006 ). Whether 
this is true or false needs to be defined in well-controlled 
studies still.   

    30.6       FUTURE PERSPECTIVES 

 Nucleic   acid-based tests are now being introduced with 
increasing speed into routine clinical microbiology labora-
tories ( Check, 2001 ). Part of the initial and obvious delay 
was due to the inadequately perceived and prejudiced 

shortcomings of nucleic acid testing; it was supposed to 
be laborious, expensive, and requiring high levels of lab-
oratory expertise ( Vaneechoutte and Van Eldere, 1997 ). 
However, these historic objections are slowly being taken 
apart, and accelerated introduction of molecular diag-
nostics should be pursued in many cases. PCR testing for 
 Legionalla pneumophila , the agent of Legionnaires ’  dis-
ease, for instance (sensitivity 80 – 100%, specificity more 
than 90%), improves significantly over culture (sensitivity 
10 – 80%, specificity 100%) and urine antigen testing (sen-
sitivity 70 – 90%, specificity 99%,  Murdoch, 2003 ). The 
same is true for  Trichomonas vaginalis , an example of a 
sexually transmitted parasite. Several PCR tests showing 
increased sensitivity and excellent specificity have been 
described ( Van Der Schee  et al ., 1999 ), even using urine 
instead of an invasive swab as clinical specimen. Why have 
these tests not been implemented immediately and mas-
sively in clinical microbiology? The most frequently per-
ceived comments in this respect still concern the supposed 
levels of complexity and elevated costs of the molecular 
tests. It is becoming clear that there is cost effectiveness in 
the molecular technology. In addition, it is regularly shown 
that clear improvement in the sensitivity and specificity of 
clinical testing is achieved by introducing molecular tests, 
so swift introduction of such tests into clinical practice will 
remain important to pursue. 

 Another   important future application of molecular test-
ing will be in the realm of host susceptibility toward infec-
tions ( Relman, 2002 ). When genetic profiling tests for 
humans become more widely available (and their implica-
tions better understood) all infectious disease specialists 
will ultimately profit from these new molecular services. 
Many examples of genes important in host defense against 
infections have been described already ( Santos  et al ., 2002 ; 
 Leveque  et al ., 2003 ; and many, many more!!). It will be 
interesting to see where these exciting developments will 
lead over the coming decade. Whether or not this type of 
genetic data ultimately should be collected for each and 
every individual is already now a matter of intense, ethical 
debate. It is anticipated that for certain diseases the identifi-
cation of host susceptibility factors will eventually replace 
microbial diagnostics. 

 Genomics   and proteomics, not to forget metabolomics, 
transcriptomics, and all of the other  ‘  ‘ omics ’  ’  sciences, have 
started to dominate the microbiology field over the past five 
years. The availability of complete genome sequences for 
both bacteria and the larger viruses has opened new avenues 
of fundamental and applied research ( Cummings  et al ., 
2002 ). From the diagnostic perspective, genomics has facil-
itated the characterization of novel diagnostic and epidemi-
ologically intriguing target sequences, whereas proteomics 
has facilitated the identification of complete protein pro-
files expressed by pathogens under different environmental 
conditions. The use of high-throughput  ‘  ‘ omics ’  ’  methods 
has enhanced our understanding of infectious diseases 

 FIGURE 30.2          Gel electrophoretic analysis of genetic diversity and the 
presence of a methicillin resistance gene in strains of  Staphylococcus 
aureus .  A.  Fingerprints generated by pulsed field gel electrophoresis 
(PFGE) of DNA macrorestriction fragments. Four different charac-
teristic banding patterns are observed (indicated by the letters A to D, 
respectively, above each lane); these serve the purpose of unequivocal 
determination of relatedness between strains. Lanes marked M contain 
concatemeric phage lambda genomes, the smallest one being 50,000       bp in 
size.  B.  PCR amplification of part of the mecA gene, the gene encoding 
the penicillin binding protein 2       A, the product of which shows diminished 
affinity toward the antibiotic; hence its causal involvement in resistance. 
Three positive reactions are observed (marked with an asterisk).    
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significantly and the emphasis for the coming years should 
be on functional  ‘  ‘ omics ’  ’  approaches, where microbiologi-
cal  ‘  ‘ omics ’  ’  data will be linked to microbial phenotypes or 
features of the host pathogen interaction.  

    30.7       CONCLUDING REMARKS 

 It   needs to be emphasized that in principle the issues cov-
ered in this chapter for some very specific pathogens can be 
extrapolated to species and isolates of each and every other 
microbial infectious disease agent. This exemplifies the 
beauty of molecular diagnostics: the focused, nearly univer-
sally applicable technology is not only suited for the detection 
of pathogens; the subsequent genetic profiling of pathogens 
and assessment of their virulence potential is enabled by the 
same technology. Moreover, homologous technology also 
can be used to measure host response and eventually predict 
host susceptibility toward infectious diseases. It is good to 
witness that an obvious systems biology approach emerges 
upon the introduction of all of these new tools in the microbi-
ology laboratory. The outcome of molecular diagnostic stud-
ies will continue to improve our understanding of infectious 
disease over the coming years. Ours are exciting times!!  
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 Chapter 31 

    31.1       INTRODUCTION 

 The   use of laboratory rodents in biological research raises 
a number of issues. Some of these are related to the ethical 
aspects of experimenting with live animals, and others are 
related to the cost of the experiments or the type of facilities 
required to perform these experiments. A way to alleviate 
these problems is to design experiments in a way such that 
they each yield the largest possible amount of novel and 
reliable information, thus reducing to a minimum assays 
leading to inconclusive results ( Festing and Altman, 2002 ). 
To reach this goal, experiments should be performed with 
carefully designed protocols and genetically defined ani-
mals. In this chapter, different aspects related to the genetic 
quality of laboratory rodent strains and its control will be 
discussed. This is a very important aspect of experimental 
medicine that should be considered as a frontline priority.  

    31.2       THE GENETIC STRUCTURE OF 
LABORATORY STRAINS AND STOCKS OF 
RODENTS 

    31.2.1       The Different Kinds of Laboratory 
Strains 

 Strains   of laboratory rodents are of two kinds. One kind 
consists of genetically uniform populations, each of these 
populations representing only a sample among the many 
allelic forms that exist in the species. The other kind con-
sists of genetically heterogeneous populations, segregating 
for a variety of alleles.  Inbred strains  belong to the first 
kind. They are artificial populations, analogous (but not 

identical) to a clone of mammals with, however, the two 
sexes. They are very different from human populations but 
they have the enormous advantage of being extremely uni-
form from the genetic point of view and they are supposed 
to remain so, generation after generation, provided they are 
bred with an appropriate protocol (       Festing, 1979, 1996 ; 
 Hedrich, 1990 ). According to Gr ü neberg, the introduction 
of inbred strains into biology was  “ comparable in impor-
tance with that of the analytical balance in chemistry ”  
( Morse, 1978a ). Inbred strains have derivatives such as 
 recombinant inbred strains  (RIS;  Taylor, 1996 ),  consomic 
strains  (CS;  Nadeau  et al. , 2000 ),  congenic strains  and 
 recombinant congenic strains  (RCS;  Groot  et al. , 1996 ). 

 Opposed   to inbred strains, random-bred and outbred 
stocks are genetically heterogeneous, and in this respect, 
they are more similar to human populations.  Random-bred 
stocks , as their name indicates, are bred with no specific 
protocol: in other words, progenitors at generation G are 
mated randomly to produce generation G    �    1. The genetic 
constitution of these stocks is unknown and may change 
with time.  Outbred stocks , on the contrary, are bred with a 
specific protocol and, although they segregate for a variety 
of alleles at a number of loci, the frequency of these alle-
les in the population fluctuates within limits that are deter-
mined by the breeding system and monitored ( Silver, 1995 ; 
 Hartl, 2001 ;  Chia  et al. , 2005 ). 

 The   decision to use an inbred strain rather than an out-
bred stock in an experimental protocol depends on the 
experiment and, in particular, on the biological question 
that is addressed. In fact, both populations are interesting 
and the reasons for choosing one or the other will become 
obvious in the following sections, once their genetic consti-
tution and main characteristics are explained.  
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    31.2.2       What Exactly is an Inbred Strain? 

 For   the International Committee on Genetic Nomenclature 
a strain can be regarded as inbred if it has been propagated 
by mating systematically brothers to sisters for 20 or more 
consecutive generations, and individuals of the strain can be 
traced to a single ancestral pair at the twentieth or subse-
quent generation. At this point the genome of each animal 
within the strain, on the average, will have no more than 1 to 
2% residual heterozygosity (excluding any genetic drift) and 
members of the same inbred strain can then be regarded, for 
most purposes, as genetically identical ( Davisson, 1996 ). In 
practice, most of the mouse and rat inbred strains that are 
commonly used in research have undergone several tens of 
generations of inbreeding and some have even been bred 
with this system since the beginning of the last century, 
which means for over 200 generations. This definition of an 
inbred strain is important and calls for a few comments. 

 As   it has already been mentioned, mice and rats of the 
same inbred strain are genetically identical. They are also 
homozygous at all loci of their genome and, in particu-
lar, at all loci that were polymorphic in the founder ances-
tors. After a few tens of generations, one of the alleles that 
were segregating at a given locus becomes fixed and the 
others (i.e. up to three) are lost. This process of allele loss 
(or fixation) is easy to understand considering that, when by 
chance, an allele that was present at generation F is not rep-
resented in at least one of the two mice (one brother and its 
sister) that are mated to produce generation F    �    1, it is then 
permanently lost. In other words, alleles are lost during the 
inbreeding process but, except in the rare case of  de novo  
mutations, none are ever introduced from an external source. 
The sorting of the alleles that are retained in the strain and 
those that are lost depends (in most cases) on chance and, if 
the experiment could be remade from scratch, with the same 
founder mice, it would lead to a strain with a different genetic 
constitution after the same 20 generations. This means that 
an inbred strain represents a unique, although fortuitous, 
assortment of alleles. To give an idea of the genetic profile of 
an inbred strain one could imagine a totally artificial scenario 
where an X-bearing spermatozoa, taken from wild mice, 
fertilizes an oocyte. Then the female pronucleus is removed 
from the oocyte in question (before it fuses with the male 
pronucleus) and finally the chromosomes that were brought 
into the oocyte by the spermatozoa are duplicated. This new 
( n       �       n     �    2 n ) conceptus would be a female with the two chro-
mosomes of each pair absolutely identical. This is precisely 
how the genome of all members of an inbred strain looks, 
with the exception, of course, of the sex chromosomes. 

 During   the process of inbreeding, the progression toward 
homozygosity is not constant. It is relatively fast during the 
first few generations, then it slows down and, after 20 gen-
erations of unrelaxed inbreeding, it is no more than about 1 
to 2% of the loci that are still segregating. A mathematical 
series based on Fibonacci’s numbers is traditionally used to 

model the progress toward homozygosity while inbreeding 
progresses, but it is only an approximation ( Fig. 31.1   ). 

 Since   complete homozygosity is virtually reached, at 
all loci, after a few tens of brother-to-sister matings, it may 
then come to mind that it is no longer necessary to use such 
a stringent breeding system to propagate the strain. In fact, 
this would be hazardous because mutations constantly occur 
and the interruption of inbreeding would allow an increasing 
load of new polymorphisms to accumulate. Even if the spon-
taneous mutation rate is very low, there are so many genes 
in a mammalian genome that this source of polymorphism is 
not negligible. Accordingly, inbreeding must not be relaxed. 

 All   animals of an inbred strain are isogenic. This means 
that they all are genetically identical. This is an enormous 
advantage because scientists working with the same inbred 
strain, but in different laboratories or at different periods 
in time, can perform experiments where fluctuations in the 
experimental results, by definition, will not be the conse-
quence of possible differences in the genetic constitution. 
Being isogenic also means that one can define in detail the 
phenotypic characteristics of an inbred strain by accumu-
lating experimental data concerning this strain from several 
sources. For example, The Jackson Laboratory has devel-
oped a program to establish a collection of baseline pheno-
typic data on the 48 most popular inbred strains of mouse, 
through a coordinated international effort. Information col-
lected in this program (The Mouse Phenome Database) 

 FIGURE 31.1          When a population of laboratory animals is propagated 
exclusively by mating brothers to sisters, the percentage of loci that are 
heterozygous decreases regularly. This progression towards homozygos-
ity is modeled quite faithfully by the successive terms of a mathematical 
series where the numerators are Fibonacci’s numbers (1, 1, 2, 3, 5, 8, 
13, etc., the term ranked N being the sum of the terms ranked N-l plus 
N-2) and denominators the successive terms of the series 2 N . From the 
fifth generation (F5) onward, the level of heterozygosity falls off roughly 
by 19% at each generation so that, at F    �    40, 99.98% of the genome is 
expected to be homozygous. In practice, considering that most of the loci 
were already homozygous in the first progenitors (as they are in most 
mammals, irrespective of the species) and keeping in mind that loci in a 
mammalian genome are not assorting independently but on the contrary 
are inherited as chromosomal blocks of various size, one can consider that 
a strain is totally inbred after 60 generations of inbreeding, not taking into 
account the continual appearance of spontaneous mutations.    
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( Paigen and Eppig, 2000 ) is freely available to the research 
community through the internet:  http://phenome.jax.org/
pub-cgi/phenome/mpdcgi?rtn   �   docs/home . The develop-
ment of this database, which is regularly updated, is pos-
sible only because mice of inbred strains are isogenic. 
Around 400 different mice and 200 rat inbred strains are 
available worldwide and a dozen among these strains, in 
both species, have become extremely popular. 

 To   finish with the unique characteristics of inbred 
strains, one could mention that they are fundamental tools 
for all experiments where a high level of standardization is 
required. They can be used as such, and they can be used for 
the production of interstrain FI hybrids, which also repre-
sent genetically homogeneous populations and which, when 
taken by pair, are absolutely comparable to monozygotic 
twins. Inbred strains can also be used to generate geneti-
cally heterogeneous populations when, for example, F1 
hybrids between strain A and strain B (abbreviated ABFl) 
are crossed with similar Fl hybrids between strain C and 
strain D (CDFl) to generate a four-way heterogeneous stock. 
In this case, although genetically heterogeneous, the basic 
components of such a stock, the original inbred strains, 
are perfectly identified, and such genetically heterozygous 
stocks can be produced over and over, at will, when neces-
sary. Genetically heterogeneous stocks with an even more 
complex structure (for example eight-way crosses stemming 
from eight different and totally unrelated inbred strains) are 
now being bred on a large scale for research in quantitative 
genetics ( The Complex Trait Consortium, 2004 ). 

 Describing   the genetic characteristics of inbred strains, 
we said that these strains were artificial since their genetic 
constitution (isogenicity, homozygosity) has no natural 
equivalent in any species, including man. We now know, 
from historical records and molecular information col-
lected at the DNA level, that these classical laboratory 
inbred strains of mice are also artificial because they do not 
derive from a single subspecies of the  Mus  genus but from 
at least two subspecies:  Mus musculus domesticus  and  Mus 
musculus musculus  ( Frazer  et al. , 2007 ). This means that 
the genome of these mice is a patchwork of chromosomal 
segments stemming in these two subspecies. This charac-
teristic, which is probably unique to the laboratory mouse, 
is particularly interesting in the sense that it contributes to 
an increase in terms of genetic polymorphisms, making 
each strain different from the next. Studies on the genetic 
determinism of complex traits will benefit from this situa-
tion ( Bonhomme  et al. , 1987 ;  Wade  et al. , 2002 ).  

    31.2.3       The Difficulties of Maintaining 
Strain Purity 

 People   in charge of a breeding colony should ask them-
selves these simple questions: Are the animals really from 
an inbred strain? Has this strain been previously used for 

similar studies? Is this strain used for other investigators 
in the same type of experiments? The real challenge for 
these professionals is to keep inbred strains genetically 
pure. Three factors can lead to changes in the genetic con-
stitution of inbred strains: the  genetic drift  due to residual 
heterozygosity, the occurrence of  mutations , and, the most 
important of all, the contamination by accidental outcross 
with another strain. 

 Genetic   drift due to residual heterozygosity is more a 
theoretical than an actual threat because most of the strains 
that are used nowadays stem from a rather small number 
of primitive strains that were already highly inbred when 
they began to be distributed. However, we have exam-
ples of this type of genetic drift: most of the existing dif-
ferences among the major substrains of the C3H family 
(C3H/An from Andervont, C3H/He from Heston, C3H/Bi 
from Bittner, and C3H/Fg from Fuchs, etc.) are, for the 
most part, due to incomplete inbreeding before distribu-
tion by L.C. Strong of the original progenitors ( Morse, 
1978b ). Accordingly, if genetic drift can now be disre-
garded as a source of genetic divergence this was not the 
case at the beginning of last century and must be kept in 
mind, for a rigorous designation of the various substrains. 
Neglecting this may lead to serious difficulties, or even 
inconsistencies, in the interpretation of the experimental 
results. 

 Mutations   are important to consider for two reasons: 
first, because their occurrence is beyond the control of the 
colony manager, and second, because they are very insidi-
ous and frequently impossible to detect by simple, superfi-
cial phenotypic observation. Based on extensive statistics, 
the mutation rates have been estimated to be in the range 
of 10  � 7  to 0.5    �    10  � 6  per locus per gamete for mutations 
towards a dominant allele in the range of 0.6   �   0.8    �    10  � 6  
per locus per gamete for mutations towards a recessive 
allele ( Schlager and Dickie, 1967 ). Because these muta-
tion rates are not negligible, the International Committee 
on Genetic Nomenclature has decided that two strains with 
the same origin but separated in different colonies by 100 
or more generations (for example, 47 in laboratory A and 
53 in laboratory B) should be considered as two different 
substrains and designated differently, in compliance with 
the rules for nomenclature ( Davisson, 1996 ). Examples are 
common in the literature where two substrains of the same 
original inbred strain behave differently because a mutation 
occurred in one of the two substrains and altered the stand-
ard phenotype of the strain ( Sultzer, 1968 ;  Moisset, 1978 ; 
 Morse, 1978a ;  Bulfield  et al. , 1984 ). 

 Data   recently collected, concerning single nucleotide 
polymorphisms (SNPs) in different C57BL/6 substrains, 
kept independently for a few years at The Jackson 
Laboratory indicates that the mutation rate generating SNPs 
is very low (Wade, 2002). In addition, assuming that only 
one SNP out of ten is translated into a functional polymor-
phism ( Beier, 2000 ), this would suggest that the occurrence 
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of new mutations is not a serious issue in the generation 
of subline divergence. The main problem, however, is that 
the consequences of a new mutation are totally unpredict-
able. Mice of the C57BL/6JOlaHsd substrain, for example, 
are homozygous for a deletion of the  Snca  locus (encoding 
for  α -synuclein) on chromosome 6 ( Specht and Schoepfer, 
2001 ). This deletion has modest phenotypic effects ( Chen 
 et al. , 2002 ) but might interfere in an unpredictable manner 
with other mutations if, for example, the C57BL/6JOlaHsd 
substrain is used as a background strain for making knock-
out congenics ( Wotjak  et al. , 2003 ). Similarly, if mice 
of substrain C3H/HeJ are to be experimentally infected 
with Gram-negative bacteria they may react very differ-
ently from mice of substrain C3H/OuJ. This is explained 
by the occurrence of a mutation at the  Tlr4  locus (encod-
ing for a  Toll -like receptor) that occurred in the substrain 
C3H/HeJ where all mice are homozygous for the defec-
tive allele ( Poltorak  et al. , 1998 ). A very similar comment 
could be made for mice of the CBA/N substrain which, 
unlike mice of all other CBA substrains, are homozygous 
for an X-linked mutation ( Btk xid  ) producing a syndrome 
of immunodeficiency homologous to the Bruton’s disease 
in man (Rawlings  et al. , 1993). 

 The   accidental matings of individuals from one inbred 
strain with another strain is by far the most important 
source of alteration of the genetic profile of inbred strains. 
Genetic contaminations of this type, which always result 
in a sudden and massive exchange of alleles, are generally 
observed between strains that have similar coat color (i.e. 
albino ( Tyr c /Tyr c  ), agouti ( A/A ), or non-agouti ( a/a )). Even 
more frequently, these accidental crosses occur between 
an interstrain Fl and one of the parental strains. Mouse 
strains A2G and C57BL/Ks are two well-known exam-
ples where massive genetic contamination occurred in the 
past. A2G was considered a substrain of strain A until it 
was discovered that they became contaminated after an 
 “ illegitimate ”  mating with an unknown partner (prob-
ably a wild mouse?). C57BL/Ks (now C57BLKS) derives 
from strain C57BL/6 but was contaminated with up to 
30% of the DBA/2 genome. This was suspected because 
C57BL/Ks mice have an  H2  haplotype which is not like 
the haplotype normally found in C57BL/6 mice (they are 
 H2 d   instead of  H2 b  ) and also because congenic mice for 
the same obese ( Lep ob  ) mutation on these two backgrounds 
(C57BL/6       J and C57BL/Ks) exhibited a totally differ-
ent phenotype ( Herberg and Coleman, 1977 ). The suspi-
cion of genetic contamination has now been molecularly 
documented. 

 All   three sources of changes in the genetic constitu-
tion of inbred strains must be taken into account by animal 
breeders. If the genetic drift due to residual heterozygosity 
is no longer a serious problem and the occurrence of muta-
tion is insidious and unavoidable, the genetic contamina-
tion after an accidental cross with another strain is, by far, 
the most serious threat.   

    31.3       MONITORING THE GENETIC 
QUALITY OF INBRED STRAINS 

 A   variety of techniques have been described in the past 
to assay the genetic quality of inbred strains. All these 
techniques were based on the postulates that each inbred 
strain, as previously mentioned, is  a priori  expected to be 
homozygous at all loci of its genome and that all animals 
of the same strain have exactly the same genetic make-
up. These techniques, summarized in  Table 31.1   , were 
designed following the progress of the genetic tools avail-
able for the species and consisted in the analysis of a few 
traits, controlled by a set of specific alleles, and defining a 
specific pattern for each strain. 

 Reciprocal   skin grafting, for example, was extensively 
used in the 1960s because histocompatibility (the com-
plete and permanent acceptance of transplants between any 
two mice or rats) is controlled by many genes and requires 
complete genetic identity between the donor and the recipi-
ent ( Bailey and Usama, 1960 ). Skin grafting was a rela-
tively inexpensive procedure and fast (in skilled hands!) 
but, unfortunately, it was often influenced in both direc-
tions by environmental factors yielding false positive and 
false negative results. It is no longer used for the control of 
strain purity although some refinements in the procedure, 
using some modern  in vitro  assays, might still be interest-
ing as supplementary tests. Analysis of the electric charge 
of enzymatic proteins (isozymes) by electrophoresis in gels 
became popular in the mid-1970s because the technique 
was highly reliable and relatively easy to handle ( Groen, 
1977 ). However, this technique had the major drawback of 
being expensive to apply because each test required the use 
of specific and costly reagents. 

 TABLE 31.1          Summary of the most representative 
techniques to assay the genetic quality of inbred strains.  

   Phenotype-based 

   External characteristics 

   Reproductive performances 

   Skin grafting 

   Protein analysis by gel electrophoresis 

    DNA-based  

   RFLP analysis 

   PCR amplification of microsatellite markers (SSLP) 

   SSCP analysis of 100/250 bp long DNA stretches 

   DNA sequencing (detection of SNPs) 
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 Currently  , most of the genetic monitoring techniques 
applied to inbred strains are based on DNA analysis and 
are extremely powerful. However, it must be kept in mind 
that the control of genetic purity should be undertaken in 
a broader context, considering also several simple parame-
ters of very different nature, and not only by applying very 
sophisticated molecular techniques. Among these param-
eters, a careful observation of individuals from the same 
inbred strain, even if it may appear rather subjective, is 
always a very important source of information. 

    31.3.1       Observation of Characteristic 
Phenotypes 

 Being   genetically identical, all members of an inbred strain 
must have exactly the same phenotype and, in pigmented 
strains, the observation of different coat colors must be 
considered highly suspicious. A white spot on the belly 
of C3H mice is, however, common and should even be 
regarded as a criterion of purity as well as occasional tail 
kinks or eye abnormalities in C57BL/6. With experience, 
a sagacious observer should even be able to recognize 
subtle characteristics discriminating the five major albino 
strains of mice (A, AKR, BALB/c, FVB, and SJL) or rats 
only considering the hair texture and tail shape. Similarly, 
several traits such as aggressiveness, open field behavior, 
life span, spontaneous diseases (tumors in particular), as 
well as a whole range of biochemical, immunological, and 
physiological characteristics are very much strain specific 
and are important to consider as criteria of genetic purity. 
For example, the observation of testicular teratomas in 
some substrains of 129 mice (129S2/SvPas in particular) is 
a criterion of great value because that sort of tumor is under 
polygenic control. In short, no other strains than those of 
the 129 group develop testicular teratocarcinomas. 

 Another   change that is almost always the direct conse-
quence of a genetic contamination is a dramatic increase in 
the breeding performance. With a few exceptions, inbred 
strains are not very prolific and the age of puberty, age of 
first pregnancy, and the average number of pups weaned 
per week or per female are highly heritable characteristics. 
An abrupt change in these performances must be consid-
ered suspicious.  

    31.3.2       Observation of Structural Variations 
at the DNA Level 

 Apart   from these zootechnical parameters, which are easy 
to monitor by the mere analysis of the breeding records and 
a careful analysis of the phenotypes of the animals, other 
tests are available for the monitoring of genetic purity. Most 
of these tests are based on the analysis of strain-specific 
DNA sequences, revealed by the routine techniques of 
DNA structural analysis such as endonuclease-generated 

restriction fragment length polymorphisms (RFLP), minis-
atellite-based DNA fingerprinting ( Benavides  et al. , 1998 ), 
polymerase chain reaction (PCR) amplification of micros-
atellites (also known as simple sequence length polymor-
phism, SSLP), single strand conformation polymorphism 
(SSCP, see also Chapter 4)   or DNA sequencing to identify 
various SNPs. 

    31.3.2.1       Genetic Monitoring with Microsatellite 
Markers 

 Microsatellite   markers are very popular because they are 
extremely easy to type at a very low cost ( Montagutelli and 
Gu é net, 1994 ;  Benavides, 1999 ;  Mashimo  et al. , 2006 ). The 
technique consists in the amplification of short repeated 
sequences, in general dinucleotides of the type (CA) n  or 
(TA) n , with flanking primers using genomic DNA. There 
are an enormous number of microsatellite loci in the mouse 
and rat genomes (probably around 10 5 ) and it is gener-
ally not a problem to find a set of such molecular mark-
ers whose amplification products define a strain-specific 
pattern ( Fig. 31.2   ). This strain-specific pattern may be 
assayed on a sample of animals of the strain and com-
pared to a reference pattern that is archived in the labora-
tory. Routine analysis of DNA samples with microsatellite 
markers will confirm isogenicity and, provided the markers 
have been carefully selected, it could also guarantee that 
the strain whose DNA is assayed indeed corresponds to its 
designation. The use of fluorescently labeled primers for 
microsatellite loci combined with capillary electrophoresis 
represent a new, fast, automated system for genetic monitor-
ing ( Bothe  et al. , 2004 ;  Mashimo  et al. , 2006 ) ( Fig. 31.3   ). 
With this method, the resulting PCR products can be distin-
guished from one another by both their size and the fluores-
cent dye associated with them. The availability of different 
dyes allows the possibility of developing multiplex PCR 
(i.e. the combination of primers for multiple loci in one 
reaction) and pooling several PCR products in one capillary. 

 FIGURE 31.2          Segment of an agarose gel showing the characteristic 
bands obtained after PCR amplification of SSLP markers. The amplifica-
tion products were obtained using genomic DNA from five mouse inbred 
strains: SEG/Pas (1), C57BL/6Pas (2), C3H/HePas (3), DBA/2Pas (4), 
and BALB/cPas (5). The first five bands represent microsatellite marker 
 D1Mit17 , and the other five, markers  D3Mit86 . Note that each inbred 
strain exhibits only one band (one allele) per SSLP locus (indicative of 
their homozygous state), and that the bands have a standard size for each 
strain. Using a set of carefully selected microsatellite markers it is 
possible to define a pattern characteristic of a given strain. M: DNA 
size marker.    



Molecular Diagnostics466

Using this system,  Bryda and Riley (2008)  have developed a 
genotyping panel containing 87 microsatellite markers that 
are polymorphic among commonly used inbred rat strains. 

 Microsatellite   markers have been a true revolution in 
the genetic monitoring of laboratory inbred strains because 
the test is extremely simple, affordable, and highly relia-
ble. It can then be repeated more frequently and on a large 
sample of animals. A drawback of this test, maybe the 
only one, is a consequence of the occasional occurrence of 
variations in size of the microsatellite sequences. Typing 
DNA samples from the BXD set of recombinant inbred 
strains, between the parental strains C57BL/6 and DBA/2, 
 Dallas and coworkers (1992)  found that several amplifica-
tion products had a size different from the parental types 
and were then considered as  “ mutants ” . This occurred in 
the frequency of 10  � 2  to 10  � 4 , a frequency that is not so 
low. When such a mutation is discovered, it is then recom-
mended to type a dozen more microsatellites, some of them 
flanking the mutant allele. In general, this is sufficient to 
clarify the situation. It would also be advisable to type all 
the breeders in the foundation colony and to eliminate the 
new mutant allele (or to select it in the homozygous state) 
but not to keep it segregating in the inbred strain.  

    31.3.2.2       Genetic Monitoring Based on the Use 
of Single Nucleotide Polymorphisms 

 Even   though microsatellites are excellent markers for 
genetic monitoring of inbred strains, they have limitations 

in the sense that their mutation frequency is rather high 
and that they do not allow for the easy identification of the 
origin of a genetic contamination when such an accident 
is detected in a given strain. Sequencing a few short DNA 
stretches looking for SNPs is an alternative approach that 
is now popular. SNP genotyping is inexpensive and can 
be performed in most research institutions (see  Fig. 31.4   ). 
 Petkov and coworkers (2004) , from The Jackson Laboratory 
(Maine, USA), have described the allelic distribution of 
235 SNPs in 48 mouse strains and selected a panel of 28 
such SNPs, enough to characterize most of the almost 300 
inbred, wild-derived, congenic, consomic, and recombinant 
inbred strains maintained at the Jackson Laboratory. This 
set of markers encompassing all mouse chromosomes, is an 
excellent tool for detecting genetic contaminations in mouse 
facilities by way of automated PCR systems. SNP genotyp-
ing assays are currently based on allele-specific PCR, real-
time PCR (TaqMan  ®  ), direct sequencing, or DNA arrays 
( Moran  et al. , 2006 ;  Shifman  et al. , 2006 ). 

 Finally  , it is worth recalling that, regardless the technique 
used, the occurrence of a new mutation in a coding sequence 
cannot be detected, except by chance, or if it results in an 
obvious phenotypic change. The only possibility for detecting 
such changes would be to re-sequence the genome of the 
strain, something that would be prohibitively expensive and 
probably not worth doing in the end. Techniques are now 
being developed for the detection of DNA mismatches, 
which may become useful for the detection of new muta-
tions, but their cost is still high ( Yamana  et al. , 2005 ).    

 FIGURE 31.3          Representative data output for analysis of mouse DNA with a microsatellite marker using fluorescent primers (6-FAM). This marker 
was amplified in a single PCR reaction and separated by capillary electrophoresis (see also Chapter 5)  . The upper panel shows a mouse homozygous 
for a 200       bp allele (represented by the pick of fluorescence). The middle panel shows a mouse homozygous for a 250       bp allele. The lower panel shows a 
mouse heterozygous for the alleles depicted above. The sizes in base pares (bp) are indicated on the top of the  x -axis (with smaller alleles to the left and 
larger alleles to the right). The values on the  y -axis indicate fluorescent signal intensity (relative fluorescent units).    
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    31.4       PRESERVING THE GENETIC PURITY 
OF INBRED STRAINS 

 As   it has been already discussed in the previous para-
graphs, there are very efficient techniques to monitor the 
genetic quality of inbred strains. However, once a strain is 
recognized as contaminated, the situation is irreversible. 
All individuals of the strain must be discarded, and another 
colony must be developed from a new set of breeders. The 
dramatic consequences of a genetic contamination imply 
that steps should be taken to prevent it from occurring 
again. Roughly, one can imagine that there are two efficient 
ways to preserve an inbred nucleus from genetic contami-
nation: embryo freezing and complete physical isolation. 

 Embryo   freezing is, theoretically, the most efficient 
way of preservation because, once frozen, genomes are 
insensitive to mutations (DNA does not replicate) and 
of course contamination cannot occur. Experiments per-
formed several years ago indicated that cosmic radiation 
does not represent a serious risk for deep-frozen embryos 
( Whittingham  et al. , 1977 ). This means that choosing this 
procedure for genome preservation is very secure and rela-
tively inexpensive. However, the technique has two serious 
drawbacks. First, it can be achieved safely only in laborato-
ries where the technical staff is trained for embryo handling 
and, second, some strains are very difficult to preserve and 

the percentage of living embryos recovered after thawing is 
extremely low or null. This drawback, which is inherent to 
particular strains, cannot be bypassed. Sperm freezing may, 
in some circumstances, be used as an alternative to embryo 
freezing, but is of no use when a diploid genome must be 
preserved ( Glenister and Thornton, 2000 ). 

 Complete   isolation of a breeding nucleus, for example, 
into a plastic isolator is a very efficient way to preserve 
genetic integrity and it is also an elegant way to preserve, 
at the same time, the health status of a rodent colony. Most 
of the commercial breeders of laboratory rats and mice 
have chosen this strategy, which combines several advan-
tages at a relatively low cost. Finally, and as an anecdotal 
comment, it is interesting to note that any recessive coat 
color mutation occurring in an inbred nucleus, at least the-
oretically, can be used as a natural seal of genetic purity 
since any illegitimate mating will result in the immediate 
disappearance of the trait. At several occasions, new alleles 
of the mutations leaden (MLph ln  - chromosome 1), brown 
( Tyrp b  -chromosome 4), dilute ( Myo5 a  d  -chromosome 9), 
or pink-eyed dilution ( Oca2  p   -chromosome 7) were found 
segregating in the author’s colonies of C3H or C57BL/6, 
which could have been used to tag those strains with an 
institutional marker. However, it seems that scientists, 
when offered these naturally tagged mice are always reluc-
tant to use them; a C57BL/6 inbred mouse must be solid 
black and any other color is suspicious!  

    31.5       ASSESSING THE GENETIC STANDARD 
OF OUTBRED STOCKS 

 Outbred   stocks are genetically heterogeneous and segregate 
for several alleles (in general two, sometimes three) at a 
few loci. They are very useful tools in many areas of exper-
imental biology because the response of this type of stock 
depends upon a large pool of genes and not only upon a 
few randomly selected alleles as in the case of inbred 
strains. In this respect, they appear complementary to the 
inbred strains but obviously they are neither homozygous 
nor isogenic and accordingly cannot be genetically moni-
tored with the same protocols. What is important in this 
case is to make sure that the percentage of the different 
alleles in the population does not change much from one 
generation to the next and the strategies used for the moni-
toring of these strains are based on sampling and statistics. 
Here again, microsatellite markers or SNPs can give an 
indication and hence this is a safe strategy to test a large 
sample of presumptive breeders, retaining for the next gen-
eration a pool of mice or rats in which the frequency of 
each allelic variant is not statistically different from the fre-
quency observed in generation G-1. Of course, the larger 
the sample the better it is to type an even greater number 
of microsatellites. Finally, it must also be kept in mind that, 
only in the case of inbred strains, one brother and one sister 

 FIGURE 31.4          SNPs are discrete DNA sequence variations occurring 
when a single nucleotide in the genome differs between members of the 
same species. These SNPs are common and they are scattered through-
out the genome of all species. They result from random point mutations 
occurring at a constant rate during evolution, either in the coding regions 
or in between genes and they are inherited like a Mendelian trait. In the 
mouse genome, they are very unevenly distributed along the chromo-
somes with  “ SNP-rich ”  and  “ SNP-poor ”  regions depending on the phylo-
genetic origin of the chromosomal segment. This allows the determination 
of an SNP pattern, which is unique to a given strain and accordingly can 
be used for assessing strain purity. The upper panel represents a C/T SNP 
that is polymorphic between strains DBA/2 and CAST (homozygous for 
the  “ T ”  allele), and other common inbred strains (homozygous for the 
 “ C ”  allele). The lower panel presents DNA sequencing electropherograms 
showing the SNP (arrow).    
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are required to breed generation F    �    1, while in the case 
of outbred stocks the larger the pool of breeders the better. 
Breeding programs have been developed to minimize the 
fluctuation of allele frequency at each generation ( Hartl, 
2001 ) but it is safe, from time to time, to perform a very 
large survey of the structure of the population and to keep 
the results as a reference. 

 Four  - and eight-way genetically heterogeneous stocks, 
which are produced by intercrossing Fl hybrids bred from 
four or eight independent inbred strains, are an interest-
ing alternative to the outbred stocks. In addition, they have 
the enormous advantage that genetic monitoring is not 
required. Like the best champagne wines, which have a 
constant taste because they are a blend of several vintages, 
genetically heterogeneous stocks are produced by crossing 
a small number of highly standardized inbred strains.  

    31.6       THE CONTROL OF HEALTH STATUS 

 Although   the control of the health status is out of the scope 
of this chapter, it is worth making a brief comment about it 
because the health status is a major source of variation in 
the biological response of laboratory animals and accord-
ingly it has become a serious concern ( Whary and Fox, 
2006 ). In fact, although very efficient strategies exist for 
the control of the genetic quality of laboratory animals, 
it is very difficult (and also very expensive) to perform a 
thorough control of their microbiological status and even 
more difficult to keep it constant. Lists of micro-organisms 
that are pathogenic for rats and mice have been previously 
published and a battery of tests exists for the diagnosis of 
these pathogens that are reliable provided they are applied 
routinely and carefully performed. Some of these tests are 
PCR-based and allow the detection of some specific patho-
gens ( Helicobacter  spp., mouse hepatitis virus (MHV), 
mouse parvovirus (MPV), etc.; see also Chapter 30)  . One 
can then guarantee with a high level of confidence that a 
particular rodent colony is free of specific pathogens (spe-
cific pathogen free or SPF). Animals of this type have been 
available for several decades from most laboratory animal 
vendors. Since these mice are also evaluated at regular 
intervals for their genetic quality one may consider that the 
quality of laboratory animals is now totally under control. 
However, scientists have reported that variations in the bio-
logical response of some transgenic mice could be seriously 
influenced by differences in the population of enteric bac-
teria even if these bacteria are not registered as pathogenic 
for the mouse ( Sellon  et al. , 1998 ). In other words, it looks 
as if  “ clean ”  mice may not be the best material for some 
investigations in immunology. These observations indicate 
that, in the future, a standardized microflora for laboratory 
rodents may have to be defined and with it the procedures 
to monitor it.  

    31.7       CONCLUSIONS 

 In   this chapter, the problems associated with the mainte-
nance of standardized strains of laboratory rodents and the 
need to control their genetic quality and health status regu-
larly have been reviewed. These controls, provided they are 
carefully and regularly performed, will contribute to the 
optimization of the experimental protocols, which in turn 
result in reducing the cost of the experiments by minimiz-
ing the number of animals needed. It is also of cardinal 
importance to use and follow with care, in all published 
works, the rules of nomenclature for inbred strains in order 
to avoid possible inconsistencies that may result from subtle 
genetic differences between the many substrains available.   
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 Chapter 32 

    32.1       INTRODUCTION 

 Retroviruses   are a class of enveloped viruses containing 
two single-stranded RNA molecules as genome. Following 
infection, the viral genome is reverse-transcribed into dou-
ble-stranded DNA, which integrates into the host genome 
and is referred to as a provirus. Sequences, known as long 
terminal repeats (LTRs), are located at each end of the viral 
genome, which include promoter/enhancer regions and 
sequences involved in integration. 

 In   retroviral vectors the viral genes ( gag, pol , and  env ) 
are replaced with the transgene of interest ( Fig. 32.1   ). Due 
to their intrinsic ability to integrate into the host genome, 
retroviral vectors were the first and most commonly used 
gene transfer systems for transgene expression in hemato-
poietic cells ( Edelstein  et al. , 2007 ). 

 Low   transduction efficiency of vectors into hemato-
poietic stem cells (HSC) made gene transfer via retroviral 
vectors inoperative for therapeutic application for a long 
time. In the early 1990s the transduction efficiency of 
those vectors hardly reached 1% in different clinical trials. 
Meanwhile, this situation has changed due to: 

      ●      the application of adequate hematopoietic growth factors 
( Drexler, 1996 ;  Petzer  et al. , 1996 ;  Shah  et al. , 1996 ),  

      ●      the use of fibronectin fragments in the transduction 
process ( Moritz  et al. , 1996 ;  Hanenberg  et al. , 1996 ),  

      ●      application of pseudo-typed viral particles with 
increased binding specificity for HSCs ( Porter  et al. , 
1996 ;  Movassagh  et al. , 1998 ;  Kelly  et al. , 2000 ;  Gatlin 
 et al. , 2001 ;  Kiem  et al. , 1998 ,  Sanders, 2002 ),  

      ●      the optimization of transgene expression of retroviral 
vector constructs ( Halene and Kohn, 2000 ;  Moritz and 
Williams, 1998 ).    

 These   advanced conditions today facilitate an  in vivo  
transduction efficiency of 5 to 20% ( Abonour  et al. , 2000 ) 
and contributed to the resumption of several clinical tri-
als on gene therapy of monogenetic diseases ( Bordignon 
and Roncarolo, 2002 ;  Grez  et al. , 2000 ;  Kohn, 2002 ). 
Successful correction of gene defects and significant ther-
apeutic benefits using retroviral gene transfer have been 
achieved for X-chromosomal severe combined immu-
nodeficiency (X-SCID) ( Cavazzana-Calvo  et al. , 2000 ; 
 Cavazzana-Calvo and Fischer, 2007 ), adenosine deaminase 
(ADA)-linked SCID (       Gaspar  et al. , 2004, 2006 ), or chronic 
granulomatous disease (CGD) ( Ott  et al. , 2006 ). 

 However  , occurrence of retroviral vector-integration 
related leukemia in humans following the X-SCID trial 
( Bonetta, 2002 ;  Hacein-Bey-Abina  et al. , 2003 ;  Marshall, 
2003 ; Fischer and Cavazzana-Calvo, 2005;  Cavazzana-
Calvo and Fischer, 2007 ), as well as in non-human pri-
mates ( Modlich  et al. , 2005 ;  Seggewiss  et al. , 2006 ) and 
mice ( Li  et al. , 2002 ) display the risks of retroviral gene 
therapy. Furthermore, observation that insertion-mediated 
up-regulated gene expression could confer selective growth 
advantage to affected cells in non-human primates ( Calmels  
et al. , 2005 ) and humans ( Ott  et al. , 2006 ;  Schwarzwaelder 
 et al. , 2007 ) highlights the need for a better understanding 
of the mechanism of retroviral vector integration into the 
host genomes. Therefore, methods that recognize inser-
tion sites of retroviral vectors defined as junctions where 
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genomic DNA flanks the provirus have become indispen-
sable for the safety assessment in clinical trials and experi-
mental studies involving retroviral-mediated gene therapy 
( Fruehauf  et al. , 2002 ;  Baum  et al. , 2003 ).  

    32.2       METHODS USED TO DETECT 
RETROVIRAL INTEGRATION SITES 

 The   experimental analysis of proviral integration sites in 
human stem cells (HSCs) is challenging. Stem cell track-
ing techniques based on detecting the retroviral integration 
sites and using this as a unique tag traditionally were used 
in isologous mouse studies ( Dick  et al. , 1985 ;  Jordan and 
Lemischka, 1990 ). However, these techniques are not easily 
applied to xenogenic transplantation models due to lower 
contents of engrafted cells carrying the proviral tag in this 
latter setting. Retroviral integration patterns in transduced 
human cord blood cells transplanted into immune-deficient 
mice were detected by Southern blotting if engraftment 
and transduction efficiency were high ( Barquinero  et al. , 
2000 ;  Guenechea  et al. , 2001 ). These early methods to 
isolate and characterize vector integration sites were  –  due 
to the inability to reliably detect integrations in samples 
with high background of untransduced cells ( Laufs  et al. , 
2003 )  –  superseded by more sensitive PCR-based meth-
ods such as inverse polymerase chain reaction (PCR;  Nolta 
 et al. , 1996 ) ( Fig. 32.2a   ) or arbitrary primer PCR ( Fig. 32.2b ) 
( Gentner  et al. , 2002 ). 

 Sensitivity   and specificity of methods to identify and 
characterize vector integration sites were further increased 
by developing linker-mediated PCR methods that enable the 
simultaneous detection of different integration sites present 
in a sample. The oligo-cassette-mediated PCR technique 
described by  Rosenthal and Jones (1990)  was modified by 
 Schmidt and coworkers (2001) . The latter group developed 
linear amplification-mediated PCR (LAM-PCR) ( Fig. 32.2c ). 
LM-PCR actually represents an optimized LAM-PCR method 
for analysis of peripheral blood progenitor cells (PBPCs; 
 Laufs  et al. , 2003 ) ( Fig. 32.2d ). Exponential Fragment 
Marking PCR (EFRAM-PCR) ( Fig 32.2e ) in turn was devel-
oped as optimization of LM-PCR, reducing the required 
amount of starting DNA and increasing sensitivity and specif-
icity significantly ( Bozorgmehr  et al. , 2007 ). Fluorescence  in 
situ  hybridization (FISH; see also Chapter 10)   has been used 
successfully to confirm integration sites detected with LM-
PCR ( Laufs  et al. , 2003 ). However, for routine application to 
identify retroviral integration sites this method is too complex.  

    32.3       IDENTIFYING VIRUS INTEGRATION 
SITES BY FLUORESCENCE  IN SITU  
HYBRIDIZATION 

 Metaphase   spreads from vector-transduced cells are hybrid-
ized by using a retroviral vector probe ( Lichter and Cremer, 
1992 ) followed by whole chromosome painting probes for 

 FIGURE 32.1          Retroviral gene transduction. The retroviral vector is packaged into a retroviral particle, which consists of envelope and nucleocapsid. 
The retrovirus interacts with the host cell surface. After fusion of the virus membrane with the cell membrane, the nucleocapsid enters the cytoplasm of 
the host cell. A DNA/RNA complex is synthesized by the reverse transcriptase and a double-stranded (ds) DNA is produced. After transport into the host 
cell nucleus, the viral DNA integrates into the host cell genome. The integrated viral DNA is referred to as a provirus. Transgene expression is mediated 
by the host cell transcription and translation repertoire.    
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24-color FISH ( Speicher  et al. , 1996 ). For transduced cells, 
at least 10 to 15 metaphase spreads should be acquired. 
Subsequently, the Re-FISH protocol ( M ü ller  et al. , 2002 ) can 
be performed, and metaphase chromosomes are hybridized 
by using the multicolor FISH protocol ( Speicher  et al. , 1996 ). 
At least five pools of whole chromosome painting probes 
are amplified and labeled by degenerate oligonucleotide 
primed-PCR (DOP-PCR;  Telenius  et al. , 1992 ) with the use 
of five spectrally distinguishable fluorochromes (fluorescein 
isothiocyanate (FITC), Cy3, Cy3.5, Cy5, Cy5.5). Each probe 
is hybridized in the presence of Cot-1 DNA for 48 hours. For 

evaluation, metaphase spreads are acquired by using highly 
specific filter sets and images are processed using the appro-
priate software, such as the Leica Multicolor Karyotyping 
(MCK) software ( Fig. 32.3   ).  

    32.4       IDENTIFYING VIRUS INTEGRATION 
SITES USING PCR-BASED METHODS 

 PCR  -based methods describe an integration site in detail 
by amplifying the fusion fragment where the proviral LTR 
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joins the genomic host DNA. Usually, PCR amplification 
requires knowledge about both sequences flanking the 
DNA of interest since specific primers need to be designed. 
Nonetheless, several methods such as inverse PCR or arbi-
trary primer PCR have been established to overcome this 
limitation and allow PCR to be used for amplification of 
DNA outside a region of known sequence. 

    32.4.1       Inverse PCR and Arbitrary 
Primer PCR 

 In   inverse PCR ( Nolta  et al. , 1996 ), a  “ restriction-digested ”  
DNA template containing the junction between vector LTR 
and genomic host DNA, is circularized by self-ligation. 
The circular-ligated DNA serves as template for inverse 
PCR since it contains a fragment of known vector LTR 
sequence. This fragment enables the design of two primers. 
Starting from both primers, replication progresses in the 
opposite direction with direct amplification of the sequence 
of interest ( Fig. 32.2a ). However, sensitivity of this method 
has been questioned as a detection rate of only 30 to 
40% of integration sites was reported ( Kim  et al. , 2000 ). 
Limited sensitivity of inverse PCR might be contributed to 
inefficient amplification subsequently to numerous DNA 
preparation and dilution steps. Additionally, this approach 
cannot reliably detect multiple integration sites in one reac-
tion ( Kim  et al. , 2000 ). 

 Arbitrary   primer PCR (Gentner  et al ., 2003), also 
referred to as two-step PCR, in contrast is a sensitive and 
rapid method to identify retroviral integration sites in 
small clonal cell samples such as hematopoietic colonies. 
It does not require DNA manipulations like DNA restric-
tion enzyme digest, adapter ligation, or circularization of 
DNA fragments prior to amplification. Therefore, arbitrary 
primer PCR can potentially be performed with very small 
amounts of DNA. Methods using arbitrary primers ( Silver 
and Keerikatte, 1989 ;  S ø rensen  et al. , 1993 ) or primers 
against repetitive genomic DNA sequences ( Butler  et al. , 
2001 ) that hybridize to the unknown flanking DNA regions 
have been described for the analysis and identification of 
retroviral integration sites. 

 To   detect proviral integrants in human genomic DNA, a 
PCR reaction is performed using biotinylated LTR-specific 
and arbitrary primers. Arbitrary primers consist of a long 5 �  
tail of known sequence, seven random nucleotides, and five 
fixed nucleotides at the 3 �  end. Due to the fact that these 
primers are partly degenerate (random nucleotides), they 
enable amplification of proviral flanking human DNA frag-
ments, without requiring any information on sequence. The 
biotinylated fragments are enriched by streptavidin-coated 
paramagnetic beads. A nested PCR is performed using a 
nested LTR-specific primer and a primer that binds to the 
5 �  tail sequence of the arbitrary primer. This second PCR 
enhances the specificity of the amplification. The obtained 
PCR products are excised from agarose gel and directly 
sequenced following DNA extraction ( Fig. 32.2b ). 

 The   arbitrary primer PCR technique ( S ø rensen  et al. , 
1993 ) was adapted by Gentner and coworkers (2002), and 
the results were validated with LM-PCR (described below) 
on retrovirally transduced cell-line clones. The applicabil-
ity of arbitrary primer PCR was shown to analyze retroviral 
integration sites in colony-forming human CD34  �   PBPCs, 
a cell population that is an indicator for transduction of 
HSCs. Seven different arbitrary primers were constructed 
according to a model described by S ø rensen and cowork-
ers (1993), which has previously been used for integration 
analysis of wild-type retroviruses ( S ø rensen  et al. , 1993 ; 
S ø rensen  et al ., 1996) ( Fig. 32.4   ). 

 To   identify the most suitable primers for the application, 
arbitrary primer PCRs were performed with each of those 
primers in combination with a specific primer for the known 
proviral LTR segment on two human fibrosarcoma cell-line 
clones (HT1080 clone N2 and N3) which were transduced 
with the MDR1 gene. Three arbitrary primers (FP2, FP4, 
and FP5;  Fig. 32.4 ) turned out to be most useful, as they did 
not avidly bind to proviral sequences close to the 3 �  LTR. 

 FP2  , FP4, and FP5 generated PCR products of the LTR-
genomic DNA junctions (5 �  LTR external fragment) in both 
of the HT1080 cell-line clones, which were subsequently 
sequenced. In clone N3, two different junctions were 
detected. The first one was detected by FP2 and FP5, and 
the second junction was detected by FP4. Importantly, both 

 FIGURE 32.3          Chromosomal mapping of proviral sequences by FISH in 
cell-lines. FISH analysis using SF1m vector (gammaretroviral vector with 
 MDR 1 as transgene) plasmid DNA as probe and subsequently performed 
multicolor FISH was established to detect proviral inserts in SF1m-trans-
duced HT1080 cell-line clones. Chromosomes were identified by different 
colors. Chromosomes with a hybridization signal are highlighted: the 
 MDR 1 transgene could be detected on chromosomes 1q41, 4q12, 12q14, 
and 20q11. The human wild-type  MDR 1 locus (7q21) could also be 
detected. The highlighted chromosomes (top panel) show no transloca-
tions, so that the specific vector signal (bottom panel) can be assigned 
clearly to the depicted chromosomes. (Adapted from  Laufs  et al. , 2003 ; 
with permission.)    
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integrations could be detected in one reaction using a cock-
tail of the primers FP2 and FP4. Furthermore, these HT1080 
cell-line clones were analyzed with the LM-PCR method in 
order to validate the results. After extensive studies with 
three different restriction enzymes to create a large variety 
of amplification permissive restriction fragment length poly-
morphisms, a total of three different retroviral integrations 
in the two HT1080 cell-line clones were found. It appeared 
that vector integrations detected with arbitrary primer PCR 
were identical to those detected by LM-PCR, thus confirm-
ing the reliability and sensitivity of both methods. 

 Next  , the optimized arbitrary primer PCR technique was 
applied in order to detect retroviral vector (a Friend mink 
cell focusforming/murine embryonic stem-cell virus-type 
vector) integration sites in colony-forming human PBPCs. 
Mobilized CD34  �   PBPCs were transduced with the SF1m 
retroviral vector and cultured in semisolid medium in the 
presence or absence of vincristine. Vincristine was added 
to the plates in order to select for MDR1-expressing (vector 
positive) colonies. As expected, the percentage of MDR1-
positive colonies was up to five fold increased in the pres-
ence of vincristine. 

 A   total of 182 individual colonies from five different 
SF1m transduced PBPC donor samples were analyzed for 
the presence of the MDR1 gene. In total, 72 colonies (40%) 
were positive for the MDR1 transgene and thus qualified 
for integration site analysis. The DNA amount of a MDR1-
positive colony corresponds to a sensitivity of 75 or more 

cells per reaction. Of the 72 colonies, 61 yielded a specific 
PCR product; that is, either an informative band (25 colo-
nies) or an internal 3 �  LTR fragment. In most cases, one to 
five clear, robust bands per colony were amplified. In 10 
out of 25 colonies containing external bands, the informa-
tive fragment was the only amplicon seen in the gel. 

 Arbitrary   primer PCR has been used successfully 
to study wild-type retroviral integrations in cell-lines 
( S ø rensen  et al. , 1993 ), retroviral integrations in tumor 
DNA from mice ( S ø rensen  et al. , 1996 ), and hepatitis B 
virus integrations in peripheral blood mononuclear cells 
( Laskus  et al. , 1999 ). It was demonstrated that this sim-
ple and fast approach also can be used to study retroviral 
vector integrations in day 14 colonies of CD34  �   PBPCs, 
a setting in which DNA amount is very limited. High-
quality sequences of the LTR-genomic DNA junctions 
could be obtained after only five standard steps (1st PCR, 
enrichment, 2nd PCR, agarose gel electrophoresis, direct 
sequencing).   

    32.5       IDENTIFYING VIRUS INTEGRATION 
SITES USING LINKER-MEDIATED PCR 
METHODS 

 Linker  -mediated PCRs such as linear amplification-
mediated (LAM-) PCR (       Schmidt  et al. , 2001, 2002 ), ligation-
mediated (LM-) PCR ( Laufs  et al. , 2003 ), or exponential 

 FIGURE 32.4          Combination of arbitrary primers allows simultaneous detection of retroviral integration sites. Sequences of arbitrary primers with partly 
degenerate tail ( “ N ” , top panel). Individual SF1m-transduced HT1080 cells were selected by single cell deposition. Arbitrary primer PCR with a primer 
cocktail allowed simultaneous detection of different retroviral integration sites in HT1080 cell-line clone N3. Arbitrary primer PCR was performed on 
HT1080 cell-line clone N3 using either arbitrary primers FP2 and FP4 alone or FP2/FP4 in a cocktail.    
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fragment marking (EFRAM-) PCR ( Bozorgmehr  et al. , 
2007 ) have been designed to simultaneously detect differ-
ent integration sites in a sample. All linker-mediated PCRs 
share the general principle to detect the junction between 
the integrated provirus and the flanking genomic sequence: 
while the sequence of the LTR is known, the flank-
ing genomic sequence is unknown. Therefore, following 
restriction enzyme digest, a linker is ligated to the blunt-end 
cleavage site. Integration sites are then amplified using one 
primer that binds to the viral DNA end and another primer 
binding to the DNA linker. After performance of a second 
amplification with nested primers, PCR products contain-
ing host-virus DNA junctions are cloned, sequenced, and 
mapped to the corresponding genome sequence. Protocols, 
however, differ in terms of initial DNA amounts, digestion 
steps, restriction enzymes, linkers, polymerases, template 
types, and PCR product cloning. 

    32.5.1       Linear Amplification-Mediated PCR 

 In   LAM-PCR (       Schmidt  et al. , 2001, 2002 ), isolated DNA 
is linearly preamplified with biotinylated LTR-specific 
primers. Biotinylated fragments are enriched by the use of 
paramagnetic beads coated with streptavidin, thus binding 
the target DNA to a solid phase. Using random hexanucleo-
tide primers, second strand of the target fragment is syn-
thesized. Resulting double-stranded DNA is digested, then 
an adapter oligonucleotide is ligated to the LTR-distant 
portion of digested fragments. Using linker-specific and 
LTR-specific primers, nested PCR is performed and result-
ing products are cloned and sequenced ( Fig. 32.2c ). LAM-
PCR sensitivity and specificity have been questioned by a 
recent study reporting failure of detection of 30 to 40% of 
the clones in artificially generated mixtures of retrovirally 
marked clones ( Harkey  et al. , 2007 ).  

    32.5.2       Ligation-Mediated PCR 

 In   LM-PCR ( Laufs  et al. , 2003 ), genomic DNA is digested 
with a restriction enzyme, which cuts upstream from the 
LTR in the genomic sequence and in the proviral sequence, 
but not within the LTR region. Fragments containing the 
LTR-genomic DNA junctions are tagged with a biotin-
ylated LTR specific primer. Since the 5 �  and 3 �  LTR have 
identical sequence, two types of fragments are tagged: 
the external band, which contains the unknown flanking 
sequence; and the internal band, which contains only vec-
tor sequence. The biotin-tagged fragments are enriched 
using streptavidin-coated paramagnetic beads. Thus, other 
DNA fragments are removed. 

 In   the next step, an adapter oligonucleotide cassette 
of known sequence is ligated on the LTR-distant end of 
 fragments allowing PCR amplification. To increase the 
specificity and the sensitivity of PCR, a second, nested 

PCR is performed. The resulting PCR products are excised 
from agarose gel, separately cloned following DNA extrac-
tion, and sequenced ( Fig. 32.2d ). Sequences are confirmed 
as integration sites when the following criteria are met: 

      ●      Sequence is flanked by LTR and adapter sequences  
      ●      Sequence is matched uniquely ( � 90% identity) to 

human genome    

 The   LM-PCR method first has been established and 
optimized on transduced HT1080 cell-line clones ( Laufs 
 et al. , 2003 ) obtained by single cell sorting. Therefore, 
two cell-line clones with one integration site each and one 
cell-line clone with two integration sites have been ana-
lyzed. These cell-line clones were mixed together to test 
for the ability to detect multiple clones in one reaction. 
Four different integration sites and one internal band were 
readily co-amplified ( Fig. 32.5   ). These integration sites 
obtained by LM-PCR were confirmed by FISH analysis 
( Table 32.1   ). 

 The   addition of genomic mouse DNA (as background 
DNA) to the sample did not change the results, and nega-
tive controls with mock-transduced mouse DNA produced 
no PCR bands on agarose gel. An additional optimization 
step was the excision of the bands from agarose gel, which 
increased the number of identified integrations. 

 The   LM-PCR method has been performed on trans-
duced human CD34  �   PBPCs, repopulating the bone mar-
row of NOD/SCID mice ( Laufs  et al. , 2003 ). The human 
multidrug resistance 1 ( MDR1 ) gene was transferred into 
human mobilized CD34  �   PBPCs by a Friend mink cell 
focusforming/murine embryonic stem-cell virus-type vec-
tor, the SF1m retroviral vector, carrying the MDR1 gene 
( Baum  et al. , 1995 ). This vector has been shown to medi-
ate high P-glycoprotein ( MDR1  gene product) expression, 
conferring a drug-resistant phenotype in early hematopoi-
etic cells  in vitro  ( Baum  et al. , 1995 ;  Eckert  et al. , 1996 ; 
       Hildinger  et al. , 1998, 1999 ) and permitting sustained trans-
gene expression  in vivo  ( Baum  et al. , 1996 ;  Schiedlmeier 
 et al. , 2000 ). Chimeric mouse bone marrow DNA was 
digested and LM-PCR was performed. An integration 
site library was constructed by cloning the resulting PCR 
products. The cloning procedure allowed sensitive detec-
tion of fragments. Subsequently, the cloned PCR products 
were sequenced to prove the presence of LTR-genomic 
DNA junctions, and up to 32 different clones were identi-
fied from one chimeric bone marrow. Repeated LM-PCR 
using the same chimeric bone marrow DNA resulted in less 
than 10% overlap between two separate LM-PCR analyses, 
pointing to the polyclonality of human hematopoiesis fol-
lowing experimental transplantation. 

 To   investigate the specificity of the method, the LM-
PCR was performed on DNA, isolated from bone marrow of 
three mice that had received transplants of non-transduced 
human CD34   �    cells (mock transduction). The LM-PCR 
product was concentrated and cloned as a whole, omitting 
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procedures in which PCR fragments could get lost. Not a 
single LTR-flanking DNA junction could be identified in 
three mock mice that had received untransduced human 
PBPCs from different transplantation experiments ( Laufs 
 et al. , 2003 ).  

    32.5.3       Exponential Fragment Marking PCR 

 In   order to reduce the starting amount of DNA required to 
perform an LAM-PCR or LM-PCR reaction, highly sensi-
tive EFRAM-PCR was developed. While in LAM-PCR 
and LM-PCR biotin marking is performed prior to adapter 
ligation, in EFRAM-PCR a linker is ligated prior to biotin 
marking. Furthermore, in contrast to LAM-PCR which uses 
linear biotin marking of DNA fragments, and LM-PCR 
where fragments are biotin marked in a one-step amplifica-
tion reaction, target fragments in EFRAM-PCR are simul-
taneously biotin marked and amplified ( Fig. 32.2e ). Thus, 
both sensitivity and specificity increase significantly. As a 
result, 100       ng of starting DNA amount containing 1       ng vector 

transduced DNA and 99       ng untransduced background DNA 
have shown to be sufficient for detection of viral integration 
sites ( Fig. 32.6   ) ( Bozorgmehr  et al. , 2007 ). 

 Sensitivity   and specificity of LM-PCR and EFRAM-
PCR were compared in a study about biosafety of retro-
viral MDR1 gene transfer in a non-human primate model 
with direct relevance to human biology. Mobilized CD34  �   
PBPCs from two rhesus macaques were transduced either 
with the Harvey-based retroviral vector containing the 
 MDR1  gene (HaMDR1) or the neomycin-phosphotrans-
ferase ( NEO R  ) gene as a control (G1Na). Following trans-
duction, cells were autologously transplanted into the 
monkeys ( Sellers  et al. , 2001 ). No evidence for expansion 
of HaMDR1 vector-transduced cells or a myeloproliferative 
disorder had been observed in a one year follow-up ( Sellers 
 et al. , 2001 ). The observation period of one year was pro-
longed up to four years after transplantation. The analysis 
identifying and characterizing specific vector integration 
sites in the genome of mononuclear cells and granulo-
cytes of both monkeys using EFRAM-PCR and LM-PCR 
followed by sequencing of gained products was extended. 
This is the longest study period of  MDR1  transduced cells 
in rhesus macaques or other non-human primates reported 
so far ( Fig. 32.7   ;  Bozorgmehr  et al. , 2007 ). 

 Integrations   could be assigned to be either G1Na or 
HaMDR1 vector integrations due to the fact that both vec-
tors differ in their LTR sequence at position 68 which is 
a thymidine in the HaMDR1 LTR and a cytosine in the 
G1Na LTR. Besides characterizing the integration patterns 
of both the G1Na and HaMDR1 vectors, the risk of inser-
tional mutagenesis was assessed by determining the occur-
rence of integrations in oncogenes. 

 Overall  , 122 integrations were detected ( Bozorgmehr 
 et al. , 2007 ). All 122 detected integration sequences were 
aligned with the human genome using the IntegrationMap 

 FIGURE 32.5          Retroviral integrations detected by LM-PCR. Three SF1m-transduced HT1080 cell-line clones were analyzed. DNA from each clone 
was used in separate reactions (N2, N3, and N4) and mixed together in one reaction (N2/3/4). The internal band (IB) originates from the 3 �  LTR and is 
identical for all SF1m vector-transduced cells. The length and the sequence of each band are shown. The mapping result of the detected human flanking 
sequences is shown as the matched Genbank accession number and as chromosomal localization. (Adapted from  Laufs  et al. , 2003 ; with permission.)    

 TABLE 32.1          Correlation between flanking DNA 
sequences mapped to human chromosomes and 
localization of FISH signals.  

   Cell-line clone  Integration site sequences 
obtained by LM-PCR 

 FISH 
signals 

   N2   12q13    12q14  

   N3   1q41    1q41  

   N4   20q11    20q11  
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tool ( Giordano  et al. , 2007 ). This bioinformatic tool can 
be used on  http://www.gtsg.org . With IntegrationMap, 
valid integration sequences get automatically assigned 
to their genomic location ( Giordano  et al. , 2007 ). Of 122 
integration sequences, 87 were successfully mapped: 72 
integration sequences contained the G1Na vector, while 
the remaining 15 integration sequences contained the 
HaMDR1 vector. Of 87 mapped sequences, 46 integrations 
occurred into RefSeq genes, of which five integrations 
were located in gene loci involved in malignant transfor-
mation of cells. Of those five integrations, three occurred 
with the G1Na vector and two with the HaMDR1 vector. 
The integrations hit the  TIAM1  (T-cell lymphoma invasion 
and metastasis 1) oncogene, the  SKI  (v-ski sarcoma viral 
oncogene homolog) gene, the  MECT1  (mucoepidermoid 
carcinoma translocated 1 isoform) gene, as well as the 
 SIN3A  (transcriptional co-repressor SIN3A) transcription 
regulating gene. In line with reported recurrent integrations 
into the  EVI1  (ecotropic virus integration site 1) and related 
 MDS/EVI1  gene locus in animal models and humans 
( Buonamici  et al. , 2004 ;  Calmels  et al. , 2005 ;  Kustikova 
 et al. , 2005 ;  Du  et al. , 2005 ; Nienhius  et al ., 2006;  Ott 
 et al. , 2006 ;  Deichmann  et al. , 2007 ), integration into the 

 FIGURE 32.6          Agarose gel electrophoresis of PCR products obtained 
with EFRAM-PCR. EFRAM-PCR was performed on serial dilutions of 
the cell-line HT1080 containing 0.1 – 100% retrovirally transduced DNA 
in a background of untransduced DNA. Lane 1 (L1): 0.1       ng vector-trans-
duced DNA and 99.9       ng untransduced background DNA. Lane 2 (L2): 
1       ng vector-transduced DNA and 99       ng untransduced background DNA. 
Lane 3 (L3): 10       ng vector-transduced DNA and 90       ng untransduced back-
ground DNA. Lane 4 (L4): 100       ng vector-transduced DNA. Internal band 
representing internal control of the EFRAM-PCR method and expected 
at 300       bp is visible in L2, L3, and L4. EFRAM-PCR allows detection 
of 1       ng transduced DNA in a background of 99       ng untransduced DNA 
(L2). To confirm specificity of the obtained bands, they were cloned and 
sequenced. Mock controls were negative. M: size marker (numbers denote 
fragment size in kb). C: negative control.    

 FIGURE 32.7          Peripheral blood cells from two rhesus macaques were mobilized and CD34  �   cells were enriched. Obtained cells from both macaques, 
respectively, were split into equal aliquots and transduced either with an  HaMDR1  vector expressing the  MDR1  gene or with a control  NEO  expressing 
vector  G1Na . Before autologous transplantation, animals were conditioned with 5       Gy of total body irradiation. Blood samples were taken at different 
time points, from eight weeks up to four years after transplantation and separated into granulocytes and mononuclear cells. DNA was isolated from both 
cell types. Integration analysis was performed applying LM-PCR or EFRAM-PCR. After integration site identification, cell clones were quantified with 
quantitative real-time PCR.    
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EVI1 proto-oncogene was also found. While Li and cow-
orkers (2002) observed leukemia development in mice 
after integration of a retroviral vector into EVI1, here no 
evidence for retroviral vector or  MDR1 -associated leuke-
mia in both monkeys was observed. 

 To   test whether the number of integrations was equally 
distributed along the chromosomes, a RISC-score (retrovi-
ral insertion site into chromosomes) was calculated ( Laufs 
 et al. , 2004 ). Taking into account the size of the chromo-
somes, the RISC-score compares the observed number of 
integrations (oi) with the statistically expected number of 
integrations (ei) in each chromosome. Expected integration 
counts are computed assuming a discrete uniform distri-
bution of integrations but considering differences in chro-
mosomal size. Considering the total number of mapped 
integration site sequences of 72 for the G1Na vector, 1.4 
integrations (ei) were expected, whereas 5 integrations (oi) 
were observed for chromosome 19. Thus, a significantly 
elevated RISC-score value of 9.0 was determined for G1Na 
integrations into chromosome 19 ( Fig. 32.8   ). 

 To   monitor behavior and kinetics of transduced cells 
after transplantation, the contribution of transduced cells to 
hematopoiesis in one monkey was assessed over the period 
of four years applying a fluorescence-based real-time 
quantitative PCR (QRT-PCR) method subsequent to total 
DNA amplification. Single transduced repopulating cells as 

well as HaMDR1 and G1Na vector amount were followed 
and monitored in a long-term follow-up of four years. 
Compared to earlier studies that analyzed single clones 
in samples taken six or eight weeks after transplantation 
( Nagy  et al. , 2004 ) or the analysis of exclusively one inte-
gration site ( Calmels  et al. , 2005 ), this is the first time that 
single transduced repopulating cells have been followed 
by quantification in a time frame of eight weeks up to four 
years following transplantation. Observed overall contri-
bution of HaMDR1 or G1Na transduced cells was stable 
( Fig. 32.9a   ). Furthermore, contribution of single clones to 
transduced cell fraction and hematopoiesis was low, rang-
ing between 0 and 2.4% to overall transgene-modified 
cell population ( Fig. 32.9b ). Thus, no evidence for clonal 
dominance or proliferative disorder associated to retrovi-
ral or MDR1 transgene vector gene transfer was observed. 
Moreover, no indication of correlation between site of inte-
gration, clone size, or vector type was determined.   

    32.6       CONCLUSIONS 

 For   a long time, retroviral vector integration was sup-
posed to be random. However, MLV-based vector studies 
reported preferential vector integrations into genes, near 
transcription start sites of active genes, SINEs, and LINEs 

 FIGURE 32.8          Schematic distribution of retroviral vector integrations into chromosomes of retrovirally transduced rhesus macaque mononuclear cells 
and granulocytes. RISC-score ( r etroviral  i ntegration e s timate into  c hromosome) is defined from observed integrations (oi) and expected integrations (ei). 
For calculating the expected integrations, the chromosome size and completed human genome sequences (EMBL genome monitoring table,  http://www.
ebi.ac.uk/genomes/mot ) are taken into account. In case of non-preferential integration, an RISC-score of 0 would be expected. For chromosomes 19 a 
much higher RISC-score is obtained than for the other chromosomes. Results based on the human genome sequencing status from 10/24/2002.    
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( Wu  et al. , 2003 ;  Laufs  et al. , 2003, 2004 ;  Hematti  et al. , 
2004 ;  Mitchell  et al. , 2004 ;  Schroder  et al. , 2002 ;  Holmes-
Son  et al. , 2001 ;  Kitamura  et al. , 1992 ;  Weidhaas  et al. , 
2000 ;  Deichmann  et al. , 2007 ). Furthermore, the presence 
of DNA binding proteins, chromatin structure of DNA 
and cellular targeting proteins that affect DNA accessibil-
ity ( Bushman  et al. , 2005 ;  Wu  et al. , 2005 ) have shown 
to influence integration target site of retroviral vectors. In 
fact, besides increased frequency of integrations into chro-
mosome 19 in transplanted rhesus macaques, significantly 
increased frequency of vector integrations into chromo-
somes 19 and 17 ( Fig. 32.8 ) and into specific regions of 
chromosomes 6, 13, and 16 were also observed, following 
integration analysis in immune-deficient mice. Here, ani-
mals were transplanted with multiple transduced human 
PBPCs. After LM-PCR and sequencing of retroviral vector 
integration sites, 141 proviral inserts were unambiguously 
mapped to the human genome. These findings, reported by 
Laufs and coworkers (2003), revealed for the first time that 
retroviral vector integration into human marrow repopulat-
ing cells can be non-random ( P   �  0.00037). On chromo-
some 17 and chromosome 19, ten and nine integrations 
resulting from three donors were found, respectively, and 
three integrations were expected for both chromosomes 
when the chromosome size and completed human genome 
sequences (EMBL genome monitoring table,  http://www.
ebi.ac.uk/genomes/mot/ ) were taken into account. 

 Besides   non-random retroviral vector integration into 
host genome, the risk of retroviral vector-induced muta-
genesis has been underestimated. Initially, the risk of inser-
tional mutagenesis caused when genes involved in critical 

cellular functions were disrupted or activated by insertion 
of the vector into the genome was supposed to be low rang-
ing between 10  � 6  and 10  � 8  per insertion event ( Stocking 
 et al. , 1993 ). However, this risk has recently been consid-
ered to be much higher: transforming insertion event fre-
quency in a 10       kb diameter of a potential proto-oncogene 
is now estimated to range between 10  � 2  and 10  � 3  ( Baum 
 et al. , 2003 ). Activation of proto-oncogenes or disruption 
of tumor-suppressor genes by a retroviral vector and sub-
sequent leukemia development are actually known com-
plications of retrovirus-mediated gene transfer. However, 
no evidence of abnormal events and insertional mutagen-
esis was observed in several retroviral gene transfer stud-
ies including humans, mice, dogs, or non-human primates 
( Kohn  et al. , 2003 ;  Bunting  et al. , 1999 ;        Kiem  et al. , 1998, 
2004 ), although in one animal model insertion of a retro-
viral vector contributed to malignancy ( Li  et al. , 2002 ). 
Following sequential transplantation of retroviral-marked 
HSCs leukemic transformation and hematopoietic disor-
der development was observed. Molecular analysis showed 
that in all diseased mice the retroviral vector had integrated 
in the first exon of the  EVI1  oncogene (ecotropic viral inte-
gration site1) encoding for a transcription factor, probably 
leading to its activation ( Li  et al. , 2002 ;  Baum  et al. , 2003 ; 
 Nienhuis  et al. , 2006 ). In normal hematopoietic cells, EVI1 
expression is not detected but its activation is associated 
with the development of aggressive myeloid leukemia 
( Buonamici  et al. , 2004 ). 

 Also   in humans biosafety and applicability of retro-
viral gene transfer have been dramatically questioned. 
Insertional mutagenesis occurred in the first clinical gene 

 FIGURE 32.9          A. Contribution of total  HaMDR1  (A1) and  G1Na  (A2) vector-transduced cells in granulocytes (gray) and mononuclear cells (black) of 
a rhesus macaque measured via quantitative real-time PCR in samples eight weeks up to four years after transplantation ( G1Na  clone quantification at 
time point week 8 after transplantation in granulocytes not shown).  B.  Contribution of single clones to transgene modified DNA. Two  G1Na  clones (B1 
and B2) were quantified via QRT-PCR in DNA samples of granulocytes collected 46 weeks, 50 weeks and four years after transplantation of a rhesus 
macaque. Size of single clones referring the transgene-modified population displayed in percent.    
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therapy trial in 1999 where retroviral vectors were used 
to treat patients suffering from SCID ( Cavazzana-Calvo 
 et al. , 2000 ). Treatment was successful in many patients, 
but three children developed a T-cell lymphoproliferative 
disorder; insertional mutagenesis due to integration in or 
near the LMO2 oncogene was blamed for this ( Hacein-
Bey-Abina  et al. , 2003 ; Fischer and Cavazzana-Calvo, 
2005). Furthermore, a fatal myeloid malignancy in one of 
seven rhesus macaques that had been transplanted with 
retrovirally transduced autologous CD34  �   cells has been 
reported five years after transplantation ( Seggewiss  et al. , 
2006 ). Dominance of single HSC clones following retro-
viral gene transfer without development of leukemia has 
been observed in several studies: in mice enhanced survival 
and clonal dominance of HSCs due to insertions follow-
ing retroviral gene transfer was observed ( Du  et al. , 2005 ; 
 Kustikova  et al. , 2005 ). In non-human primates, growth or 
survival advantages were determined for retrovirally trans-
duced CD34  �   cells that displayed insertion into the MDS/
EVI1 gene region ( Calmels  et al. , 2005 ), an alternative iso-
form of the  EVI1  gene locus ( Buonamici  et al. , 2004 ). With 
14 MDS/EVI1 integrations in granulocytes of nine animals, 
integration into this locus was overrepresented ( Calmels 
 et al. , 2005 ). In addition, two patients with CGD success-
fully treated by gene therapy have shown clonal dominance 
with integrations in the MDS/EVI1, and related PRDM16 
gene which is also termed MEL1 (MDS1/EVI1-like gene) 
( Ott  et al. , 2006 ). 

 All   these events associated with retroviral gene trans-
fer highlight the need for the above described methods to 
characterize vector integration sites in individual stem cells 
and their progeny in order to ensure biosafety of retroviral 
vectors. Therefore, highly sensitive and specific integration 
analyzing methods such as LM-PCR or EFRAM-PCR and 
sequencing of retroviral vector integration sites are indis-
pensable tools. 

 Following   integration analysis, bioinformatic tools such 
as IntegrationMap and IntegrationSeq (also accessible on 
 http://www.gtsg.org ) are highly valuable since they ena-
ble fast large-scale mapping of integration site sequences 
and standardized comparison of generated data. While 
IntegrationSeq trims and processes sequences yielded via 
molecular biology methods such as LM-PCR or EFRAM-
PCR, IntegrationMap enables automatic genomic mapping 
since it first runs a BLAST search against the RefSeq_
mRNA database to identify exon integrations. Mapping to 
specific chromosomes is yielded by a MEGABLAST anal-
ysis. The output of IntegrationMap contains information 
about chromosomal localization of integrations, the exact 
localization about the transcriptional unit (exon/intron 
number), and information about several parameters like the 
distance from adjacent transcription start sites, next repeti-
tive elements (e.g. short interspersed nucleotide elements 
(SINE), long interspersed elements (LINE), simple repeats, 
LTR elements), or next CpG-Islands. Both tasks have been 

validated and demonstrated reliability and efficiency. Two 
hundred and fifty-nine raw sequences obtained from inte-
gration-site analysis were processed via IntegrationSeq, 
further processed with the IntegrationMap task, and com-
pared to conventional analysis. Use of IntegrationSeq and 
IntegrationMap revealed higher sensitivity and specificity, 
and results were calculated 15 times faster than using con-
ventional manual analysis. IntegrationMap output files dis-
played 99.8% identity with results gained by much slower 
conventional mapping methods using the ENSEMBL align-
ment tool ( Giordano  et al. , 2007; Appelt  et al. , 2009 ). 

 Moreover  , RISC-score calculation is highly help-
ful to assess safety of current preclinical or clinical stem 
cell gene therapy protocols. A data bank project  “ retrovi-
ral insertion estimate of chromosomal integration ”  (RISC) 
has been set up to recognize critical genomic regions and 
genes involved with possible transforming capacity. Such 
data collections will allow further safety-type studies and 
monitoring that are needed to restore confidence in clinical 
trials involving integrating vectors.  
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 Chapter 33 

    33.1       WHAT IS PREIMPLANTATION 
GENETIC DIAGNOSIS? 

 Preimplantation   genetic diagnosis (PGD) is an alternative 
to prenatal diagnosis. Oocytes or preimplantation embryos 
are obtained  in vitro  and are genetically analyzed, after 
which only those embryos that are judged to be free of the 
genetic defect under consideration are transferred. To this 
end, polar bodies are removed from oocytes, blastomeres 
(at the cleavage stage), or trophectoderm cells (at the blas-
tocyst stage) are removed from preimplantation embryos, 
and these cells are used for genetic diagnosis. The main 
advantage is the circumvention of therapeutic abortion for 
a genetic disease; the main disadvantage is the require-
ment of  in vitro  fertilization. The first report on PGD was 
by  Handyside and coworkers (1990)  and described the sex-
ing of embryos in families who were at risk of X-linked 
disease. The sex of the embryos was established using 
polymerase chain reaction (PCR) of repetitive Y-sequences, 
and resulted in two pregnancies and the birth of healthy 
female babies. 

 Initially  , PGD was developed to help couples at risk for 
monogenic diseases. The only technique available to ana-
lyze single cells (polar bodies or blastomeres) was PCR, 
which was used either to sex the embryos ( Handyside 
 et al. , 1990 ) or to detect specific mutations such as the 
p.F508del mutation in cystic fibrosis ( Handyside  et al. , 
1992 ;  Verlinsky  et al. , 1992 ). Later, fluorescent  in situ  
hybridization (FISH; see also Chapter 10)   was downscaled 
to the single-cell level ( Griffin  et al. , 1992 ) and this opened 
possibilities to analyze embryos at the chromosomal level: 
again, either for sexing ( Harper  et al. , 1994 ) or for chro-
mosomal aberrations, such as Robertsonian or reciprocal 
translocations ( Conn  et al. , 1999 ), or, finally, for aneu-
ploidy screening ( Verlinsky and Kuliev, 1996 ). 

 Guidelines   for best practice have been drawn up by the 
European Society for Human Reproduction and Embryology 
(ESHRE) PGD Consortium and by the Preimplantation 

Genetic Diagnosis International Society (PGDIS) ( Thornhill 
 et al. , 2005 ;        PGDIS, 2004, 2008 ).  

    33.2       INDICATIONS FOR PGD 

    33.2.1       Monogenic Diseases 

 Not   surprisingly, most PGD cycles for monogenic diseases 
have been performed for the most frequent monogenic dis-
eases. These are also more or less the monogenic diseases 
for which most prenatal diagnoses are performed. Cystic 
fibrosis (CF) was the first monogenic disease for which a 
specific diagnosis at the single-cell level was performed, 
analyzing the most frequent p.F508del mutation ( Handyside 
 et al. , 1992 ), and several reports using slightly different 
approaches have been published since ( Verlinsky  et al. , 
1992 ;  Liu  et al. , 1994 ;  Moutou and Viville, 1999 ;  Goossens 
 et al. , 2000 ). More recently, multiplex approaches designed 
for analysis of single cells, and analyzing a CF muta-
tion with one or more linked markers ( Strom  et al. , 1998 ; 
 Moutou  et al. , 2002 ;  Goossens  et al. , 2003 ), or a panel of 
linked markers, have been described ( Dreesen  et al. , 2000 ; 
 Eftedal  et al. , 2001 ;  Vrettou  et al. , 2002 ). Similarly, strat-
egies have been developed for PGD for spinal muscular 
atrophy, both based on analysis of the most prevalent muta-
tion (a large deletion encompassing several exons,  Dreesen 
 et al. , 1998 ;  Fallon  et al. , 1999 ;  Moutou  et al. , 2001 ) and 
on the multiplex analysis of the mutation and linked mark-
ers ( Moutou  et al. , 2003 ;  Girardet  et al. , 2007 ). 

 Mutations   in the  β -globin gene, both leading to sickle 
cell disease (SCD) and  β -thalassemia, have received con-
siderable attention from the PGD community, because of 
their high frequency in certain populations ( Patrinos  et al. , 
2004 ). Because so many different mutations can be found 
in the  β -globin gene (only one of them leading to SCD, the 
others leading to various types of  β -thalassemia;  Hardison 
 et al. , 2002 ), the strategies developed for PGD are different, 
for example, from spinal muscular atrophy and aim to detect 
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as many different mutations as possible with the same 
assay. Examples of this are given by  Xu and coworkers 
(1999) , on PGD for SCD;  Vrettou and coworkers (1999) , 
using DGGE for PGD for  β -thalassemia;  Kuliev and cow-
orkers (1999) , on polar body biopsy for PGD for  β -tha-
lassemia;  De Rycke and coworkers (2001) , on PGD for 
SCD and  β -thalassemia using fluorescent PCR;  Jiao and 
coworkers (2003) , using primer-extension preamplifica-
tion (PEP), followed by nested PCR and reverse dot-blot 
for PGD for  β -thalassemia;  Vrettou and coworkers (2004)  
on real-time PCR for PGD for SCD and  β -thalassemia; and 
the more recent multiple displacement amplification tech-
nique by  Hellani and coworkers (2004) . 

 Patients   at risk of transmitting an autosomal dominant 
disease have always been particularly interested in PGD 
because of the high recurrence risk. Examples of this 
abound in the literature, and again the more frequent 
diseases have received the most attention. The authors 
( Sermon  et al. , 1999a ;  Spits  et al. , 2006a ) and others 
( Harton  et al. , 1996 ;  Blaszczyk  et al. , 1998 ;  Lled ó   et al. , 
2006 ) have described several different approaches for 
Marfan’s disease. PGD for diseases caused by dynamic 
mutations have also been reported. Noteworthy here 
are myotonic dystrophy type 1 (DM1;        Sermon  et al. , 
1998a, 2001 ;  Piyamongkol  et al ., 2001 ;  Dean  et al. , 
2001 ;  Kakourou  et al. , 2008 ) and Huntington’s disease 
(       Sermon  et al. , 1998a, 2001 ;  Stern  et al. , 2002 ;  Moutou 
 et al. , 2004 ). 

 Sexing   with FISH has been most frequently used for 
X-linked diseases such as Duchenne’s muscular dystro-
phy, hemophilia A and B, retinitis pigmentosa, and others 
( Staessen  et al. , 1999 ), but more and more specific DNA 
diagnoses have been developed and used. The advantages 
of a specific DNA diagnosis are important: first, healthy 
male embryos are not discarded and second, female carri-
ers can be identified and, according to the patient’s wishes 
and the center’s policy, are then not selected for transfer. 
Examples of tests developed for the specific diagnosis of 
an X-linked disease are given by  Hussey and cowork-
ers (1999) ,  Ray and coworkers (2001) , and  Girardet and 
coworkers (2003)  for Duchenne’s muscular dystrophy. 
 Sermon and coworkers (1999b)  and  Apessos and coworkers 
(2001)  described protocols for PGD for Fragile-X syndrome. 
Because girls who are carriers of Fragile-X can be affected, 
only a specific DNA analysis can be used for PGD. 

 PGD   is currently available for a large number of 
monogenic diseases and has lately also been applied for 
indications for which prenatal diagnosis is ethically dif-
ficult, such as late-onset diseases and (cancer) predisposi-
tion syndromes ( Verlinsky  et al. , 2001 ;  Spits  et al. , 2007 ). 
Another more recent indication involves human leukocyte 
antigen (HLA) typing of preimplantation embryos to select 
an embryo that is HLA compatible with an affected sib-
ling. At birth, hematopoietic stem cells, collected from the 
umbilical cord blood, can be used to transplant to the sick 

child. HLA typing is carried out in cases of leukemias and 
anemias or it is combined with the detection of mutations 
underlying immunodeficiencies and hemoglobin disorders 
( Kuliev  et al. , 2005 ;  Verlinsky  et al. , 2007 ).  

    33.2.2       Chromosomal Aberrations 

 Reciprocal   translocations are characterized by the exchange 
of fragments between chromosomes, whereas in Robertsonian 
translocations a whole acrocentric chromosome is translo-
cated to another one through centromeric fusion. Carriers of 
these balanced translocations have a normal phenotype but 
are at risk of having children with congenital anomalies and 
mental retardation due to chromosomal imbalances or more 
frequently suffer from recurrent miscarriages or infertility 
(especially if the male is a carrier). This explains the large 
interest this group of patients has shown for PGD. The first 
reports ( Munn é   et al. , 1998 ;  Iwarsson  et al. , 1998 ) described 
the use of probes that were custom designed for one specific 
translocation usually occurring in only one family, which 
is why the application of this approach remained limited. 
However, it was only since the widespread availability of 
fluorescent probes in different colors ( Conn  et al. , 1999 ;  Van 
Assche  et al. , 1999 ;  Coonen  et al. , 2000 ) that it has been pos-
sible to propose PGD to these patients in more than a handful 
of highly specialized centers. Examples of reports on larger 
series are those by  Munn é  and coworkers (2000) ,  Durban and 
coworkers (2001) , and  Pickering and coworkers (2003) .  

    33.2.3       Aneuploidy Screening 

 It   has been a well-established fact that human embryos 
carry cytogenetic abnormalities in high proportions: using 
classical karyotyping to investigate embryos, between 23% 
and 80% of embryos were found to be aneuploid, the lat-
ter number found in embryos of poor quality ( Zenzes and 
Casper, 1992 ;  Pellestor  et al. , 1994 ). More detailed infor-
mation has become available after the advent of FISH. 
Earlier reports by  Delhanty and coworkers (1993) ,  Munn é  
and coworkers (1993) , and  Harper and coworkers (1995)  
showed a whole range of abnormalities, such as mono-
somies, trisomies, triploidies, and combined abnormalities. 
These authors also reported that 70% of the embryos ana-
lyzed were developing abnormally, even if only five chro-
mosomes (X, Y, 13, 18, and 21) were analyzed. 

 In   another report on a large number of non-viable cleav-
age stage embryos,  Marquez and coworkers (2000)  could 
show that aneuploidy (from 1.4% in patients between 
20 and 34 years to 52.4% in patients between 40 and 47) 
increases with maternal age, and polyploidy and mosaicism 
is related to poor embryo morphology. Several authors sug-
gested that, considering the high rate of abnormalities in 
preimplantation embryos, together with the higher risk for 
fetal aneuploidy at an advanced maternal age and the fact 
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that 50% to 60% of all spontaneous abortions from clini-
cally recognized pregnancies carry an abnormal karyotype 
( Bou é   et al. , 1985 ), embryo selection based on chromosome 
complement would improve  in vitro  fertilization (IVF) 
results in groups of patients with poor outcome, as well as 
avoid the birth of babies with chromosomal defects. The 
obvious patient groups or cases for whom PGD-aneuploidy 
screening (PGD-AS) could be beneficial are those with 
advanced maternal age (AMA) ( Verlinsky  et al. , 1999 ; 
 Munn é   et al. , 2003a ), repetitive implantation failure after 
IVF ( Gianaroli  et al. , 1999 ), and recurrent miscarriage not 
due to translocations ( Wilton, 2002 ;  Rubio  et al. , 2003 ). 

 Comparative   genomic hybridization (CGH, section 
33.3.4.2; see also Chapter 12)   ( Voullaire  et al. , 2000 ;  Wells 
and Delhanty, 2000 ;  Wilton  et al. , 2001 ;  Wells  et al. , 2002 ) 
has been used in PGD-AS: the important advantage of CGH 
over FISH is that a whole karyotype is obtained. In this way, 
abnormalities are found in embryos, which would have been 
missed by FISH.  Wilton and coworkers (2003)  estimate 
that FISH for five or nine chromosomes would have missed 
38% and 25% of the abnormal blastomeres, respectively. 
However, the complexity of the CGH, as well as the time 
currently needed to obtain a karyotype (five days), explains 
why for the time being CGH is not as widely applied as 
FISH. PGD, combined with aneuploidy screening (PGD-
AS) using FISH, has now become widely applied in the 
patient groups mentioned earlier, because of the relative 
ease of the technique and the large potential patient group. 
However, the evaluation of the benefit of these treatments 
awaits the results of large prospective randomized control-
led trials (RCT), because the PGD-AS data in these stud-
ies are not compared to a suitable control group ( Wilton, 
2002 ). Three RCTs have been performed for AMA and 
found no differences or even lower live birth rates when 
comparing PGS-treated patients with control IVF patients 
( Staessen  et al. , 2004 ;  Stevens  et al. , 2004 ;  Mastenbroek 
 et al. , 2007 ). But then again, a flaw in design or execution 
could be brought forward for each of these studies. Another 
recent RCT of blastocyst biopsy followed by PGS using 5-
color FISH versus no biopsy in young and infertile women 
showed no difference in live birth rate ( Jansen  et al. , 2008 ). 
Large multicenter, randomized well-designed and well-
executed studies are currently set up and will allow future 
evaluation of the efficiency of PGD-AS and delineation of 
patient groups who will most benefit from PGD-AS ( Harper 
 et al. , 2008b ).   

    33.3       TECHNOLOGIES USED IN PGD 

    33.3.1       Assisted Reproductive Technology 

 The   assisted reproductive technology (ART) used to obtain 
embryos for PGD will only briefly be outlined, as it lies 
mostly outside the scope of this chapter. 

 The   first step in a PGD cycle, as in many ART, is con-
trolled ovarian hyperstimulation (COH), aimed at obtain-
ing a large cohort of mature oocytes. Although there is a 
tendency in regular IVF to apply milder stimulation pro-
tocols to reduce the number of oocytes in order to obtain 
better quality oocytes and to prevent multiple pregnancies 
( Macklon and Fauser, 2000 ;  Baart  et al. , 2007 ), in PGD a 
large number of oocytes are still required because many 
embryos will be deemed untransferable because they are 
affected or carry important aneuploidies ( Vandervorst  
et al. , 1998 ). COH is carried out in an agonist protocol, 
using gonadotrophin releasing hormone analogs combined 
with human menopausal gonadotrophins (hMG) or recom-
binant folicle stimulating hormone (FSH), or an antagonist 
protocol using recombinant FSH combined with GnRHa 
according to the patient’s profile (age, body mass index 
(BMI)) and/or previous response to ovarian stimulation. 
When blood hormone and ultrasound monitoring show that 
a sufficient number of mature oocytes are present, an injec-
tion of human chorionic gonadotrophin (hCG) is given to 
induce ovulation ( Kolibianakis  et al. , 2004 ). Follicles can 
then be punctured transvaginally and under ultrasound 
guidance, and oocytes are aspirated. 

 Intracytoplasmic   sperm injection (ICSI) is usually 
preferred over regular IVF, regardless of the sperm qual-
ity, because the presence of sperm stuck to the zona pel-
lucida (ZP) after IVF represents an important source of 
contamination when PCR is used for diagnosis ( Liebaers 
 et al. , 1998 ). The aspirated oocytes are first denuded of 
the surrounding granulosa cells, either through enzymatic 
(hyaluronidase) or mechanical (aspiration in and out of a 
pipette with a small diameter) means, or a combination of 
both. Concurrently, sperm is washed and prepared for ICSI. 
During ICSI, the oocyte is held in a holding pipette at nine 
o’clock, while the sperm is injected with a fine injection 
pipette at three o’clock ( Joris  et al. , 1998 ). 

 After   about 16 hours in culture, normal fertilization 
can be observed if two pronuclei and two polar bodies are 
present. Nowadays, embryo culture media are complex 
systems, with special formulations adapted for each step in 
the embryo’s development. Fertilization, early development 
(up to day 3), and development to blastocyst are performed 
in different formulations. Several of these so-called sequen-
tial media are now commercially available ( Schoolcraft and 
Gardner, 2001 ).  

    33.3.2       Biopsy Techniques: Pros and Cons 

    33.3.2.1       Polar Body Biopsy 

 Just   before fertilization, a normal oocyte is at the met-
aphase II stage of the meiosis; that is, it has extruded the 
first polar body (PBI). The second polar body (PBII) is then 
extruded after normal fertilization. These two PBs have no 
further function in the embryonic development, and can 
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thus be retrieved for analysis. The genetic content of the 
oocyte is the mirror image of the genetic content of the 
polar bodies and can thus indirectly be deduced (       Verlinsky 
 et al. , 1992, 1999 ). The advantages of PB biopsy are self-
evident: the embryo proper is not disturbed and there are 
thus no detrimental effects of the decrease of embryonic 
mass as in blastomere biopsy. Ethics is another important 
argument. Indeed, it is possible to biopsy and analyze the 
two PBs before syngamy of the male and female pronu-
cleus, before what is legally regarded in several countries 
(e.g. Germany) as the beginning of life. A third advantage 
advanced by the proponents of PB biopsy, but which has 
failed to convince the authors, is that the difficulties raised 
by mosaicism in the embryo are avoided. The validity of 
this argument depends on the importance imparted on the 
presence of mosaicism. The important disadvantages have 
led most centers to prefer cleavage stage embryo biopsy. 
First, only the maternal contribution is analyzed, thus the 
technique is not applicable in autosomal dominant diseases 
or translocations where the father is the carrier. It is also 
not applicable for sexing. Second, if the analysis is to be 
finished before syngamy, it leaves very little time to com-
plete the diagnosis. Conversely, if ethics are not an issue, 
more time is available for analysis than in cleavage stage 
biopsy (see section 33.3.2.2). 

 Technically  , PB biopsy is quite straightforward. The 
ZP is breached using either mechanical slitting with a fine 
needle or laser technology. The chemical breaching of the 
ZP is not a valid alternative as the Acidic Tyrode’s solution 
used for this purpose damages the oocyte. After hatching, 
a small diameter pipette is introduced into the hole and the 
two polar bodies are removed ( Verlinsky  et al. , 1999 ). If 
a FISH analysis is to be performed (for translocations or 
PGD-AS), then the two PBs can be removed in one opera-
tion because FISH analysis will reveal which cell is PBI 
and which is PBII. However, if analysis at the DNA level 
is carried out, then it is mandatory to biopsy the PBI before 
fertilization and the PBII after fertilization, to be able to 
follow the segregation of the respective alleles in oocyte 
and PBs ( Rechitsky  et al. , 1999 ).  

    33.3.2.2       Cleavage Stage Biopsy 

 Cleavage   stage biopsy is the most widely spread technique 
for obtaining embryonic material for PGD ( Sermon  et al. , 
2005 ). One or two blastomeres are biopsied on the morn-
ing of day 3 when the embryo is normally at the eight-cell 
stage. Since human embryos have a quite erratic cleav-
age pattern, some embryos will be arrested at the four-cell 
stage, whereas others will be retarded and will have reached 
only the six-cell stage, and still others will have a lead and 
will have reached the ten-cell stage. Compaction has not 
occurred yet in most embryos and it is assumed that all 
cells are still totipotent. It is still not known whether and 
to what extent the random removal of one or two nucleated 

cells harms embryonic development and implantation 
potential. Some studies seem to indicate that good quality 
embryos easily recover from the removal of one quarter of 
their cell mass ( Van de Velde  et al. , 2000 ;  Parriego  et al. , 
2003 ).  Goossens and coworkers (2008)  carried out a pro-
spective randomized study assessing the influence of one-
cell biopsy versus two-cell biopsy on diagnostic efficiency 
and accuracy as well as on embryonic development and live 
birth rate. The diagnostic efficiency for FISH PGD cycles 
was similar in the one-cell and the two-cell biopsy group, 
but for PCR PGD cycles, a significant lower diagnostic effi-
ciency was demonstrated after one cell removal. However, 
this did not influence the transfer rates; an important reason 
being that the majority of embryos remaining without diag-
nosis were embryos of inferior quality (embryo quality as 
based on morphology), yielding failure in PCR amplifica-
tion and with limited contribution to a good quality embryo 
transfer ( Goossens  et al. , 2008 ). The removal of one blast-
omere at day 3 was less invasive than two-cell removal with 
respect to day 5 embryonic developmental competence. 
However, the day 3 developmental stage was a stronger 
predictor for further  in vitro  development. In other words, a 
good quality embryo on day 3 has a higher chance of reach-
ing the blastocyst stage on day 5, while a six-cell embryo 
on day 3 mainly arrests or becomes a moderate or poor 
quality embryo on day 5. Despite significant differences 
for post-biopsy  in vitro  development, the data show that 
the live birth rate per started cycle is not significantly dif-
ferent after two-cell biopsy than after one-cell biopsy. The 
data reveal an absolute difference in live birth rate of 3%. 
Taken together with their findings that for PCR the false 
positive rate was not higher in the case of one-cell biopsy 
and that for the FISH cycles the false positive rate was not 
significantly different if the diagnosis was based on one-cell 
versus two-cell analysis ( Michiels  et al. , 2006 ), the authors 
recommended removal of one cell whenever an accurate 
diagnosis method is in place ( Goossens  et al. , 2008 ). 

 Several   techniques have been used to breach the ZP 
and to make the blastomeres accessible. The ZP can be 
opened mechanically, as for PB biopsy. Usually, two per-
pendicular slits are made with a needle, giving rise to flaps 
in the ZP that can be lifted to allow the introduction of the 
biopsy pipette ( Cieslak  et al. , 1999 ). The chemical opening 
is another method. A thin stream of Acidic Tyrode’s (AT) 
solution (pH 2.2) is applied with a drilling pipette of about 
10 – 12       mm to the ZP to dissolve it. This technique requires 
some skill, as the AT can lyse the cells immediately under 
the ZP. Nowadays, the opening of the ZP using a non-
contact diode infrared laser is the most widespread method. 
Two or exceptionally three pulses of 5 – 8       msec and with a 
wavelength of 1.48       mm are applied at a safe distance (more 
than 8       mm from the nearest blastomere;  De Vos and Van 
Steirteghem, 2001 ).  Joris and coworkers (2003)  have found 
that the number of cells lysed after ZP hatching is reduced 
significantly using the laser as compared to AT, and that 
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the time needed to biopsy the cell(s) is also reduced sig-
nificantly. Moreover, the laser does not have a detrimental 
effect on the further development of the embryos. 

 At   about the eight-cell stage, embryos start compaction; 
that is, the cell-to-cell adhesions increase and the cell bounda-
ries become indistinguishable, a process that is completed at 
the morula stage. Especially with the introduction of the use of 
sequential media, more embryos are at the compacted stage at 
the moment of biopsy and this can lead to important difficul-
ties to retrieve one or two cells without cell lysis. It was shown 
by  Dumoulin and coworkers (1998)  that the use of Ca  �  �   and 
Mg  �  �  -free medium to decompact the embryos did not have 
a detrimental effect on the development of the embryo. This 
is why most centers performing PGD at the cleavage stage 
incubate the embryos in Ca  �  �   and Mg  �  �  -free medium, either 
only before biopsy, or during the whole biopsy procedure 
( ESHRE PGD Consortium Steering Committee, 2002 ). 

 For   the biopsy itself, several techniques have been 
developed and applied with changing success. Biopsy by 
flow displacement (where a flow of fluid is applied through 
one opening in the ZP to release the blastomere through 
another hole) or extrusion (where pressure is applied to 
the embryo to push a blastomere through the opening in 
the ZP) is just mentioned for completeness. The most 
widely used method is described extensively in  Joris and 

 coworkers (2003) . The embryo is held with a holding 
pipette (100       mm outer, 25 – 30       mm inner diameter) through 
the application of a slight negative pressure. A blunt biopsy 
pipette (inner diameter of 35 – 40       mm) is introduced through 
the hole in the ZP and the blastomere is gently aspirated. 
The blastomere is usually not aspirated completely into the 
pipette, but is  “ grabbed ”  partially and pulled through the 
hole in the ZP (see  Fig. 33.1   ).  

    33.3.2.3       Blastocyst Biopsy 

 Trophectoderm   (TE) biopsy is an emerging approach in 
PGD. The feasibility of trophectoderm biopsy was first 
shown by  Dokras and coworkers (1990) . The use of non-
contact laser facilitated TE biopsy ( Veiga  et al. , 1997 ) and 
successful clinical applications followed, showing that 
this approach is compatible with implantation and normal 
development ( de Boer  et al. , 2004 ;  Kokkali  et al. , 2005 ). 
Preliminary comparisons even suggest that TE biopsy may 
yield substantially higher implantation and live birth rates 
than cleavage stage biopsy ( McArthur  et al. , 2005 ;  Kokkali 
 et al. , 2007 ). Many of the PGD cycles with TE biopsy have 
been published by the Sydney IVF center; their latest report 
further confirms that TE biopsy may be more advantageous 
than cleavage stage biopsy ( McArthur  et al. , 2008 ). 

 FIGURE 33.1          Example of an embryo biopsy. Panel  A.  Shows the hole in the ZP after application of the laser for ZP hatching. Panel  B.  Shows how one 
blastomere is gently aspirated outside the embryo. Panel  C.  Shows two biopsied blastomeres with a clear nucleus.    



Molecular Diagnostics490

 Technically  , TE biopsy involves two steps: on day 3 or 
4 an opening is made in the ZP by laser, directly opposite 
the ICM, allowing the TE to herniate from the zona at blas-
tulation. At day 5 or 6, 4 – 20 herniating TE cells are aspi-
rated in a biopsy pipette and dissected from the embryo 
by laser, leaving the ICM from which the fetus develops 
intact and removing only 10 – 20% of total blastocyst mass. 
This is an advantage compared to cleavage stage biopsy; 
another advantage of blastocyst biopsy compared to PB and 
cleavage stage biopsy is that multiple cells are available 
for genetic testing, which may improve diagnostic accu-
racy. The main disadvantage is the limited time left for 
genetic analysis and the fact that fewer blastocysts (one-
half to one-third of cleavage stage embryos) can be biop-
sied, which may restrict the success rate of PGD for some 
couples.   

    33.3.3       PGD for Monogenic Diseases 

    33.3.3.1       Single-Cell PCR: Pitfalls and Their 
Solution 

 PCR  , conceived by Kary Mullis in 1983, allows for the 
exponential amplification of a particular sequence from a 
DNA sample. PCR applications are widely used in molec-
ular biology, including PGD where it can generate mil-
lions of copies of the region of interest starting from one 
or just two DNA molecules. Since the first report on PGD, 
the methods of analysis of the PCR products have evolved 
from electrophoresis on simple agarose gels ( Handyside 
 et al. , 1990 ), over fragment analysis on automated sequencers 
( Sermon  et al. , 1998b ), to minisequencing ( Fiorentino 
 et al. , 2003 ), and real-time PCR ( Rice  et al. , 2002 ). 
Although the refinement of the analysis methods has 
increased the efficiency and accuracy tremendously, there 
are still a number of pitfalls that are inherent to single-cell 
PCR and that still cause incorrect diagnosis. These are: 

      ●      The (lack of) specificity of the PCR,  
      ●      Contamination with DNA extraneous to the analyzed 

cell, and  
      ●      Allele drop-out    

    33.3.3.1.1   Specificity of the PCR 

 From   one or two DNA template molecules, it takes about 
50 to 60 PCR cycles to visualize the PCR product on simple 
ethidium bromide-stained agarose gels. However, a-specific 
products and smears appear long before that, because Taq 
DNA polymerase incorporates mistakes during the elon-
gation step. This problem was solved in the early 1990s 
with the introduction of nested PCR ( Holding and Monk, 
1989 ). In this method, a first PCR round is performed, fol-
lowed by a second PCR round in which a small amount 
of the first round PCR product serves as a template, and 
primers are used to amplify a fragment inside the first 

fragment. A-specific fragments are thus not amplified in 
the second PCR round, and a clear, pure PCR product is 
obtained. 

 Later  , the number of PCR cycles necessary to obtain suf-
ficient PCR product for analysis was significantly reduced 
with the introduction of fluorescent PCR. Fluorescent 
PCR products are obtained using one fluorescently labeled 
primer, after which the fragments are analyzed on an auto-
mated sequencer. Not only is this method much more sen-
sitive than the ethidium bromide staining (approximately 
1,000-fold), but the resolution of fragments, up to 1 base, is 
also much better ( Lissens and Sermon, 1997 ). 

 The   introduction of DNA polymerases, with a high 
proofreading activity and/or highly suited for multiplex 
PCR, has reduced the number of cycles necessary for a suf-
ficient yield even more ( Sermon  et al. , 1998b ).  

    33.3.3.1.2   Contamination with Extraneous DNA 

 The   introduction of one molecule of foreign DNA in the 
PCR tube along with the cell that is to be analyzed can lead 
to a wrong diagnosis. Different types of contamination with 
extraneous DNA can be distinguished: contamination with 
DNA from cells (e.g. from the operator, sperm cells, or 
granulosa cells stuck to the embryo), from extracted DNA 
(genomic DNA), or from carry-over with PCR fragments 
from previous DNA amplifications. 

 A   number of measures need to be taken to avoid and/or 
detect contamination ( Lissens and Sermon, 1997 ): 

    1.     Granulosa cells are meticulously removed from the 
oocytes and fertilization is achieved through ICSI to 
avoid contamination with sperm.  

    2.     The pre-PCR area, where all the reactions are set up, 
and the post-PCR area, where the PCR products are 
analyzed, need to be strictly separated. Each area has 
its dedicated materials and equipment. No DNA, except 
primers and single-cell samples or highly diluted DNA, 
should be brought into the pre-PCR area.  

    3.     The PCR reactions are set up in a laminar flow (UV 
light to be turned on overnight and regularly clean-
ing of working areas with DNA degrading detergents 
is required). Pre-PCR products and materials are kept 
from any DNA source; pre-PCR reagents are auto-
claved whenever possible, and aliquots are stored to 
reduce the number of reactions from a single aliquot.  

    4.     The manipulation of the small PCR tubes requires a 
certain amount of care, and even skill, in order to pre-
vent contamination. Especially, ill-fitting gloves can be 
a source of carry-over contamination.  

    5.     For each sample, a blank containing all PCR compo-
nents except DNA should be run. However, a contami-
nated blank is only an indication of a more general 
problem and does not mean that the corresponding 
sample is contaminated. A more efficient way to 
detect (genomic) contamination is the use of linked or 
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unlinked polymorphic markers, amplified in duplex 
with the locus of interest.     

    33.3.3.1.3   Allele Drop-Out and Preferential 
Amplification 

 Allele   drop-out (ADO) is defined as the non-amplification 
of one of two alleles when starting from a single cell. It 
can thus be detected only in a heterozygous cell. In pref-
erential amplification, one allele is less amplified than the 
other. Both are related problems because the allele that is 
less amplified, but still present, can go undetected if detec-
tion methods with a low sensitivity are used (e.g. ethidium 
bromide-stained agarose gels). ADO can lead to serious 
misdiagnoses, for example in the detection of mutations 
in autosomal dominant diseases. When the affected allele 
drops out, the cell appears to be unaffected and the cor-
responding embryo could be transferred. This has been 
called an unacceptable error ( Navidi and Arnheim, 1991 ). 
Conversely, in an autosomal recessive situation where both 
parents carry the same mutation (e.g. p.F508del in CF) 
ADO would not lead to the transfer of affected embryos: if 
ADO occurs in a carrier cell, drop-out of the healthy allele 
would lead to the diagnosis of an affected embryo, and 
the embryo would not be transferred, whereas if the affec-
ted allele drops out, the embryo would be diagnosed as 
homozygous healthy instead of carrier, which is still a 
healthy embryo, and could be transferred. This was termed 
an acceptable misdiagnosis. 

 Supposedly  , ADO has led to two misdiagnoses in 
CF ( Harper and Handyside, 1994 ;  Verlinsky, 1996 ). The 
parents were both carrying different mutations and the 
embryos in which a misdiagnosis occurred were compound 
heterozygotes. 

 A   first efficient way to significantly reduce ADO is to 
use fluorescent PCR. As mentioned earlier, fluorescent 

PCR is 1,000-fold more sensitive than detection of PCR 
products on agarose gels, requires much fewer cycles to 
obtain an analyzable amount of PCR product, and allows 
for a clear distinction between preferential amplification 
and real ADO. Together with the use of more efficient 
DNA polymerases, fluorescent PCR has been the most 
important breakthrough so far to reduce the risk of ADO 
( Sermon  et al. , 1998b ). 

 ADO   cannot be reduced to zero, so detection meth-
ods have been devised. The most important is the use of 
markers in multiplex PCR. Multiplex PCR in which ampli-
fication of the mutation is combined with linked markers 
or in which just a set of linked markers is amplified has 
now become the gold standard in PGD for monogenic 
diseases ( Lewis  et al. , 2001 ). Usually, microsatellites are 
used as linked markers because they are highly polymor-
phic and thus can be used in several families ( Rechitsky 
 et al. , 1999 ;  Dreesen  et al. , 2000 ;  Apessos  et al. , 2001 ;  Dean 
 et al. , 2001 ; Pyiamongkol  et al ., 2001;  Goossens  et al. , 
2003 ;  Moutou  et al. , 2003 ).  Figure 33.2    shows how mul-
tiplex PCR can detect ADO. Simply stated, the results in 
one locus should concord with the results in another locus. 
The main advantage of linked markers is that they not only 
ensure an indirect diagnosis of the mutation but simultane-
ously allow detection of ADO, contamination and recombi-
nation events, thereby increasing the accuracy of the test.  

    33.3.3.1.4     Adaptation of PCR to the Single-Cell Level 

 First  , it has to be decided whether a mutation-specific pro-
tocol will be developed or whether only linked markers 
will be used. For monogenic diseases such as spinal mus-
cular atrophy or achondroplasia where most of the couples 
present with the same mutation, the strategy may be to 
develop a mutation-specific protocol in which at least one 
closely linked marker is included ( Altarescu  et al. , 2008 ). 

 FIGURE 33.2          The principle of a duplex PCR for cystic fibrosis (mutation p.F508del and IVS17BTA intragenic marker). Both parents are carriers of the 
p.F508del mutation (black dot). In the marker, the black dot segregates with the mutation and the gray dot with the normal allele. Four different offspring 
are possible. If a result is obtained with the combination of the gray arrows (i.e. normal for the mutation and heterozygous for the marker), it can be 
assumed that ADO of the affected allele occurred in the mutation. This embryo could be transferred because both cells give the same result (transferable 
embryo). If the two black arrows are found, an ADO of the normal allele can be assumed in the mutation. Nevertheless, this embryo will not be trans-
ferred because both loci give opposite results (transferable/not transferable).    
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For monogenic diseases, such as Marfan’s syndrome or 
neurofibromatosis type I for which a large number of pri-
vate mutations have been described, the development of 
linked-marker-based PCR protocols may be more practical 
and efficient ( Spits  et al. , 2005, 2006a, b ). Such protocols 
are useful for several couples regardless of the mutation, on 
condition that the couples are informative for the markers 
and segregation analysis using family samples to establish 
the segregation phase is possible. 

 The   design of primers for the locus of the mutation and 
microsatellites should aim at similar annealing temperatures 
and their specific annealing should be theoretically checked 
in the Blast database. Primer sets should first be tested and 
multiplexed on genomic DNA. Primer concentrations and 
reaction components may be adapted to reach optimal 
amplification of each amplicon; further fine-tuning may 
be required once the reaction is carried out at the single-
cell level. Finally, the single-cell protocol is validated on 
series of single cells (generally 50 cells and correspond-
ing blanks) to assess the amplification efficiency as well as 
contamination and ADO rates.   

    33.3.3.2       Whole Genome Amplification 

 Despite   all significant improvements, PCR-PGD still has 
limitations and these are linked to the minute quantity of 
start DNA. The fine-tuning of the PCR conditions dur-
ing the adaptation of the multiplex-PCR to the single-cell 
level and the validation may take several weeks. This may 
be overcome when relying on whole genome amplification 
techniques. In this way, the PGD protocols would consist 
of a first universal step, the whole genome amplification of 
the single cell carried out in a dedicated area, followed by 
regular PCR methods that use standard conditions and do 
not require long optimization. Moreover, the yield from a 
single cell would be sufficient not solely to serve as input 
DNA for multiple, regular PCR analyses but also for HLA 
testing, SNP genotyping as well as (array) CGH (see sec-
tion 33.3.4.2) for molecular karyotyping. 

 Different   approaches aiming at the reliable amplification 
of the whole genome have been explored for many years. 
Ideally, a whole genome amplification (WGA) procedure 
should have high yield (a few  μ g of DNA) and should cover 
the whole genome with faithful representation. Moreover, 
for PGD applications, the procedure should be straightfor-
ward and quick. Primer extension preamplification (PEP) 
and degenerated oligonucleotide primed PCR (DOP-PCR) 
are well-established WGA methods which have been 
applied in PGD ( Zhang  et al. , 1992 ;  Telenius  et al. , 1992 ; 
reviewed by  Coskun and Alsmadi, 2007 ). Nevertheless, 
PEP and DOP-PCR, both PCR based, are associated with 
a representation bias and high ADO when applied to sin-
gle cells. The more recent multiple displacement amplifica-
tion (MDA) method is non-PCR based and seems a better 
WGA method. In MDA, DNA is amplified isothermally 

using random hexamer primers and the bacteriophage 
 φ 29 DNA polymerase ( Lizardi  et al. , 1998 ;  Dean  et al. , 
2002 ). Several commercial kits have been introduced and 
proved highly efficient with very good amplification rates 
and a lower amplification bias than PEP and DOP-PCR 
( Lovmar  et al. , 2003 ). The first single-cell MDA reports 
mentioned relatively long amplification steps (6 – 16       h), 
but protocols were further optimized and shortened (2 – 4       h) 
( Handyside  et al. , 2004 ;  Hellani  et al. , 2004 ;  Spits  et al. , 
2006b ;  Kumar  et al. , 2008 ). Single-cell MDA in clini-
cal PGD has been applied already for CF,  β -thalassemia, 
and non-ketotic hyperglycinaemia (       Hellani  et al. , 2005, 
2008 ), for Zellweger syndrome ( Al-Sayed  et al. , 2007 ), 
for Marfan’s syndrome, X-linked adrenoleukodystro-
phy, and X-linked retinoschisis (         Lled ó   et al ., 2006, 2007, 
2008 ), for Fragile X ( Burlet  et al. , 2006 ), and for CF and 
Duchenne’s muscular dystrophy ( Renwick  et al. , 2006 ). 
The major problem with MDA so far is the relatively high 
preferential amplification and ADO rate (on average 25% 
which is about 3 – 5 higher than with PCR-based protocols). 
Analysis of multiple loci near the gene of interest can over-
come this problem and allow reliable reconstitution of the 
parental haplotypes in the embryos, ensuring a diagnostic 
efficiency similar to PCR-based protocols. Yet considering 
that segregation analysis of affected family members may 
not always be possible, or even finding several informative, 
closely linked markers may be difficult, it will be neces-
sary to further improve the ADO rate to reduce the number 
of markers required during analysis to make this new MDA 
approach the gold standard.   

    33.3.4       Single-Cell Cytogenetics 

    33.3.4.1       Fluorescence in Situ Hybridization 

 In   FISH, fluorescent probes carrying distinct fluoro-
chromes for different chromosomes are hybridized to cell 
nuclei spread either in metaphase or in interphase. When 
embryos are analyzed, the cells are usually in interphase. 
Careful choosing of the type and location of the probes 
allows not only enumeration of chromosomes, as in sexing 
and PGD-AS, but also the diagnosis of chromosome imbal-
ances in structural abnormalities. 

 Two   methods are currently in use for the fixation of the 
blastomeres. Briefly, the first method (derived from the 
Tarkowski method to fix embryos) consists of the following 
steps. First, the blastomere is lysed in hypotonic solution 
(1% sodium citrate in water) to release the nucleus. Second, 
the fixative (3:1 acetic acid:methanol) is used to dissolve 
away the cytoplasm and to fix the nucleus to the glass slide. 
The second method was described by  Coonen and cowork-
ers (2000) : the blastomere is brought in spreading solution 
(0.1       N hydrochloric acid, 0.01% Tween 20), which is then 
removed and the process repeated until the nucleus is free 
of cytoplasm and attached to the poly-L-lysine-coated glass 
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slide. Some authors claim that the modified Tarkowski 
method yields better spread nuclei, so that the different flu-
orescent dots are better separated and more easily enumer-
ated ( Velilla  et al ., 2002 ). The Coonen method is easier to 
use, and gives reasonable spreading results ( Staessen  et al. , 
1999 ), even when five different chromosomes are analyzed 
concurrently, in the laboratories that are more experienced 
with this method ( Staessen  et al. , 2003 ). 

 Fluorescent   probes can be made in-house or, as is more 
common nowadays, are commercially available. For more 
widespread uses, such as sexing and PGD-AS, kits are avail-
able, containing directly labeled probes for chromosomes X, 
Y, 13, 16, 18, 21, and 22. These chromosomes were chosen 
either because they are present in live born trisomies (triso-
mies 13, 18, and 21) or because they are frequently present 
in miscarriages (16 and 22). Because the number of fluoro-
chromes available is limited, the number of chromosomes 
that are analyzed can be increased either through ratio labe-
ling and computerized analysis, or through the application 
of two and three hybridization rounds.  Munn é  and cowork-
ers (2003a)  showed that in this way, up to nine different 
chromosomes (X, Y, 13, 15, 16, 17, 18, 21, and 21) could 
be analyzed for aneuploidy screening, and these authors 
reported an increase in implantation rate, as compared to the 
implantation rate obtained after analysis with five probes. 

 For   structural abnormalities, a judicious choice of 
probes is made depending on the chromosomes involved 
and the breakpoints present. The first cases were performed 
using probes that specifically delineate the translocation 
breakpoints (       Munn é   et al. , 1998, 2000 ). The disadvantage 

was that appropriate probes first had to be cloned and then 
shown to be useful in FISH, but the advantage was that 
balanced translocated karyotypes could be distinguished 
from normal karyotypes. A more general approach was 
described by  Conn and coworkers (1999) , taking advantage 
of the availability of centromeric and subtelomeric probes 
for each chromosome. For Robertsonian translocations, a 
combination of one locus-specific probe centromeric to the 
breakpoint of one of the chromosomes involved and one on 
the telomere of the other chromosome involved is applied. 
Three FISH probes are used for reciprocal translocations: 
two on the centromeric side of the breakpoints of the chro-
mosomes involved, and a third one on one of the telomeres 
on the other side of the breakpoint (see  Fig. 33.3   ). The two 
or three probes used must each carry a different fluoro-
chrome, and it must be possible to use them together in one 
assay ( Scriven  et al. , 2000 ;  Scriven and Ogilvie, 2007 ).  

    33.3.4.2       Comparative Genomic Hybridization 

 CGH   was developed to characterize the often complex 
chromosomal rearrangements present in cancer tissue (see 
also Chapter 12)  . Total genomic DNA from the cells to 
be analyzed (e.g. the cancer cells) is labeled with a green 
fluorochrome, and a normal DNA sample is labeled with 
another, for example red, fluorochrome. Both labeled 
DNA samples are mixed and hybridized to a normal meta-
phase. A computerized system allows analysis of the ratios 
between both fluorochromes for each chromosome and 
detection of imbalances. If the test sample contains more 

 FIGURE 33.3          Example of the probes chosen for a reciprocal translocation (t(11;22), panel  A.  And for a Robertsonian translocation (t(13;14), panel 
 B.  The results are shown schematically, on lymphocyte metaphase spreads, and on interphase spreads of blastomeres.    
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of a certain sequence, for example in a duplication, then 
that sequence will show up more green after computer-
ized analysis of the metaphase. Conversely, if the test sam-
ple contains less of a certain sequence (e.g. a deletion), 
this sequence will be more red on analysis. CGH has been 
down-scaled to the single cell level by introducing a first 
step of whole genome amplification of the DNA in the sin-
gle blastomere ( Voullaire  et al. , 2000 ;  Wells and Delhanty, 
2000 ;  Wilton  et al. , 2001 ;  Wells  et al. , 2002 ). 

 The   most widely used WGA method is degenerate oli-
gonucleotide primed PCR (or DOP-PCR). More recently, 
multiple displacement amplification has been applied as 
WGA. As CGH at the single cell level required several 
days for analysis, groups that have presented clinical appli-
cation of CGH in PGD either had to recur to polar body 
analysis ( Wells  et al. , 2002 ), or to cryopreservation of 
the embryos ( Voullaire  et al. , 2000 ;  Wilton  et al. , 2001 ). 
 Wilton (2005)  reviewed single-cell CGH in PGD. 

 Array  -CGH, in which the metaphase spread is replaced 
by DNA sequences specific to human chromosomes spotted 
on an array, usually a glass slide, has a lower hybridization 
time, reducing the time necessary for the CGH analysis, and 
bringing it back well within time to transfer embryos on day 
5. Other advantages of array-CGH are the higher resolution 
(100 – 200       kb instead of 2 – 10       Mb), and the important compu-
terization of the whole procedure ( Wells and Brynn, 2003 ). 
DOP-PCR has been used in array-CGH of single lym-
phocytes, fibroblasts, and single oocytes as reported by  Hu 
and coworkers (2004)  and  Fragouli and coworkers (2006) , 
respectively. Array-CGH following MDA was used for the 
detection of chromosomal imbalances in a single lympho-
blast, fibroblast, and blastomere ( Le Caignec  et al. , 2006 ). 
The high price of the arrays is currently still a drawback 
and may explain why no reports on clinical PGD applica-
tions have been published yet. Nevertheless, it is regarded 
as the most promising future strategy to study the full chro-
mosome set in a single cell within the timeframe of PGD.    

    33.4       OUTCOME OF PGD 

    33.4.1       Accuracy of the Diagnosis 

 One   misdiagnosis for sexing and two for CF are mentioned 
in early reports ( Harper and Handyside, 1994 ;  Lissens and 
Sermon, 1997 ), and these were mainly due to the low effi-
ciency of single-cell PCR. Further technical developments  –  
that is, FISH for sexing and multiplex fluorescent 
PCR  –  have ruled out the recurrence of this type of error. 
 Munn é  and coworkers (1999)  reported one misdiagnosis 
(trisomy 21 after aneuploidy screening) on a total of 57 
pregnancies. These authors estimate that the misdiagnosis 
rate after biopsy of one blastomere was around 7% in a 
large series; nearly 6% of the embryos were misdiagnosed 
due to mosaicism in the embryo ( Munn é   et al. , 2003b ). 

 Pickering and coworkers (2003)  reported one misdiagnosis 
for spinal muscular atrophy out of 18 ongoing pregnancies. 
The most recent report of the ESHRE PGD Consortium 
(2008) has mentioned 18 misdiagnoses since the start 
of data collection in 1999: nine after PCR and nine after 
FISH. The identification of these misdiagnoses and the 
reasons why they occurred has led to the initiation of an 
ESHRE working group that will develop guidelines to min-
imize risks (       Harper  et al. , 2008a, b ).  

    33.4.2       Pregnancy Outcome 

 The   ESHRE PGD consortium has reported on PGD cycles 
and their outcome through seven data collections so far 
(       Harper et al., 2008a, b ). The latest data collection, which 
was quite similar to previous data collections, showed a 
15% overall live birth rate per cycle to oocyte retrieval. 
This number is lower than can be expected in a regular 
IVF cycle, but it must be taken into account that a large 
cohort of embryos is diagnosed as affected or abnormal. 
Especially in patients carrying reciprocal translocations 
where as many as 80% of the embryos carry an unbalanced 
karyotype ( Munn é   et al. , 1998 ;  Van Assche  et al. , 1999 ; 
 Pickering  et al. , 2003 ). The International Working Group 
reported that more than 3,000 clinical PGD cycles had been 
applied by mid-2001, resulting in around a 24% pregnancy 
rate (Report of the 11th Annual Meeting of International 
Working Group on Preimplantation Genetics (2001)  . Close 
to 700 children have been born following these pregnan-
cies and 4.9% of these were reported to show abnormali-
ties. The ESHRE PGD Consortium reports indicate that 
pregnancies and babies born after PGD are comparable to 
ICSI pregnancies and ICSI babies in many aspects such 
as birth weight and congenital malformations ( Bonduelle 
 et al. , 2002 ;        Harper  et al. , 2008a, b ). 

 The   most important reason for morbidity and mortal-
ity in the pregnancies conceived after PGD is multiplicity. 
The ESHRE data collection VII for 2004 reports on a high 
number of multiple pregnancies in PGD (36%). It is hoped 
that the single embryo transfer policy of regular IVF will 
also be introduced in PGD and substantially reduce the 
multiple births the coming years. 

 Follow  -up studies of the children have been reassur-
ing. A neurodevelopmental screening of 49 children born 
after PGD indicated no adverse effects of the procedure 
on the children’s health ( Banerjee  et al. , 2008 ). A study of 
2-year-old children born after PGD/PGS showed that the 
socio-emotional and language as well as the mental and 
psychomotor developmental outcomes were very similar to 
those of children born after ICSI and children naturally con-
ceived (       Nekkebroeck  et al. , 2008a, b ). Another large cohort 
of children, not included in the ESHRE PGD Consortium 
report, was reported by  Strom and coworkers (2000) . A total 
of 109 infants were described and here, too, the conclusions 
were that children born after PGD are very comparable with 
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children born after ICSI, and that PGD is a safe method to 
avoid the birth of children with genetic defects.   

    33.5       CONCLUSIONS 

 In   more than a decade, PGD has gone from an experimental 
procedure to a widely accepted alternative for prenatal diag-
nosis. Although it is still labour intensive and time consum-
ing, introduction of new technologies has made it safer and 
more reliable. Newer technologies will not only increase 
the reliability further, but will also make it easier and more 
accessible to our patients. Nevertheless, it is the authors ’  
firm conviction that a close follow-up of the results obtained 
with PGD, not only in terms of technical safety and preven-
tion of misdiagnosis, but more importantly in the follow-up 
of the pregnancies and babies born, is mandatory to bring 
PGD at the same level with prenatal diagnosis. Thus, PGD 
will make it possible to offer patients a real choice in how 
they make decisions in their reproductive lives.  
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 Chapter 34 

    34.1       INTRODUCTION 

 The   accuracy and precision of molecular identification 
has considerably improved as a consequence of the appli-
cation of robots to the tasks of nucleic acid hybridization. 
Automation has enabled higher-throughput molecular 
assays and diagnostics. Inspiration for automating these 
processes has come from the successful effort to map 
and sequence the human genome in the past two decades. 
Specific tasks that have been automated have been manu-
ally chained together so that nucleic acid extraction, ampli-
fication, hybridization, and detection are dovetailed. In a 
clinical molecular diagnostics laboratory, these processes 
are monitored, interpreted and reported by skilled tech-
nologists and diagnosticians. In a research environment, 
chaining these processes has permitted high-throughput 
single nucleotide polymorphism (SNP) characterization 
and voluminous data production. Many instrument and 
reagent manufacturers have participated in the automation 
initiative. The short-term future should witness increasing 
integration and a diminished manual component for dove-
tailing automated, high-throughput subtasks. As laboratory 
throughput has grown, the need for biological informa-
tion handling has grown too. As a consequence, database 
management and result reporting and analysis systems are 
poised for a period of rapid growth (see also Chapter 25)  . 
Since a broad review of this topic ( Beck, 1995 ), the human 
genome initiative has permitted great strides in automating 
molecular hybridization and detection technology. While 
non-radioactive detection was then a novelty, it has now 
become commonplace. And, while clinical molecular diag-
nosis was then an exception, it is now the accepted stand-
ard for cystic fibrosis (CF) carrier screening in the USA. 
In fact, American College of Medical Genetics/American 

College of Obstretrics and Gynecology guidelines 
 promulgate prenatal carrier screening of every Caucasian 
couple of childbearing age ( Grody  et al ., 2001 ). 

 Automated   hybridization now encompasses nucleic 
acid extraction, microarray spotting, colony and plaque 
hybridization, picking, and many parts of DNA sequencing, 
primer extension, and SNP detection. The aforementioned 
earlier review also subsumed fluorescent  in situ  hybridi-
zation (FISH) applications under its rubric, but that topic, 
comparative genomic hybridization (CGH), array-CGH, 
and spectral karyotyping (SKY), is beyond the scope of 
this chapter. More details on these techniques can be found 
in Chapters 10 and 12  .  

    34.2       DNA HYBRIDIZATION 

    34.2.1       Origins of DNA Hybridization 

 DNA   hybridization was anticipated by Chargaff’s rule and 
enumerated in Watson and Crick’s 1953 landmark publi-
cations. Spiegelman’s contribution to the field was recog-
nizing that it could be used to gauge phage similarity and 
quantify viruses ( Gillespie and Spiegelman, 1965 ). During 
the same period, Ron Davis, a graduate student in Norman 
Davidson’s laboratory at the time, developed the heterodu-
plex method for visualizing deletions in phage genomes 
with the electron microscope ( Davis and Davidson, 1968 ). 
Roy Britten, Barbara Hough-Evans, and Eric Davidson 
began experiments aimed at investigating sequence 
diversity through examination of hybridization kinetics 
( Davidson and Hough, 1969 ). Of course, all of these were 
wet bench experiments carried out with manually purified 
and quantitated (often sheared) nucleic acids in laboratory 
glassware or quartz cuvettes.  
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    34.2.2       Southern Blot Hybridization 

 Ed   Southern invented his namesake Southern blot in 1975 
( Southern, 1975 ). The original method required the pur-
chase of a qualified batch of nitrocellulose membrane; an 
explosive, brittle solid support that occasionally dehydrates 
and loses wettability characteristics required for nucleic 
acid transfer. The blotting method, as originally described, 
required osmotic wicking to provide a flow of high-salt 
transfer solution through the gel and directly onto a properly 
wet membrane. After transfer, blots were washed in a lower 
salt buffer and then dried in a vacuum oven. Radioactive 
probing in the first 10 years of Southern blotting was stand-
ard operating procedure and only in the past ten years has 
given way to non-isotopic techniques ( Gold  et al ., 2000 ). 
The Southern blot provided a cumbersome yet reliable 
method for molecular diagnosis. It permitted direct interro-
gation of human genomic sequence through cleavage pattern 
identification using an appropriate restriction endonuclease. 
Unfortunately, it also often required the use of radioactivity 
and copious amounts of human genomic DNA. 

 From   1986, when Lander and Botstein first suggested 
that restriction fragment length polymorphism (RFLP) 
could be used for gene mapping, through the early 1990s, 
Southern blot characterization of RFLP became a central 
method for gene mapping. 

 DNA   from families affected with a genetic disease was 
collected, digested with various inexpensive restriction 
endonucleases, and sized by electrophoresis. The Oncor 
ProbeTech, shown in  Fig. 34.1a   , was helpful for this pro-
cedure, and was purchased by a number of laboratories to 
help automate Southern blotting. The device, which is no 
longer in production, consisted of an electrophoresis cham-
ber with pumps for recirculating buffer, and a safety lock 
to prevent accidental shock to the operator. Recirculation is 
a requirement to minimize joule heating and provide high-
resolution Southern blotting. Without buffer recirculation, 
ion polarization during electrophoresis distorts the band 
pattern made by near saturating, high-molecular weight 
DNA as it runs through agarose pores (Dracopoli et al., 
2000)  . In addition to the recirculation pumps, the device, 
shown in  Fig. 34.1 , contained convenient gel trays that 
permitted denaturation and neutralization steps, both pre-
blotting requirements of the Southern blot protocol to be 
accomplished efficiently. The company sold a line of pre-
tested buffers that could be used off the shelf, or diluted 
for electrophoresis, denaturation, and neutralization. Also, 
a charged nylon membrane supplied by the company was 
precut to fit the gel chamber and a vacuum pump built into 
the device provided the osmotic force to transfer sized, 
genomic DNA from the gel to the membrane. 

 Although   production of these devices ceased in the mid-
dle 1990s, they were workhorses in a number of molecular 
diagnostics and gene mapping laboratories, and provide an 
exemplary first effort at automation.  

  

  34.2.3       From Southern Blot to PCR 

 During   the 1990s, as molecular genetic diagnosis came of 
age, polymerase chain reaction-RFLP (PCR-RFLP) analy-
sis became the  ‘  ‘ gold standard ’  ’  for molecular genetic 
testing. PCR-RFLP was believed by some clinicians to 
provide greater analytic specificity than spot hybridization 
techniques (       Gold, 2001, 2003 ). This is because two lev-
els of specificity were required for its proper function. In 
Southern blotting, both hybridization and sizing form the 
basis for unambiguous identification of a molecular frag-
ment. Similarly, in PCR-RFLP, both accurate amplification 
and proper sizing of an amplified fragment are required 
for unambiguous molecular identification. However, 
PCR-RFLP is not practical for genetically heterogeneous 
disorders (hereditary disorders with hundreds of known dis-
ease-bearing alleles, such as CF or  β -thalassemia). Direct 
DNA sequencing would be the most thorough mutation 
detection approach, and is being tried in some laboratories 

 FIGURE 34.1          Oncor Probetech and Tecan ProfiBlot.  A.  The Oncor 
Probetech was an automated Southern blot device that is no longer in 
production. It was routinely used to produce Southern blots for RFLP 
studies intended for gene mapping through the 1990s. It was also exten-
sively used for Southern blot hybridization required for characterization 
of Fragile X syndrome diagnostic confirmation and carrier testing. 
 B.  The Tecan ProfiBlot is an automated RDB developing device that 
provides more reproducible LiPA results. Latter photo courtesy of Roche 
Molecular Systems.    
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( Groman  et al ., 2002 ;  Strom  et al ., 2003 ), but it is arduous, 
capital intensive, requires relatively expensive supplies, 
and is time consuming to analyze. Rapid reliable molecular 
diagnosis of genetically heterogeneous disorders requires a 
unique approach. Because the majority of these hereditary 
illnesses occur in families with no prior history, a high-
sensitivity screening test to identify at-risk carriers is 
required. Molecular carrier screening tests must be cost 
effective to be practical. Commercialization of molecular 
diagnostics for genetically heterogeneous disorders in volves 
special considerations. Among these are low cost, high 
throughput, and rapid interpretation. Automated printing 
and processing of standardized reverse dot-blots ( Fig. 34.1b ) 
in conjunction with robust, optimized multiplex PCR rea-
gents provides a practical commercial mutation detection 
method. Technical factors, such as methods of attach-
ment of oligonucleotide probes to solid supports, the 
nature of the solid supports themselves and PCR product 
visualization techniques play an important role in for-
matting high-throughput reverse dot-blot diagnostics. 
Reverse dot-blots (RDB) have become popular for clinical 
molecular disease diagnosis recently (see also Chapter 2)  ; 
however, newer chip-based techniques discussed here and 
homogeneous assay systems are likely to supplant the 
reverse dot-blot in the not-too-distant future.   

    34.3       DNA EXTRACTION 

 In   the past ten years, four automated platforms for DNA 
extraction have emerged as field leaders. These are the 
Roche MagnaPure system, the Qiagen BioRobot systems, 
and the Qiagen Autopure LS system (pictured in  Fig. 34.2   , 
panels A to C). In addition, a new entrant to the field has 
begun to make inroads in the marketplace: this is a para-
magnetic system based on technology developed at the 
Massachusetts Institute of Technology (MIT) Whitehead 
Institute. Paramagnetic methods were originally devel-
oped as a partnership between Dynal and Beckman, which 
has since morphed into a subsidiary of Beckman-Coulter 
named Agencourt Bioscience Corporation (pictured in  Fig. 
34.2 , panel D). Unique specifications and requirements 
describe each of these systems. And yet, each automatic 
method provides sufficient pure genomic DNA prod-
uct from peripheral blood lymphocytes to perform con-
ventional PCR and restriction endonuclease cleavage for 
Southern blotting. 

 The   extraction principle underlying the Roche 
MagnaPure system ( Fig. 34.2a ) is that glass beads are 
coated with a magnetic layer held inside reaction tips. 
Bead bound nucleic acids are cycled in reaction tips 
through a series of processing steps. Once the sample is 
loaded, there is no operator intervention until extraction is 
complete. Roche sells two MagnaPure Systems, of these 
the larger takes 90 minutes to purify 32 samples with a 

per sample expendable cost of approximately US$2. 
Typical yield is 10        μ g from 200        μ L of peripheral blood 
collected in EDTA anticoagulant. High-salt nucleic acid 
adherent hydrated silica gel tubes provide the basis for 
Qiagen’s nucleic acid extraction technology. Subsequent 
to lysis, gel adherent cell nucleic acids are extracted by 
high salt and alcohol buffer washed, dried, and eluted in 
a low-salt buffer. Unfortunately, a final centrifugation 
step requires removing the samples from the robot, as the 
centrifuge has not been interfaced. Qiagen’s BioRobot 
MDX system ( Fig. 34.2b ) takes approximately two 
hours to extract 96 samples, with yields in the range of 
4 – 6        μ g from 200        μ L of whole blood. The MDX is a gantry 
robot that uses a vacuum manifold to enable rapid puri-
fication and standardize processing. During 2006, Qiagen 
acquired Gentra Systems. This acquisition permitted 
Qiagen to sell Puregene kits, based on a salting out pro-
cedure, which have long provided nucleic acid substrate 
for molecular diagnostic assays. It also made Qiagen dis-
tributor of the Autopure LS instrument ( Fig. 34.2c ). This 
fully automated system provides 35        μ g per mL of whole 
human peripheral blood DNA, with more than 70 – 90% 
between 100 and 200       kb. The DNA is also consistent 
with long-term storage characteristics (up to ten years) 
which have been discussed in the literature ( Farkas  et al ., 
1996 ). Sample sizes up to 10       mL of whole blood are 
accommodated by the instrument, with a throughput of 
eight  samples in less than one hour, 16 samples in 80 min-
utes, and 96 samples per eight hour shift. The instrument 
accommodates 16 samples at a time. 

 A   new entrant to the high-throughput nucleic acid 
extraction marketplace is the Agencourt Bioscience 
Corporation, a subsidiary of Beckman-Coulter. Beckman’s 
gantry robots have been used for automated hybridization 
(see below and pictured in  Fig. 34.2d ), but the new NX and 
FX series have been programmed for paramagnetic bead 
addition protocols that provide high-quality nucleic acids 
through Solid Phase Reversible Immobilization ( Hawkins 
 et al ., 1995 ). 

 In   a recent publication, performance of several  different 
extraction methods was compared using quantitative PCR 
of a housekeeping gene as a quality assurance endpoint 
( Cler  et al ., 2006 ). It was found that each tested commercial 
kit provided better quality DNA than phenol- chloroform 
extraction or single-step proteinase K digestion, and of the 
methods discussed here, Puregene and Qiagen column puri-
fication produced amplifiable DNA more  frequently than 
paramagnetic beads for starting cell numbers  	 50,000.  

    34.4       QUANTIFYING DNA 

 Diverging   views characterize methods for genomic DNA 
quantification in preparation for PCR or restriction endonu-
clease cleavage assays. On the one hand, the optical density 
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at wavelength maxima for the macromolecule (OD 260) 
compared with the wavelength maxima for phenylalanine 
and tyrosine, representing protein presence (OD 280) have 
been customarily compared in a ratio to estimate nucleic acid 
purity (OD 260/OD 280). Early workers charted ratios to 
provide rigor to purity judgments. In the current milieu, this 
has meant using high-throughput spectrophotometers, such 
as Molecular Devices Spectra Max micro-well plate reader 

to provide wavelength scans for 96 to 384 samples simul-
taneously ( Hilbertm  et al ., 2000 ). This device rigged into 
a Beckman FX liquid handling robot is shown in  Fig. 34.2e . 
On the other hand, numerous labs (CIDR, Myriad Genetic 
Laboratories) report more accurate genomic DNA measures 
using fluorescent quantitation with the intercalating dye 
Pico Green or one of the Hoechst stains (Hoechst 33258 
and its relatives;  Hopwood  et al ., 1997 ). These are read on 

 FIGURE 34.2          DNA extraction and one spectrophotometric quantitation system.  A.  The MagNA Pure Compact System is a small robot intended to 
automate nucleic acid extraction in low-throughput laboratories. The system is sold in two different formats; the smaller can simultaneously extract 
up to eight samples using the same principles as the larger Roche system which is capable of 32 simultaneous nucleic acid isolations. The system uses 
silica coated magnetic core beads to extract nucleic acid in disposable reaction tips. Operating costs and details are discussed in the text.  B.  Qiagen’s 
BioRobots MDX uses adherence to a silica bead in high-salt conditions to provide a basis for one of its robotic extraction methods. An on-board vacuum 
system provides the basis for separation of silica adherent nucleic acids from wash solutions.  C.  Qiagen’s Autopure LS was originally designed by 
Gentra Systems. It uses a well-characterized  ‘  ‘ salting out ’  ’  method to provide high DNA yield and purity on 16 simultaneous peripheral blood samples 
with  ‘  ‘ walk-away ’  ’  operation.  D.  Beckman-Coulter’s NX gantry robot set-up for use with the paramagnetic DNA extraction method first developed 
with Dynal, and later made into the Agincourt subsidiary of Beckman. Fresh peripheral blood can be processed into amplifiable DNA using this sys-
tem; however, low leukocyte counts (below 500,000) have shown substandard performance.  E.  A Molecular Devices SpectraMax Plus 384 micro-well 
plate scanning spectrophotometer can use specially engineered 384-well quartz cuvette plates to provide accurate optical densities at 230, 260, and 280 
nanometers. Here, the spectrophotometer is shown integrated into a Beckman FX-based sequencing pipeline constructed by David Munroe and his col-
laborators at the National Cancer Institute in Frederick, Maryland.    
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a fluorimeter (such as the Molecular Devices Gemini series 
or Tecan Genios) in 96-well or 384-well  format and com-
pared with a standard dilution series of DNAs, compiled on 
the same instrument at the  E  max  of the intercalating dye.  

    34.5       ROBOTICS 

 In   his chapter, Stephan  Beck (1995)  points to several bread-
boards as providing initial hybridization robotics. Among 
these were Beck’s own DNA sequencing device; his hybrid-
ization device ( Alderton  et al ., 1994 ), and George Church’s 
genomic sequencing machine (       Church and Gilbert, 
1984, 1985 ). However, the first efforts at using off-the-shelf 
liquid handling technology to successfully automate an 
ongoing laboratory operation were the application of the 
Beckman Biomek 1000 to RDB in the Department of Human 
Genetics of the Baylor College of Medicine ( DeMarchi  et al ., 
1994 ). In this research institute, a team began robotically 
spotting successive nylon membranes with amplifica-
tion products and then hybridizing these with a variety 
of probes. It was through this effort that robotization was 
first attempted for forward dot-blots. It was not until 2001 
that a robot procedure was published for spotting reverse 
dot-blots ( Lappin  et al ., 2001 ). Commercialization and the 
desire to retain competitive advantage means most auto-
mated procedures remain unpublished in detail. In fact, no 
central repository for automated laboratory robotic codes 
or procedures has yet been established. 

    34.5.1       A Revolution in Liquid Handling 
Robotics 

 One   important force propelling molecular hybridization 
technology forward is the revolution witnessed in liquid 
handling technology. Beckman-Coulter’s development of a 
series of disposable tip liquid handling robots (Multimek, 
Biomek 1000 and 2000, and Beckman FX) has permitted 
the automation of a variety of recalcitrant laboratory tasks. 
Nearly simultaneously, companies like Tecan and Packard 
developed a series of gantry robots using continuous pipet-
ting technology to allow relatively inexpensive liquids 
(because the robots have significant void volumes) that 
have long shelf-lives to be accurately dispensed. Hamilton 
Corporation, a micro-syringe manufacturer, built a series 
of robots that provide small volume accuracy based on 
positive pressure displacement, and can be programmed 
for bleach or distilled water wash between solution addi-
tions. This non-comprehensive description of current 
 liquid handling technology has made possible a variety 
of automated solutions to blotting tasks; however, there is 
a hidden cost: there has been little standardization of the 
software required to operate these robots even though some 
 computer engineers have advocated the use of Tcl and Tk 

to the task ( Ousterhout, 1994 ). Unfortunately, the use of 
proprietary robot controller software has flourished, and 
therefore a true automated laboratory requires an engineer-
ing team’s support. As a consequence, engineering costs 
may cause automation to be too expensive for laboratories 
that would otherwise use it.   

    34.6       REVERSE DOT-BLOT 

 Details   of the use of a liquid handling laboratory robot for 
printing of RDBs were published by Lappin and  coworkers 
(2001). RDBs are most often arrayed so that the normal oli-
gonucleotide probes sit on a line adjacent to one another 
while variant probes are not on the same line. This  permits 
rapid interpretation of heterozygotes where one normal 
and one variant allele are indicated (see also Chapter 2)  . 
However, where two mutations are close to each other and 
fall within the sequence of the oligonucleotide probe (a situ-
ation often observed with respect to hemoglobin Hb A, Hb 
S, and Hb C), a different pattern is obtained. DNA from 
individuals homozygous for Hb S that have sickle cell dis-
ease will not hybridize to the normal probe at either the S or 
C position of the blot. Instead, such DNA hybridizes to both 
the mutant S and mutant C probes. Similar RDB results are 
observed in the case of variants neighboring the p.F508del, 
such as p.I507del or p.I506V. Confounding neighbor-
ing variants are also present in  β -thalassemia diagnosis 
where IVS I-1 G      �      T (c.92      �      1G      �      T) and IVS I-6 T      �      C 
(c.92      �      6T      �      C) mutations, five nucleotides apart, can each 
contribute to disease. Nevertheless, even though RDBs pos-
sess limitations, they provide a widely used and versatile 
mutation detection platform. 

 In   early 2000, the American College of Medical 
Genetics and the American College of Obstetrics and 
Gynecology recommended CF carrier testing for all US 
Caucasian couples that anticipate children ( Grody  et al ., 
2001 ). Since that time, two CF line blot assays that pro-
vide mutation detection have become popular methods 
in US molecular diagnostics laboratories. The CF LAp, 
offered by Roche Diagnostics (Indianapolis, IN, USA) 
and Innogenetics (Gent, Belgium) line probe assay (LiPA), 
have been well received by molecular diagnostics labo-
ratories. Recently, a Johns Hopkins group has evaluated 
a 58 allele line probe assay for CF, and discussed its ana-
lytic utility in a variety of diagnostic situations ( Wang 
 et al ., 2002 ). Limitations, such as individuals who are com-
pound heterozygote at closely spaced loci, occasionally 
fail to signal the presence of one or the other allele because 
of interference. As mentioned above, it is one character-
istic of all sequence-specific assays that nucleotide vari-
ants within the probed region (usually approximately 17 
nucleotides, although some new chemistries permit probes 
approximately 13 nucleotides and still maintain  specificity) 
affect test accuracy. An example of this kind of  interaction 
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is detection of a p.S549/p.R553X heterozygote by  Wang 
and coworkers (2002) . This failed to hybridize with the 
p.G551D wild-type probe encompassed by the probe 
for p.R553X. Another example is a p.F508del mutation/
p.I506V polymorphism heterozygote that failed to hybrid-
ize against the normal sequence in the region. Confounding 
results should notify an alert diagnostician that a given test 
uncertainty bears further investigation. 

 As   mentioned above, RDBs are versatile and might be 
printed for the detection of a variety of genetic lesions. 
Efforts to commercialize RDB hybridization for CF has 
motivated many laboratories to engage in home-brew test-
ing via reverse allele-specific oligonucleotides for a vari-
ety of hereditary illness and infectious disease typing. In 
spite of certain limitations, this technology is useful for 
the reproducible detection of any point mutation or small 
deletion or insertion in any amplified genomic sample. The 
general utility of RDBs might allow mechanized produc-
tion of screening strips for aldolase B mutations, causing 
hereditary fructose intolerance ( Lau and Tolan, 1999 ), non-
deletion  α -thalassemia ( Chan  et al ., 1999 ), or adult onset 
mitochondrial disorders, such as Leber hereditary optic 
neuropathy ( Schollen  et al ., 1997 ) or even hepatitis A con-
tamination in food ( Jean  et al ., 2001 ). A recently published 
RDB assay for congenital adrenal hyperplasia has high 
clinical utility in identifying sexually ambiguous newborns 
( Yang  et al ., 2001 ). As discussed above, the RDB is flex-
ible, inexpensive to implement and uses off-the-shelf com-
mercially available hardware, reagents and software. 

    34.6.1       Commercialization of the Reverse 
Dot-Blot 

 Commercialization   of RDB strips required significant 
effort in ensuring their reproducibility and uniformity. 
During the period of scale-up at Roche Molecular Systems, 
it was found that dot-blots themselves often gave equivo-
cal results in the form of a halo around the dots. This 
had more to do with surface tension considerations when 
applying amino-conjugated or BSA-conjugated oligonu-
cleotides (printing) than it had to do with any other single 
consideration. As a consequence, a decision was made to 
convert the dots to lines of uniform width. Automation for 
printing the line blots was first developed at Ismeca USA, 
Inc. (Carlsbad, CA, USA), which never found an adequate 
market to maintain production of their Bio-Line Dispenser. 
Commercial RDB printing equipment is currently avail-
able from Bio-Dot, Inc. (Irvine, CA, USA). Roche devel-
oped a Linter Striper and a MultidispenseR2000 Controller 
(IVEK, N. Springfield, VT, USA) to coat nylon backed 
sheets. Stephen Lappin, Jeffrey Cahlik, and the author 
described the techniques used for RDB automated print-
ing at Quest diagnostics during 2001 ( Lappin  et al ., 
2001 ). Extensive improvements in reproducibility and 

 manufacture  accompanied the commercialization process 
at Roche Molecular Systems and production of strips at 
Quest. Incubation temperature, temperature equilibration 
and uniformity in conjugate and substrate distribution are 
known to be critical variables for color or luminescence 
detection. Both Tecan (Maennedorf, Switzerland) and 
Dynal Biotech (Oslo, Norway) manufacture specially engi-
neered incubators and chemical dispenser devices that auto-
mate part of the RDB hybridization and developing process 
(Tecan’s ProfiBlot is picture in  Fig. 34.1b ). While RDB 
assays are generally limited by an inability to detect large 
or quantitative deletions and an inability to characterize all 
but modestly expanded repeat sequences (ascertainment of 
the exact size of an expansion is often required for accurate 
molecular diagnosis or binning), these strips can provide a 
means of accurate and reproducible genotype assignments. 
Automated spotting or line blotting of RDB strips allows 
the printing of large numbers of these with a minimum of 
operator intervention. Automation also permits higher den-
sity arraying. Optimum conditions for nucleotide hybridiza-
tion and development of the RDB strips were devised and 
automated through the use of Tecan’s ProfiBlot ( Fig. 34.1b ) 
and Dynal’s AutoReli. These shaking baths give uniformity 
to the strip development that is not easily achieved in any 
other fashion.  

    34.7       5 �  NUCLEOTIDASE (TAQMAN) ASSAYS 

 David   Gelfand and his coworkers invented the 5 �  nucleoti-
dase assay on the basis of his observation that Taq polymer-
ase retained some 5 �  endonuclease activity even when its 
3 �       �      5 �  proofreading activity was blocked, as in Amplitaq 
Gold (see also Chapter 7)  . These researchers took advan-
tage of this activity to modify PCR so that amplification, 
conducted in the presence of a probe labeled with a label 
on its 5 �  end, permits visualization of a perfectly hybrid-
ized sequence. At first, Gelfand’s group used a radioactive 
label, but colleagues at Applied Biosystems and Genentech 
modified a Fluorescent Energy Transfer (FRET) method, 
dual labeling oligonucleotide probes with a 3 �  quencher 
and a 5 �  fluorescent reporter to detect perfectly hybridized 
oligomers ( Heid  et al ., 1996 ). On a FRET probe, the fluo-
rescent moieties on the probe differ in their excitation and 
emission spectra, such that one quenches the other when in 
close proximity. The fluorescent molecule selected as the 
quencher remains attached to the oligonucleotide probe 
before, during, and after the assay. The reporter is liber-
ated during the PCR extension and allows the measurement 
of increasing fluorescence throughout the assay. By con-
ducting the PCR in optically clear plastic tubes irradiating 
these during the assay at the excitation wavelength of the 
reporter, the increasing fluorescence of a positive sample 
can be visualized during (or shortly after) the test. A small 
modification of the assay allows two  alleles to be discerned 
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in the test sample. Instead of using only one probe, with 
one fluorescent and one quencher molecule, two differ-
ently labeled oligonucleotides  –  one with fluorescent 
moiety A and a one base pair difference with an oligonu-
cleotide with an alternative fluorescent moiety B  –  can be 
used simultaneously in the same tube ( Morin  et al ., 1999 ). 
One of these detects the mutation while the other detects 
the normal gene sequence. Through application of this 
strategy, it is possible to visualize the presence of normal, 
homozygous mutant, or heterozygous samples in a single 
tube. Drawbacks of the technique include the difficulty of 
optimizing assay conditions, the expense of the compli-
cated synthesis of TaqMan probes, and the cost of readers 
required for visualizing the results. In spite of these disad-
vantages, this method has been adopted in several high-
throughput genotyping facilities.   

    34.8       CAPILLARY THERMAL CYCLER 

 The   Light-cycler was originally a circulating hot air ther-
mal cycler equipped with 32 experimental positions that 
can be excited and monitored in real time, distributed 
by Idaho Technologies. During 2000, Roche Diagnostic 
Systems purchased this technology and distributed it 
for the following 5 years, while engaged in research and 
development for a newly formatted LightCycler  ™  . Thermal 
cycling is very rapid, with a standard 30-cycle reac-
tion completing in less than half an hour (         Wittwer  et al ., 
1989, 1990, 1997 ;  Wittwer and Garling, 1991 ;  Ririe  et al ., 
1997 ). For homogeneous analysis using the 5 �  nucleo-
tidase technology, the dynamic range of the detection 
circuit in the capillary tube instrument often failed to 
detect reactions easily quantitated in Applied Biosystems 
TaqMan instruments (ABI 7900 HT). However, the 
LightCycler was unique in that it permitted production of 
a melting curve of hybridized fluorescent-labeled probe 
annealed to amplified genomic DNA. Thus, alleles not 
easily visualized using 5 �  nucleotidase reactions could be 
resolved on the LightCycler  ™  . In short order after Roche 
entered the TaqMan instrumentation marketplace, the 
5 �  nucleotidase platforms (ABI 7700; ABI 7900) were 
updated to permit visualization of melt curves using a 5 �  
GC-clamp strategy, with three probes, Stoffel Fragment 
and SybrGreen in the reaction mixes. This permitted 
visualization of alleles through synthesis of relatively 
inexpensive oligonucleotide primers and a melting strat-
egy. Then, in 2005, Roche Diagnostic Systems released a 
new version of the LightCycler  ™   that involved a 96- or 
384-micro-well plate format, was versatile enough to 
visualize 5 �  nucleotidase reactions, and could also per-
form melting curve analysis (see also Chapter 15)  . This 
Roche LightCycler  ™   480 instrument has improved optical 
visualization characteristics and provides an incremental 
advance in this field.  

    34.9       ELECTRONIC HYBRIDIZATION 

 Newer   technologies began to make their way into the 
hybridization automation marketplace during the first few 
years of the new century. Nanogen (San Diego, CA) devel-
oped a CF assay on their proprietary, silicon chip-based 
platform ( Sosnowski  et al ., 1997 ). The chip consisted of a 
silicon microchip with 100 electronically addressable sites. 
A hydrogel layer overlying the chip was embedded with 
streptavidin. Electronic addressing was used to concentrate 
DNA to a particular test site(s) on the microarray, enabling 
sequential addition of biotinylated oligonucleotides, in the 
capture down mode, or biotinylated samples, in the ampli-
con down mode, to different test sites. Interrogation and 
genotyping were accomplished by hybridization of fluo-
rescently labeled reporter probes. Laser excitation and a 
charge-coupled device (CCD) camera were used to monitor 
hybridization. The Nanogen technology was a leap forward 
in automation of DNA hybridization because it permitted 
electronic alteration of hybridization specificity. However, 
the equipment required a sizable capital investment in 
specialized hardware and relatively expensive cartridges. 
Perhaps for this reason, the Nanogen ended production 
of the hardware in 2006 and will end consumable support 
in the next few years, which will render this platform of 
 historical value only.  

    34.10       HYBRIDIZATION ARRAYS 

 Affymetrix   and its HapMap partner, Perlegen, have been 
photolithographically attaching oligonucleotides to quartz 
enabling the production of dense gene interrogation micro-
arrays for the past ten years ( Pease  et al ., 1994 ). Quartz is 
used because of its natural hydroxylation properties. To 
begin the process, quartz is washed, to provide a uniform 
surface, and submerged into silane, which reacts with the 
hydroxyl groups to form a matrix of covalent linker mol-
ecules. The intramolecular distance between silanes deter-
mines the probe’s packing density. Affymetrix and Perlegen 
have improvised proprietary methods to permit synthesis of 
arrays holding over 500,000 probe locations, also known as 
 ‘  ‘ features ’  ’  within a 1.28 square  ‘  ‘ coverslip ’  ’ . Linker mol-
ecules, attached to the silane matrix, provide a surface that 
may be spatially activated by light. Probe synthesis occurs 
in parallel, permitting simultaneous nucleotide addition of 
A, C, T, or G nucleotide to the  ‘  ‘ features ’  ’ . Definition of 
which oligonucleotide chains will receive a nucleotide in 
each step is accomplished through the use of photolitho-
graphic masks, each with 18  μ 2 to 20        μ 2   windows corre-
sponding to the dimensions of individual features. The use 
of ultraviolet light to irradiate the mask in the first step of 
 synthesis permits exposed linkers to become de-protected 
and available for nucleotide coupling. Chrome marks on 
the wafer ensure accurate mask alignment during the 
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de-protection step. After activation, the wafer surface 
is flooded with a solution containing a single type of 
deoxyribonucleotide with a removable protection group. 
Nucleotides attach to exposed (unmasked) activated linkers. 

 Occasionally  , activated molecules fail to attach the new 
nucleotide. To prevent these aberrant chains from com-
promising chip quality, a capping step is used to truncate 
them. In addition, branched oligonucleotide formation 
is prevented through specific side chain blocking chem-
istry. Iterative synthesis steps involve masking, de-pro-
tection, and coupling. The process is repeated until the 
probes reach approximately 25 nucleotides. Although each 
position in the sequence of an oligonucleotide is occu-
pied by 1 of 4 nucleotides, resulting in an apparent need 
for 25      �      4      �      100 different masks per wafer, the synthesis 
process is optimized to minimize masking requirements. 
This is done through the use of algorithms that adjust probe 
growth kinetics and the informatic identification of probe 
products where the same mask can be used multiple times. 

 At   synthesis conclusion, the wafers are de-protected, 
diced, and the resulting individual arrays are packaged in 
flow cell cartridges. Depending on the number of probe 
features per array, a single 5 inch square quartz wafer can 
yield between 49 and 400 arrays. 

 Subsequent   to the manufacturing process, both 
Affymetrix and Perlegen do a comprehensive series of qual-
ity control tests including sampling arrays from every wafer 
to run control hybridizations. A quantitative test of hybridi-
zation is also performed using standardized control probes. 

 Application   of Affymetrix arrays to the detection of 
SNPs is accomplished through a series of labeling steps ( Fan 
 et al ., 2000 ). First, approximately 250        μ g of total genomic 
DNA is digested with restriction enzyme XbaI for the 100K 
SNP array, or NspI and Sty1 for the larger 500K or Affy 6.0 
array, and ligated to adapters provided by Affymetrix that 
recognize the cohesive 4       bp 5 �  overhang. There is no purifi-
cation between digestion and adapter ligation so both large 
and small restriction fragments are ligated with  adapters. 
PCR primers that contain the adapter sequence are then 
used to amplify the fragments in the 250 to 1,000       bp size 
range. These molecules are then labeled in a reaction that 
consists of a proprietary biotin-labeled end labeling reagent 
and terminal deoxynuclotidyl transferase. This incubation 
produces the labeled molecules that are hybridized to the 
GeneChip array. Subsequent to hybridization and washing 
in the instrument that Affymetrix has engineered for this 
purpose, chips are flooded with phycoerythrin-conjugated 
streptavidin, which binds to the biotinylated amplicons 
attached to the matrix, and permits visualization in an elab-
orate scanner supplied by the company. 

 The   Illumina BeadArray is composed of tens of millions 
of 3-micron silica beads assembled on a modified micro-
scope slide (examples shown in  Fig. 34.3c   ). Each bead is 
photolithographically printed with hundreds of thousands of 
specific oligonucleotide sequences that act as capture probes 

for a single oligonucleotide address moiety. Separately, 
patient DNA is subjected to whole genome amplification, 
PCR, and thermophilic ligase treatment in order to specifi-
cally label hundreds to millions of SNPs through the use 
of three primers: one primer that is at a fixed sequence in 
close proximity to the SNP, a second primer that provides 
base extension if and only if the SNP is represented as the 
major allele, and one primer that provides base extension 
if and only if the SNP is represented as the minor allele. 
As the SNP region is extended, a sequence homologous to 
the bead array address is co-amplified. When the beads are 
hybridized with the amplification products, they become 
specifically fluorescent. The BeadArray is subjected to 
post-hybridization washing and visualization in a proprie-
tary BeadArray detector called an iScan system. This reader 
is controlled through  proprietary Laboratory Integration 
Management System (LIMS) and interpretative software 

 FIGURE 34.3          Affymetrix and Illumina Microarray Genotyping Systems. 
 A.  The entire Affymetrix system as it sits on a benchtop. From left to 
right, microarray washer, controller computer below and microarray 
hybridization oven above, and two microarray readers on the right. 
Upper inset, one Affymetrix version 6.0 SNP microarray cartridge. 
 B.  Visualization of the Affymetrix microarray 6.0 using the proprietary 
reader software. The cross pattern denotes the perfect match and mis-
match QA probes included on the Affymetrix version 6.0 microarray. The 
inset provides a magnification of the visualization of the upper right-hand 
quadrant near the QA probe border. Internal signal dilution probes are fea-
tures that are also part of microarray QA/QC.  C.  Upper right, a schematic 
view of an Illumina BeadArray containing genotyping slide. As described 
in the text, the BeadArrays are read in a proprietary reader that calibrates 
the fluorescence on particular tags co-amplified with SNPs during a single 
base pair extension PCR and ligation.    
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called BeadStudio. BeadStudio  permits the interpretation of 
BeadArray address sequences into nucleotide calls. 

 The   past five years have witnessed a revolution in the 
capability and resolution of the Affymetrix gene chip 
arrays. Several iterations of the platform have been mar-
keted and supplanted in a short time frame. The most cur-
rent configuration of an Affymetrix GeneChip array is the 
6.0, which consists of 950,000 SNP features, of which 
approximately 720,000 are scoreable, and 950,000 fea-
tures that are intended to assess copy-number variation. 
Several mathematical algorithms for interpretation of the 
fluorescent signal into base pair genotype calls have been 
proposed and tested. These include an early algorithm still 
used for judging genotyping quality, named the Dynamic 
Model (DM) which involves using both perfect match and 
mismatch probes, of which there are a limited number on 
the 6.0 chip; and later, the CRLMM and BRLMM algo-
rithms, by which interpretation of base calls is rapid and 
mainly accurate. Similar algorithms have been imple-
mented by Illumina in their BeadStudio software.  

    34.11       MICRO-WELL PLATE ARRAYS 

 Chemical   attachment of amino-conjugated oligonucleotide 
probes to plastic micro-well plates is now a well-established 
methodology. This is the system used by Roche for popu-
lar micro-well plate assays for HIV and HCV viral load 
( Mulder  et al ., 1994 ). It has also been used by several groups 
for Factor V Leiden mutation detection ( Zehnder  et al ., 
1997 ;  Kowalski  et al ., 2000 ). In brief, the method con-
sists of attachment of amino-conjugated oligonucleotides 
to BSA-coated micro-well plates or plates coated with 
N-oxysuccinimide esters; such esters react with the nucle-
ophilic primary amine conjugates. Once coupling is accom-
plished, plates are extensively washed before being used for 
hybridization capture of biotinylated gene-specific ampli-
cons. After post-hybridization washing, subsequent incuba-
tion of the plate with a streptavidin conjugated with alkaline 
phosphatase permits visualization using tetramethylbenzi-
dine or acid-tetramethylbenzidine chemistry. Finally, plates 
containing visualized amplicons are optically scanned using 
a micro-well plate reader and interpreted using appropriate 
software. These assays are efficient and low cost compared 
with PCR-RFLP or PCR-RFLP coupled with probe hybridi-
zation; however, they have two major drawbacks. These are 
the extensive manipulation of post-PCR products, because 
they are non-homogeneous and the requirement for prepa-
ration and validation of appropriate capture plates.  

    34.12       MICROARRAY PRINTING 

 Now   that microarray printing and visualization has become 
routine in many laboratories ( Schena, 1999 ), former 
 constraints preventing indel or gene copy-number detection 

via microarray have diminished ( Beheshti  et al ., 2002 ;  Yu 
 et al ., 2003 ;  Fiegler  et al ., 2003 ). As a consequence, the abil-
ity to gauge gene copy-number, genomic deletions, or the 
presence of amplified regions has become possible through 
the printing of oligonucleotide arrays. These may be printed 
on glass slides or coverslips through the use of microarray 
preparation robots. Competitive hybridization between nor-
mal and patient genomic DNA labeled with Cy3 and Cy5 
through sample amplification permits visualization using a 
microarray scanner and consequent label ratio determination. 
Metrics for comparative genomic hybridization (CGH; see 
also Chapters 10 and 12)  , developed by  Pinkel and cowork-
ers (1998) , can then be used to determine genomic regions 
that have undergone amplification or deletion. In addition, 
careful control of hybridization conditions, probe synthesis, 
and attachment should permit SNPs scoring at large numbers 
of sites using this technology. This kind of  ‘  ‘ home-brew ’  ’  
microarray manufacture for genetic disease research and 
diagnosis is still in its infancy, in part because of the expense 
of oligonucleotide synthesis; however, these methods should 
provide some healthy competition for the suppliers of still 
relatively expensive photolithographically manufactured 
genomic chips discussed earlier.  

    34.13       SUMMARY 

 Genotyping   assay efficiency and throughput has consider-
ably improved as a consequence of automation. Automation 
of many of the subtasks of nucleic acid extraction, quanti-
tation, aliquotting, amplification, and hybridization along 
with electrophoresis, and homogeneous signal detection 
has enabled the establishment of higher-throughput molec-
ular assays and diagnostics. Process automation has been 
motivated in part by the successful effort to linkage map, 
sequence, and then provide a haplotype map (HapMap) for 
the human genome. Specific subtask automation has been 
accompanied by manual chaining together so that each proc-
ess, for example extraction, amplification, hybridization, 
and detection, are dovetailed. There are incremental gains 
in clinical laboratory efficiency through automated process 
monitoring, result interpretation, and reporting afforded by 
coupling this automated task management with laboratory 
management information systems. In a research environ-
ment, chaining manual processes with automated subtasks, 
such as robotic liquid handling, has permitted high-through-
put genomic sequencing, genotyping, and voluminous data 
production. Many instrument and reagent manufacturers 
have participated in the automation initiative. There will 
undoubtedly be many improvements in automation and 
detection of DNA hybridization in the short-term future.  
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 Chapter 35 

    35.1       INTRODUCTION 

 Contemporary   on-chip biological assays have benefited 
from the multitude of techniques developed during the 
microelectronic revolution of the last three decades. The 
ability of delivering electric and magnetic signals to the 
localized portions of the biochip permitted exploitation 
of fundamental dielectric and magnetic properties of bio-
logical molecules and cells. For example, most biological 
molecules exhibit an electric charge and thus they migrate 
when exposed to an electric field. The interaction between 
an external electric field and these molecules can be used 
for their manipulation and concentration. The differentia-
tion in dielectric properties of cells led to the development 
of dielectrophoretic techniques allowing for sorting, sepa-
ration, and isolation of cells from different organisms and 
tissues. The ability to monitor electron transfer between the 
molecule and the external measurement system formed the 
basic principles for electronic detection of DNA. Similarly, 
the vast arsenal of microfabrication capabilities developed 
in the microelectronic industry has been leveraged toward 
on-chip assay applications, where integration of conduc-
tive, heating, and magnetic elements resulted in devel-
opment of micro-PCR devices, microarray DNA chips 
containing thermal gradients, and dielectrophoretic and 
magnetic devices for cell and molecule preconcentration. 
This chapter will include a discussion on microfabrication, 
cell sorting, molecule preconcentration, and sample prepa-
ration techniques followed by DNA/RNA amplification on 
chips, electronic-assisted hybridization assays, and exam-
ples of commercially available platforms.  

    35.2       MICROFABRICATION 

 The   engagement of microfabrication techniques permits 
for realization of high-throughput, integrated analytical 
systems. Use of microfabrication techniques allows for the 
building of miniature networks of chambers and channels 
with a dimension resolution  	 1       mm. Performing assays 
within these devices reduces reagent volume and facilitates 
reduction of assay duration ( Kricka, 1998 ;  Freemantle, 
1999 ). In addition, high parallelism of reactions is achieved 
by placement of many assay paths within the same device; 
thus, analysis throughput can be increased ( Fodor  et al ., 
1991 ;  Simpson  et al ., 1998 ). Furthermore, a multitude of 
assay functions can be integrated into the same device lead-
ing to assay automation. 

 Individual   components of a microfluidic device are 
required to perform a variety of functions including mixing, 
thermal cycling, valving, and detection, which eventually 
will need to be integrated into one chip. There are a number 
of material platforms under consideration for fabrication of 
such devices including glass ( Manz  et al ., 1992 ;  Harrison 
 et al ., 1993 ), silicon ( Mastrangelo  et al ., 1998 ;  Burns  et al ., 
1998 ), plastic ( Alonso-Amigo, 2000 ;  Anderson  et al ., 2000 ; 
 Grodzinski  et al ., 2001 ), and hybrid approaches ( Burns 
 et al ., 1998 ). Devices made of glass and silicon both take 
advantage of lithographic techniques developed in the inte-
grated circuit chip industry. They use photolithography, wet 
etching, metal sputtering, and anodic and thermal bonding. 
The glass-based platform is attractive due to its well-under-
stood surface chemistry, and it possesses a surface charge, 
which allows for using electrokinetic pumping methods for 
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fluid transport. Glass is also transparent in the UV region 
of the spectrum, which simplifies detection. Silicon, on the 
other hand, permits for integration of complex complemen-
tary metal-oxide semiconductor (CMOS) electronics for 
control and data processing within a chip. 

 Plastics   offer an attractive alternative for fabrication of 
disposable devices due to low cost (particularly important 
for disposable devices) and a wide range of advantageous 
physical and chemical properties, including very good 
biocompatibility. Bulk micromachining of plastics can be 
achieved through hot embossing, injection molding, and 
casting. Rapid prototyping techniques taking advantage 
of direct writing in polymer plates are also available and 
permit production of complex structures (see  Fig. 35.1   ). 
Due to the distinct advantages of various chip fabrication 
techniques, hybrid approaches with integrated electronics 
on silicon substrates with glass or plastic channels are also 
being pursued ( Burns  et al ., 1998 ).  

    35.3       CHIPS FOR SAMPLE PREPARATION 

 Sample   preparation represents the most time-consum-
ing and labor-intensive procedure in DNA analysis, and 

also introduces one of the largest variables in subsequent 
analyses due to its complexity. Due to these reasons, initial 
efforts in bringing the assay to the chip level were focused 
on development of back-end detection schemes resulting in 
demonstrations of DNA microarray biochips ( Fodor  et al ., 
1991 ;  Fortina  et al ., 2000 ) and electrophoresis separation 
chips ( Manz  et al ., 1992 ;  Harrison  et al ., 1993 ;  Woolley 
and Mathies, 1994 ). However, the quest for a complete, 
integrated analytical chip system requires the treatment of 
 ‘  ‘ real ’  ’  samples of bodily or environmental fluids. Recent 
research attempts use methods of separating cells from 
complex samples. Two of these methods are discussed in 
the following sections, which in the authors ’  opinion are 
most promising. These methods utilize dielectrophoresis 
and immunomagnetic separation. 

    35.3.1       Use of Dielectrophoresis 

 Immersion   of a biological cell into a medium of different 
dielectric property, and subsequent application of an exter-
nal non-uniform electric field, causes cell polarization and 
induction of charges at the cell/medium interface ( Wang 
and Cheng, 2001 ). The dipole moment develops due to 
separation of positive and negative charges within the cell. 
Dielectrophoretic force (DEP) originates from interaction 
of this dipole moment with an external non-uniform elec-
tric field. Depending on the relationship of dipole moment 
and electric field vectors (directions), the DEP force can be 
positive (parallel vectors) or negative (anti-parallel vectors), 
causing motion of the cell in different directions ( Pethig 
 et al ., 1992 ). These vector relationships depend on the rel-
ative dielectric property of the cell and the medium. The 
former depends on the cell type and physiological state. 
Negative effects on development or behavior of cells were 
not observed either during or after application of electrical 
fields ( Pethig  et al ., 1992 ). 

 The   DEP technique does not require cell labeling, and 
uncomplicated devices containing only interdigitated elec-
trodes can be built. When non-uniform AC electric field 
is used, cells migrate to locations of minimum dielectric 
potentials and get immobilized there. Furthermore, differ-
ences in dielectric properties between cells allow for tun-
ing of electric field conditions so that only single cell types 
from a complex mixture are immobilized. 

 For   example, DEP separation techniques, which exploit 
differential dielectric properties among different biological 
cells, have been developed. Cultured cervical carcinoma 
(HeLa) cells and  E. coli  cells were separated and isolated 
from normal blood cells ( Cheng  et al ., 1998a,b ) on a sili-
con chip (see  Fig. 35.2   ). The NanoChip  ™  , developed by 
Nanogen, contains a two-dimensional silicon-based array 
of the platinum electrode sites. These sites can be addressed 
individually, such that AC electric field can be directed to 
the site of choice. Cells, bacteria, or other molecules can be 

 FIGURE 35.1          Monolithic, integrated DNA assay device produced using 
direct laser writing in 250       mm polycarbonate plates and boned through 
thermal bonding process. Serpentine PCR channel (PCR), hybridization 
channel (HC), pluronics valves (V1 – 4), pluronic traps (T), hydrophobic 
air permeable membrane (M), PCR reagent loading holes (SL), sample 
driving syringe pump P1, waste withdrawing syringe pump (P2), and 
wash syringe pump (P3) are indicated (adapted from  Liu  et al ., 2002 ).    
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moved rapidly and concentrated to the appropriate address 
in the NanoChip electronic microarray. A permeation layer, 
usually porous agarose or polyacrylamide, allows an elec-
trical contact between the electrode and cells or molecules 
in solution, while preventing physical contact, which may 
lead to undesired oxidation or denaturing. 

 As   described in Cheng and colleagues (1998b), sepa-
ration of HeLa cells from blood cells took approximately 
3       min after addition of the mixture. Furthermore, a chip 
also was designed to integrate subsequent sample process-
ing and DNA/RNA hybridization ( Cheng  et al ., 1998b ). 
The DEP separation of bacteria containing a plasmid from 
blood cells, electronic lysis of isolated cells, and digestion 
of proteins were performed. Presence of plasmid sequence 
was detected by hybridization, and the entire process took 
approximately 4       min to complete after the mixture was 
added to the chip. Lysis was performed using a series of 
electronic pulses, and all positions had a proteinase K mix-
ture added to digest proteins released during lysis. Plasmid 
and genomic RNA and DNA were released from the cells 
as a result of the lysis. Hybridization was performed on 
another chip, requiring removal of the nucleic acids. The 
hybridization chip contained a permeation layer of strepta-
vidin agarose with biotinylated capture probes at specific 
addresses. Each target sequence was electronically moved 
to the separate addresses and bound as expected to the 
proper fluorescent capture probe. 

 A   diversity of dielectrophoretic techniques resulted in 
modifications of simple cell arrest approaches and pro-
duced more sophisticated operation schemes, such as Field-
Flow Fractionation (FFF) DEP and traveling-wave DEP 
( Gascoyne and Vykoukal, 2002 ). The former is used to 
separate cells in the vertical direction within a flow chan-
nel and combines variation of flow velocity due to para-
bolic distribution of the flow front in pressure-driven flow 
and DEP. The latter involves application of an AC electrical 

field in a sequential manner to the set of electrodes ena-
bling simultaneous concentration and motion of the cells. 

 DEP   devices also can be used for focusing ( Edman  et al ., 
1998 ), preconcentration, and selective entrapment of DNA 
fragments ( Chou  et al ., 2002 ). The latter approach used an 
electrode-less DEP chip configuration where electrodes are 
removed to the end of fluidic channels, and DEP force is 
created due to crowding of electric field lines within the 
microfabricated channel constriction (see  Fig. 35.3   ). The 
advantage of this approach lies in prevention of DNA hydrol-
ysis when it is brought to the vicinity of the metal electrode.  

    35.3.2       Use of Magnetic Devices 

 Molecule   and cell labeling with particles or beads, which 
could exhibit magnetic properties, are common in molecu-
lar biology. The magnetic beads can then be manipulated, 
transferred, and immobilized in a magnetic field. Resulting 
molecule or cell separation and sorting can then occur. 
Incorporating chip elements enabling selective production 
of such fields allows for localized formation of these fields. 
Traditional cell separation protocols rely predominantly 
on immunological methods utilizing labeling of cells with 
specific antibodies, which are usually covalently linked to 
particles, for example paramagnetic beads (       Chalmers  et al ., 
1998a, b ). The bead particles can be trapped in an external 
magnetic field, and a subset of cells bound to the beads can 

 FIGURE 35.2          NanoChip ™  cartridge and electronic microarray. The lat-
est generation NanoChip ™  cartridge is used on the automated Molecular 
Biology Workstation developed by Nanogen. Each microarray has 100 
test sites.    

 FIGURE 35.3          Schematic of a microfluidic DEP trap. A. A metallic DEP 
trap is made of microfabricated wire(s) on a substrate. The wire(s) may be 
either free floating or connected to a voltage source. B. An electrode-less 
DEP trap made of dielectric constrictions. The solid lines, indicated by E, 
are electric field lines. C. A scanning electron micrograph of an electrode-
less DEP device consisted of a constriction array etched in quartz. The 
constrictions are 1       mm wide and 1.25       mm deep. The whole chip measures 
1      �      1       cm. The applied electric field direction z is shown by the double-
headed arrow (adapted from  Chou  et al ., 2002 ).    



Molecular Diagnostics516

be isolated via an antibody. This method carries substantial 
promise for separation of rare cells occurring at low con-
centrations, due to its potential for high selectivity. Thus, 
developing chips capable of producing magnetic fields and 
magnetic gradients and enabling isolation of magnetically 
labeled cells within the chips at predetermined locations 
is of great importance. A method to effectively produce 
strong magnetic gradients is important while capturing 
small ( 	 150       nm) beads, which possess too weak a momen-
tum to be trapped in uniform fields. 

 Introduction   of complex fabrication processes to fab-
ricate on-chip integrated microcoils has been successful, 
and has facilitated an alternative approach instead of use of 
external magnets for bead arrest. Meander-type magnetic 
coils have been demonstrated using a planar magnetic con-
ductor and two-level magnetic core ( Ahn and Allen, 1993 ). 
Such coils can be used directly to drive magnetic actua-
tors. Hybrid processes, where wire bonding combined with 
microfabrication techniques have been used, result in coils 
( Christenson  et al ., 1995 ). Microfluidic structures with 
manually wound coils used for bead trapping and coil-to-
coil bead transport have also been evaluated ( Joung  et al ., 
2000 ). Shallow channels need to be used to maintain gradi-
ent strength in the bead flow field. 

 Methods   to produce high magnetic gradients for cell 
separation have been discussed (       Tibbe  et al ., 1999, 2002 ; 
 Berger  et al ., 2001 ;  Ward  et al ., 2002 ), and devices of 
approximately 1       mm wide and 100       nm tall sputtered fer-
romagnetic lines used to create very high local gradients 
at the edges of the lines. A cell-tracks device (Immunicon 
Corp., Hundington Valley, PA) uses nickel magnetized in 
an external field (       Tibbe  et al ., 1999, 2002 ), whereas an -
other uses permanently magnetized cobalt-chrome-tantalum 
materials ( Berger  et al ., 2001 ). When labeled cells are 
brought in close proximity (50       mm) to the lines, they can 
be captured by the magnetic force resulting from the edge 
gradients. The Immunicon device (see  Fig. 35.4   ) achieves 

this proximity using a specialized external gradient mag-
net while the other uses shallow flow channels. The 
Immunicon device is engineered for optical observation of 
trapped cells in a CD-like configuration capable of laser 
scanning; the second is designed for cell sorting and uses 
hydrodynamic forces in the channel to direct captured cells 
along the wires to collection points. 

 Ward   and colleagues (2002) developed microfluidic 
channels with built-in gradients using submillimeter iron or 
nickel-iron matrix elements fabricated into acrylic and poly-
carbonate substrate plastic channels. Those metal features 
geometrically concentrate external magnetic flux to form 
the necessary magnetic gradients for capture of weakly 
susceptible particles. Targets are collected at the walls of 
the channel where they can be washed or otherwise proc-
essed in a flow stream. These first generation devices were 
used to concentrate  E. coli  cells from blood and employed 
double-sided iron embedded polycarbonate channels 
100       mm in height. Plating experiments of  E. coli  inoculated 
blood demonstrated that large sample volumes could be 
concentrated in minutes with relatively high recovery rates. 
About 50% recovery was obtained at the maximum tested 
average flow rate of approximately 19       mm/sec, which cor-
responded to an approximately 350       ml/min flow rate. For 
capture of rare target mammalian cells from blood, alterna-
tive, more uniform and more easily manufactured designs 
using compression-molded, saw-toothed ridges in acrylic, 
which are coated with soft magnetic material, were also 
explored (see  Fig. 35.5   ). A 90% cell capture efficiency 
using a 120       ml/min flow rate was achieved.  

 FIGURE 35.4          Schematic of Celltracks device and method. The chamber 
with microfabricated nickel lines is placed in the external magnet device. 
Labeled cells in the chamber are drawn upward where they align along 
the nickel. They can then be analyzed by the scanning optics (adapted 
from  Tibbe  et al ., 1999 ).    

 FIGURE 35.5          A. Laser-machined acrylic ridge structure prior to elec-
troplating. B. Ni-Fe ridge device with fluorescein-labeled CD45 antibody 
coupled to IgG1-specific magnetic beads prior to separation. C. Same 
device after separation. Fluorescence is focused on the ridges. D. Similar 
device after separation of white blood cells using the fluorescent anti-
CD45 antibodies (adapted from  Ward  et al ., 2002 ).    
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    35.3.3       Cell Separation by Size 

 Physical   filters relying on separation of cells by size have 
been demonstrated ( Wilding  et al ., 1998 ). White blood 
cells were isolated from whole blood in silicon-glass 4.5       ml 
microchips containing a series of 3.5       mm feature-sized 
weir-type filters, formed by an etched silicon dam spanning 
the flow chamber. Genomic DNA targets, for example, the 
dystrophin gene, then were directly amplified using PCR 
from cells isolated on the filters. This dual function micro-
chip provides a means to simplify nucleic acid analyses by 
integrating in a single device two key steps in the analyti-
cal procedure: cell isolation and PCR ( Cheng  et al ., 1996, 
1998c ;  Wilding  et al ., 1998 ).   

    35.4       DNA AND RNA AMPLIFICATION IN 
MICROCHIP FORMAT 

 DNA   amplification using polymerase chain reaction (PCR) 
is essential to most genetic analysis applications of inte-
grated microchips. Rapid operation, small sample volume, 
and parallel amplification of different amplicons within the 
same chip are among the desired features of amplification 
in the microchip environment. Design and development of 
such chips is hindered by several challenges including loss 
of sample to chamber walls due to dramatic increases in 
surface-to-volume ratio, evaporation in small volumes, and 
effective heat dissipation in order to achieve rapid thermal 
cycling. Micro-PCR devices have been fabricated in glass 
( Kopp  et al ., 1998 ;  Waters  et al ., 1998 ;  Lagally  et al ., 2000, 
2001 ), silicon ( Wilding  et al ., 1994 ;  Belgrader  et al ., 1998, 
1999 ), and plastic ( Boone  et al ., 1998 ;  Yu  et al ., 2000 ; 
 Kricka,  et al ., 2002 ). Silicon, due to its superior thermal 
conductivity (approximately 10 �  that of glass and 700 �  
that of polymers), allows for very fast temperature ramp 
times and results in short on-chip protocols ( Belgrader 
 et al ., 1999 ). Recently, with increasing emphasis on dispos-
able devices, use of plastic and plastic fabrication methods 
have become popular in microreactor development. Such 
chips are inexpensive, optically transparent, and biocom-
patible ( Alonso-Amigo, 2000 ;  Grodzinski  et al ., 2001 ). 
Despite all the advantages, plastic possesses a major chal-
lenge to a designer of PCR microreactors due to its poor 
thermal conductivity and resulting difficulty in achieving 
rapid thermal cycling. Recently, successful DNA ampli-
fication in polycarbonate chips was reported ( Yang  et al ., 
2002 ). Thirty thermal cycles took 30       min, which, consider-
ing the poor thermal conductivity characteristics of poly-
mers, is a significant achievement. 

 Low  -volume operation and rapid thermal cycling have 
been early motivators for on-chip PCR development. 
An infrared heating scheme with glass PCR devices con-
taining a 1.7       ml microchamber was described, in which 
amplification was achieved by 15 thermal cycles in 4       min 

( Giordano  et al ., 2001 ). In an integrated monolithic silicon-
glass device, a submicroliter (280       nl) volume was thermally 
cycled as fast as 30       sec/cycle ( Lagally  et al ., 2001 ). The low 
volume limit for micro-PCR was further reduced by using 
a picoliter microchamber array ( Nagai  et al ., 2001 ). Using 
a real-time PCR device, PCR detection in 7       min of 
 Erwinia , a vegetative bacterium, was reported ( Belgrader 
 et al ., 1999 ). An integrated rapid PCR-detection sys-
tem with amplification times in the 20       min range coupled 
with capillary electrophoresis analysis also was presented 
( Khandurina  et al ., 2000 ;  Lagally  et al ., 2000 ). 

 Despite   all these examples, sensitivity of micro-PCR 
chips has not been well studied. Most reports focused on 
achieving amplification  per se , but the systematic evalua-
tion of amplification yield and reaction sensitivity was not 
usually explored. The initial template concentration used 
to achieve fast and small volume amplification was usu-
ally high, ranging from 0.1       ng of phage DNA ( Giordano 
 et al ., 2001 ) to 100       ng of human genomic DNA ( Cheng 
 et al ., 1998c ). The most sensitive micro-PCR assay dem-
onstrated so far involved use of a single molecule DNA 
template, which was amplified in a glass-integrated micro-
fluidic device ( Lagally  et al ., 2001 ;  Fig. 35.6   ). For  ‘  ‘ real ’  ’  
sample (containing target cells, rather than purified DNA) 
analysis, the most sensitive silicon microstructure, which 
could perform rapid real-time PCR analysis from a sam-
ple containing a low target concentration ( Erwinia ), was 
reported ( Belgrader  et al ., 1999 ). A positive amplicon signal 
was detected in less than 35 cycles (17       sec/cycle) with the 

 FIGURE 35.6          Microfluidic PCR-CE device. The PCR chambers are 
connected to a common sample bus through a set of valves. Hydrophobic 
vents at the other end of the PCR chambers are used to locate the sample 
and to eliminate gas. The PCR chambers are connected directly to the 
cross channel of the CE system for product injection and analysis. Two 
aluminum manifolds, one each for the vents and valves, are placed onto 
the respective ports and clamped in place using vacuum. The manifolds 
connect to external solenoid valves for pressure and vacuum actuation. 
Thermal cycling is accomplished using a resistive heater and a miniature 
thermocouple below the 280       nL chamber (adapted from  Lagally  et al ., 
2001 ).    
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starting template concentration as low as five cells. A sys-
tematic study on sensitivity of micro-PCR in plastic devices 
was reported for the first time ( Yang  et al ., 2002 ), demon-
strating feasibility of amplifying template concentrations 
as low as ten  E. coli  cells (50       fg of DNA) in the presence 
of blood. Similarly, multiplexing PCR was demonstrated 
within the same reactor chamber for four different bacteria 
species. 

 Investigators   have worked on sample preparation using 
real-time PCR or hybridization in an array format as an 
assessment tool. An integrated, monolithic genetic assay 
device performing serial and parallel multistep molecular 
operations, including nucleic acid hybridization, was pre-
sented ( Anderson  et al ., 2000 ). More recently, a system 
with online PCR detection, on-chip spore preconcentration, 
lysing, and DNA purification was demonstrated ( Taylor 
 et al ., 2001 ). In addition, a prototype integrated semidis-
posable microchip analyzer for cell separation and iso-
lation, PCR amplification, and amplicon detection was 
developed ( Yuen  et al ., 2001 ). The analyzer includes three 
glass-silicon microchips (an integrated sample prepara-
tion and PCR microchip, a denaturation microchip, and a 
reaction microchip) and a detection microarray made from 
a standard glass slide. The microchips and microarray are 
connected through a microfluidic network. The individual 
chips are assembled into a working system using three 
platforms: an upper plexiglas, a disposable lower plexiglas, 
and an aluminum platform. 

 Plastic  , disposable chips for pathogen detection, PCR 
amplification, DNA hybridization, and hybridization in a 
single device were demonstrated ( Liu  et al ., 2002 ). DNA 
probes were immobilized in plastic channels to reduce tar-
get volume and to enable target motion to improve detec-
tion sensitivity. On-chip valving using phase-change 
Pluronics material was also implemented to facilitate 
separation of different stages of the assay. The chip was 
sandwiched between external Peltier heaters during PCR 
amplification, and sample transport was accomplished 
using external syringe pumps. The level of integration 
was expanded further to a complete self-contained biochip 
capable of magnetic, bead-based cell capture, cell precon-
centration, purification, lysis, PCR amplification, DNA 
hybridization, and electrochemical detection of hybridiza-
tion events ( Liu  et al ., 2003 ). The device is completely self-
contained and does not require external pressure sources, 
fluid storage, mechanical pumps, or valves (see  Fig. 35.7   ). 
It uses phase-transition paraffin valves and electrochemical 
pumps for efficient sample transport and isolation between 
adjacent assay stages. 

 It   should be noted that a wide range of flow rates 
needs to be used, since large sample volumes (approxi-
mately 2       ml) have to be processed in short periods of time 
( 	 10       min). Pathogenic bacteria preconcentration and sub-
sequent amplification and detection of genomic DNA as 
well as single nucleotide polymorphism (SNP) analysis 
directly from blood was reported using this system. 

 FIGURE 35.7          A. Schematic of the plastic fluidic chip. Pumps 1 – 3 are electrochemical pumps; pump 4 is a thermo-pneumatic pump. B. Photograph of 
the integrated device that consists of a plastic fluidic chip, a printed circuit board (PCB), and a Motorola eSensor ™  microarray chip. The piezoelectric 
disks glued on the top of the sample storage chamber and microarray chamber that provide acoustic micromixing are not shown here (adapted from  Liu 
 et al ., 2003 ).    
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 Quantitation   of mRNA abundance in a micro-PCR for-
mat remains an additional challenge. Single-step RT-PCR 
using silicon dioxide-coated chips has been reported with 
an efficiency of 70% compared to that from a tube control. 
Analyses were conducted using an entangled-solution cap-
illary electrophoresis (ESCE) system and laser-induced flu-
orescence (LIF) detection ( Cheng and Mitchelson, 2001 ). 
Similarly, Anderson and colleagues (2000) developed chips, 
which, among others, performed reverse transcription reac-
tions. Recently, PCR and RT-PCR in one chip using a con-
tinuous flow scheme was demonstrated ( Obeid, 2003 ).  

    35.5       COMMERCIAL IMPLEMENTATION OF 
MOLECULAR ASSAYS WITH THE USE OF 
MICROELECTRONICS 

 Many   of the research approaches just discussed have 
matured and grown to be commercialized, taking advan-
tage of microfabrication and microelectronic technologies. 
In the following sections, a few primary examples will be 
discussed, including: 

      ●      Hitachi high-technology microarray chips with thermal 
gradients  

      ●      Nanogen approach to electronic focusing of DNA in 
hybridization microarrays  

      ●      Motorola – Clinical Micro Sensors hybridization chips 
using electrochemical detection for SNP analysis  

      ●      CombiMatrix microarrays with  in situ  probe synthesis 
and electronic detection for immunoassay and DNA 
applications  

      ●      GeneOhm detection and direct DNA conductivity 
measurements  

      ●      Hybridization arrays with magnetic sensing  
      ●      Cepheid technology for real-time micro-PCR amplifi-

cation and sample preparation  
      ●      Caliper capillary electrophoresis technology for DNA 

and protein separation    

    35.5.1       Thermal Gradient Chips 

 With   the increasing complexity and size of the contempo-
rary microarrays, the determination of optimum conditions 
for multiple sequences to be analyzed on the same chip is 
becoming increasingly difficult. Template/primer and tem-
perature differences do not allow all sequences to have sim-
ilar performances when being hybridized simultaneously. 
Several groups have tried to optimize primer length, melt-
ing temperature, GC content, buffer concentrations, wash 
conditions, and hybridization temperature in attempting to 
find one set of optimal hybridization conditions ( Khrapko 
 et al ., 1991 ;  Sosnowski  et al ., 1997 ;  Gerry  et al ., 1999 ; 
 Gilles  et al ., 1999 ;  Lipshutz  et al ., 1999 ;  Fan  et al ., 2000 ; 
 Hirschhorn  et al ., 2000 ;  Mei  et al ., 2000 ;  Pastinen  et al ., 

2000 ;  Dong  et al ., 2001 ;  Jobs  et al ., 2002 ). These multiple 
attempts, which did not lead to an ultimate success, trig-
gered a new research direction where chip platforms allow-
ing for the independent control of the temperature at each 
individual array site were constructed ( Kajiyama  et al ., 
2003 ). This independent temperature control of hybridiza-
tion events allowed for multiple genes and sequences to 
be assayed together. Genotyping SNPs in two genes was 
demonstrated with this newly developed chip, and four 
clinically relevant loci were selected for testing: two in 
the Factor VII gene and two in the hemochromatosis gene 
( Kajiyama  et al ., 2003 ). 

 A   standard lithography process has been employed to 
design and fabricate the chip containing 100 individually 
controlled sites. Each site was 500      �      500 microns in size 
and contained a heater and temperature sensor. A diagram 
of the gradient chip, an individual reaction site diagram, 
and images of the individual sites for reaction are shown in 
 Fig. 35.8   . Heat dissipation fins were added to the chip after 
initial testing to minimize any thermal effects one site may 
have on neighboring sites. 

 The   thermal gradient chip has proven to be very effec-
tive in genotyping, as it allowed for multiple loci with 
different probe melting temperatures ( T  m ) to be typed on 
the same chip. The melting/hybridization temperature of 
a sequence is determined by several factors, including the 
GC content and size of the PCR product. A few degrees 
difference in  T  m  can determine success or failure of a suc-
cessful analysis of the sequence of interest, providing that 
hybridization or wash conditions are not optimized for the 
individual locus. The GC content of the four loci studied 
varied from 43% to as high as 71%, and PCR product size 
ranged from 150 to 390       bp, and  T  m  from 51 to 65 ° C. A Cy5 
label was added to each PCR product to detect hybridiza-
tion of the chip-bound normal or variant oligonucleotides. 
As expected, heterozygous samples hybridized to both 
chip-bound normal and mutant probes. The ability to con-
trol the temperature for hybridization for each locus facili-
tated genotyping of multiple loci simultaneously on the 
same chip. Such thermal gradient chips help minimize 
the number of ambiguous calls, making them potentially 
attractive for clinical laboratory testing.  

    35.5.2       Use of Electric Field to Accelerate 
Hybridization 

 Although   microarrays are making a large impact on genom-
ics, disease diagnosis, and biology in general, a significant 
problem still exists  –  hybridization is slow. Just as with 
Southern blotting, the solution containing the molecules 
to be hybridized with those attached to the surface typi-
cally takes 16 to 24 hours. Furthermore, the sample must 
be sufficiently concentrated in these molecules to permit 
hybridization even at these extended times. For example, 
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concentration of about 4 nanomolar DNA is usually 
employed to achieve reasonably complete hybridization 
of 150       bp probes in 10 hours. Recommended protocols 
for mRNA use 2        microgram or (assuming size of 1,000 
to 10,000       bp) roughly 19 to 190       nM mRNA. Lower con-
centrations simply do not produce a measurable signal in 
any reasonable period of time. The reason for the relatively 
large difference is that larger molecules diffuse much more 
slowly than smaller ones. 

 Due   to these deficiencies, numerous attempts to accel-
erate the hybridization process have been undertaken. They 
include target stirring or mixing with the hybridization cav-
ity, dynamic DNA hybridization using paramagnetic beads 
( Fan  et al ., 1999 ), rotation of the whole device ( Chee  et al ., 

1996 ), and the use of a micro porous three-dimensional 
biochip with the hybridization solution being pumped con-
tinuously through it ( Cheek  et al ., 2001 ). 

 One   of the most effective hybridization kinetics acceler-
ation methods developed to date is to use an electric field to 
attract and concentrate DNA molecules at the chip surface. 

 NanoChip    ™   microelectronic arrays use electronic field 
control to drive the transport and concentration of nucleic 
acids to specific test sites within the array. The currently 
available array comprises 100 microelectrode test sites, 
each of which can be controlled individually and electroni-
cally to carry a positive, negative, or neutral charge. This 
flexibility differentiates NanoChip  ™   microelectronic arrays 
from other array platforms and enables analysis of multiple 

 FIGURE 35.8          Thermal gradient chip images. A. Completed thermal gradient chip wire bonded to a small printed circuit board for testing. The silicon 
islands and supporting silicon dioxide support structure are visible in the center. B. Location and size of the heating and thermal sensing regions within a 
single island with photographic details. C. When four islands surrounding an unheated island are heated (right), their combined effect on the temperature 
of the central island is much greater than when a single island is heated (left). D. Genotype analyses for two SNPs in the gene for hemochromatosis: 
fluorescence units (y-axis) as a function of chip island temperature (x-axis) are shown for hybridization of Cy 5-labeled, denatured PCR, solution-phase 
targets to chip-bound normal (N-ASO, red) or mutant (M-ASO, green) oligonucleotide probes. Genomic DNA from either heterozygous (N/M, middle 
panels), wild-type (N/N, left panels), or homozygous mutant individuals (M/M, right panels), encompassing either the H63D (upper three panels) or 
C282Y (lower three panels) SNPs in the gene for hemochromatosis, were amplified by PCR. Samples then were heat denatured and annealed to chips 
containing different thermally isolated islands. Numbers in brackets refer to the ratio of intensities of annealing of labeled targets to normal (red)/mutant 
(green) probe spots on the array (adapted from  Kajiyama  et al ., 2003 ).  Note : The e-book for this title, including full-color images, is available for 
purchase at www.elsevierdirect.com.    
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patient samples and/or multiple SNPs on a single array 
( Foglieni  et al ., 2004 ). 

 Nanogen  ’s ( http://www.nanogen.com ) electronic arrays 
are composed of silicon microchips coated with a syn-
thetic hydrogel permeation layer containing streptavidin. 
By applying a positive charge to one or more test sites on 
the array, DNA, which is negatively charged, is attracted to 
those positions. Incorporation of a biotin moiety onto the 
DNA allows the sample to remain anchored at the test site 
after the electronic charge has been discontinued. 

 To   perform a standard SNP genotyping assay, ampli-
fied, biotinylated genomic DNA is electronically addressed 
to one or more test sites. After all samples have been 
applied, fluorescently labeled reporter oligonucleotides 
that discriminate between the wild-type and polymorphic 
alleles are hybridized to the DNA, indicating the genotype 
of each sample. This entire process is highly automated; 
subsequent to sample preparation, the electronic address-
ing, hybridization, fluorescence scanning, and data analysis 
steps are performed on the NanoChip  ™   Molecular Biology 
Workstation. 

 The   Nanogen approach has been effective in reducing 
the hybridization duration events to several minutes; how-
ever, the design of these chips remains complex and thus 
chip cost is still high. 

 Investigators   at the University of Pennsylvania ( Su 
 et al ., 2002 ) employed the electric field to attract DNA 
target to the chip surface, while drastically changing the 
chip design. They used standard glass slides coated com-
mercially with a layer of indium and tin oxide (ITO) as 
the conductive material, which acts as an electrode. ITO is 
transparent and is used as the active material in liquid crys-
tal displays (LCDs). It was found that standard methods 
for attaching oligonucleotides to a glass surface (silaniza-
tion with an amino silane, reaction with a difunctional iso-
thiocyanate, and reaction with an amino oligonucleotide) 
worked well with ITO surfaces. After oligonucleotide spots 
are attached to the conductive surface of one slide, a small 
amount of solution containing the complementary oligonu-
cleotide is placed on the surface inside a thin gasket (typi-
cally around 25        microliters) and the second glass slide with 
electrode facing the solution is clamped on. A low voltage 
( 	 1       V) is applied between the electrodes such that the array 
side is at positive potential as compared to the second elec-
trode. After a fixed time, the cell is disassembled and the 
hybridization is quantified with Cy5 dye labeling and laser 
scanning. Results are expressed as relative fluorescence 
intensity, defined as the ratio of (spot signal  –  background 
signal) to (reference spot signal  –  background signal). 

 A   series of studies with PCR products of different sizes 
were performed to evaluate the improvement in hybridi-
zation times using this technique (also known as electric 
field-enhanced hybridization, or EFEH). The enhancements 
from about 40 to 200 times for DNA in the size ranges 
considered have been measured. In addition to improving 

speed of hybridization, EFEH showed an improved dis-
crimination between perfectly matched and single-base 
mismatched hybrids. In this case, the field is applied in the 
reverse direction for a short time (sec) following the appli-
cation in the forward direction to drive target to the surface. 
The bond strengths for imperfect matches are lower than 
for perfect ones and therefore may be removed more easily 
by the reverse field. 

 The   main value of the proposed EFEH technique is its 
simplicity. It uses glass slides (versus the more expensive 
silicon ones) and it moves away from individual addressing 
of the hybridization sites. Thus, fabrication of these devices 
is much less complex and less expensive. By eliminating 
the individual addressing scheme, this method loses some 
flexibility.  

    35.5.3       Electronic Detection of DNA 
Hybridization: Clinical Microsensor 
Technology 

 Electronic   detection of DNA hybridization has been devel-
oping rapidly, since it offers potential toward further mini-
aturization of DNA diagnostics (       Wang, 1999, 2000 ). Use 
of electrochemical detection schemes obviates the need for 
large and expensive fluorescent scanners. The detection 
chips can be produced inexpensively using Si- or printed 
circuit board-based fabrication technologies. Most impor-
tantly, detection schemes not requiring external labels can 
be devised, further simplifying signal collection and ena-
bling studies of reaction kinetics. 

 Clinical   Micro Sensors ( http://www.cms.com ) has 
developed electrochemical detection ( Farkas, 1999 ;  Umek 
 et al ., 2001 ), low-density hybridization arrays for diag-
nostic applications, in particular, detection of SNPs. This 
so-called eSensor  ™   device is composed of a printed circuit 
board (PCB) chip and a plastic cartridge that is attached to 
the PCB chip using double-sided adhesive tape to form an 
80        microliter reaction chamber. The PCB chip consists of 
an array of gold electrodes modified with a multicompo-
nent, self-assembled monolayer (SAM) that includes pre-
synthesized oligonucleotide (DNA) capture probes that are 
covalently attached to the electrode through an alkyl thiol 
linker. When a sample solution containing target DNA is 
introduced into the detection cartridge, specific capture 
probes on an electrode surface encounter complementary 
DNA from the sample and hybridization occurs. Two fer-
rocene, electronic labels (capture probe and signaling 
probe) bind the target in a sandwich configuration. 

 Binding   of the target sequence to both the capture probe 
and the signaling probe connects the electronic labels to 
the surface through the chains of molecular wires built into 
SAMs ( Creager  et al ., 1999 ). This adds a circuit element to 
the bioelectronic circuit on that electrode, and presence of 
hybridized (double-stranded) DNA can be detected using 
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alternative current voltammetry (ACV). Since the incom-
ing target itself is not labeled, the washing step (to remove 
excessive, non-bound target) prior to the signal collection 
is not required. A continuous monitoring of the binding 
process with a quantitative measurement of the target accu-
mulation is possible.  

    35.5.4       Hybridization Microarrays with 
 in situ  Probe Synthesis: CombiMatrix 
Technology 

 The   use of on-chip  in situ  probe synthesis provides an 
attractive alternative to hybridization microarrays fabricated 
using presynthesized oligonucleotides and their physical 
deposition on the substrate. Chips with  in situ  probe syn-
thesis are much more flexible to build, and valuable in the 
experiments where new sequences need to be introduced 
frequently. A method relying on photolithography and 
combinatorial chemistry allowing for parallel synthesis of 
probes nucleotide-by-nucleotide has been developed ( Fodor 
 et al ., 1991 ). The use of photolabile chemistry allows for 
deprotection of the linker under the UV light exposure 
and attachment of the nucleotide. The fabrication costs of 
the photolithographic mask sets are, however, fairly high. 
Therefore, this technology has been modified by using 
Digital Light Processor (DLP) to develop the Maskless 
Array Synthesizer (MAS), which delivers focused light 
beams to selected portions of the substrate, thus eliminat-
ing need for the photomask ( Nuwaysir  et al ., 2002 ). 

 Another   step toward miniaturization of diagnostic 
assays can be undertaken when electrochemical synthe-
sis of probes is implemented. CombiMatrix ( http://www.
combimatrix.com ) introduced electrochemical  in situ  syn-
thesis using electronic CMOS devices ( Dill  et al ., 1999 ; 
 Oleinikov  et al ., 2003 ). These chips contain high-density 
arrays of individually addressable microelectrodes. A typi-
cal chip has 1,024 microelectrodes that are each 100       mm 
in diameter (see  Fig. 35.9   ). Each microelectrode in the 
array can be addressed independently. An activated elec-
trode generates protons, resulting in a local change of pH. 
In turn, a pH-controlled chemical reaction can occur in the 
vicinity of a given electrode. The CombiMatrix biochips 
are coated with proprietary approximately 1       mm thick 
porous reaction layer material, which is used for immobi-
lization and synthesis of biomolecules used for subsequent 
binding of target. Covalent linkage of the molecules within 
the porous layer is accomplished using reagents that are 
generated  in situ  by the microelectrodes. 

 In   immunoassay format, biotin is immobilized in the 
porous layer. Subsequently, biotin-labeled sites then can 
conjugate with streptavidin, which in turn can capture 
biotin-labeled proteins or antibodies. Sandwich immu-
noassays can be used for larger entities and competitive 
immunoassays for smaller molecules. The technique was 

used for detection of saxitoxin, BG spores, murine IgG, 
and salmonella, among others ( Dill  et al ., 2001 ). 

 The   use of phosphoramidite chemistry at the electrode 
sites, combined with sequential addressing of these elec-
trodes in order to produce protons, results in the synthesis 
of oligonucleotides ( Oleinikov  et al ., 2003 ). CombiMatrix 
demonstrated an  in situ  synthesis of 50-mers oligonucleo-
tides. A complete chip with such probes can be prepared 
within 24 hours. Using this technique, CombiMatrix dem-
onstrated SNP and gene expression assays. Furthermore, 
they also showed protein recognition using oligonucleotide 
arrays. Proteins under study were tagged with matching (to 
the one synthesized at the electrode site) oligonucleotide 
through streptavidin-biotin linker. Hybridization of oligo-
nucleotides allowed immobilization of protein on the chip 
surface ( Oleinikov  et al ., 2003 ). 

 At   the initial stage of CombiMatrix development, detec-
tion was accomplished using fluorophore-tagged antibodies 
and epifluorescent microscopy. However, since the elec-
trode sites on the chip are individually addressable, they 
can also be used to detect events occurring on the chip sur-
face using electrochemistry ( Oleinikov  et al ., 2003 ).  

 FIGURE 35.9          A section of the CombiMatrix CME9608 chip. Each of the 
small round disks is an electrode. Each electrode site is associated with 
CMOS circuitry for individually addressing and operating the electrode. 
CombiMatrix first generation CME9608 series chips have densities of 
over 1,000 sites per square centimeter. These chips are fabricated using a 
conventional 3-micron CMOS process. The next generation of chips will 
have over 6,000 sites per square centimeter. CombiMatrix also has spe-
cial-purpose designs that achieve densities well over one million sites per 
square centimeter (adapted from  Dill  et al ., 2001 ).    
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    35.5.5       E-Chem Detection and Direct DNA 
Conductivity Measurement: GeneOhm 

 GeneOhm   ( http://www.geneohm.com ) uses electron flow 
through a double helical DNA molecule to generate a cur-
rent, which is dependent upon complementary base pair-
ing within the helix. Briefly, an oligonucleotide spanning 
the region to be interrogated is deposited on a gold sur-
face array. PCR target DNA from the patient is then heat 
denatured and annealed to the array. Perfect matches allow 
electrons to flow through the helix generating a measurable 
current, whereas single-base mismatches limit current flow. 
Multiple loci can be interrogated since each position on the 
array has an independent current sensor at each register, 
thereby enabling parallel analysis (       Boon  et al ., 2000, 2002 ; 
 Drummond  et al ., 2003 ).  

    35.5.6       Hybridization Arrays with Magnetic 
Sensing 

 The   use of magnetic devices in biological assays is not lim-
ited to cell separation. They can also be used for detection 
of hybridization events, when the target DNA is labeled 
with a magnetic bead. Pioneering work by the Naval 
Research Labs on their Bead Array Counter (BARC) series 
demonstrated feasibility of this approach ( Edelstein  et al ., 
2000 ;  Miller  et al ., 2001 ) using giant magneto-resistance 
(GMR) multilayer magnetic sensors. Departure from opti-
cal or electrochemical detection methods allowed detector 
size to be considerably reduced while maintaining high 
sensitivity. This size reduction can occur due to feasibility 
of integrating the magnetic sensor with electronics for sig-
nal acquisition on a single chip. Furthermore, this approach 
allows for improvement of reaction kinetics and control of 
hybridization stringency. The former is achieved through 
utilization of magnetic field for target preconcentration at 
the probe location, and the latter through use of an AC field 
to repel mismatched targets.  

    35.5.7       On-Chip Amplification and Sample 
Preparation: Cepheid Technology 

 The   importance of microchip PCR developments was 
previously described, the major advantages being the 
speed of operation and reduced reagent volumes. Cepheid 
( http://www.cepheid.com ) has built its technology around 
rapid recognition of bacterial and viral pathogens using 
DNA amplification in microchip format ( Belgrader  et al ., 
1998, 1999 ). Due to its market target applications within 
biodefense, food, and environmental testing, the com-
pany embarked on development of microdevices, which 
operate at rapid thermal cycling rates in order to reduce 
the PCR assay duration time to a minimum ( Belgrader 
 et al ., 1999 ). The microchip format technology, originally 

developed at Lawrence Livermore National Laboratory, 
uses polypropylene, single-use reaction vials (volume of 
25 – 100       microliters) equipped with a silicon ring heater for 
rapid thermal cycling. Silicon has a very high thermal con-
ductivity and is a prime choice for a heater in such applica-
tions. The ramp rates achieved in solution are 10 ° C/sec for 
heating between 50 and 95 ° C and 2.5 ° C/sec for cooling at 
the same temperature range. In addition, to further reduce 
the duration of the assay, the chip is equipped with an opti-
cal window and online fluorescent detection to terminate 
thermal cycling as soon as the level of amplified signal 
reaches a detection threshold. This feature in combination 
with a modified two-temperature PCR protocol allowed for 
detection of  Erwinia  in 7       min ( Belgrader  et al ., 1999 ). 

 A   similar assay for  B. anthracis  starting with 100       pg of 
DNA can be completed in 13       min, and using 0.1       pg DNA 
required 19       min. The original chip solution just described 
has evolved into the Smart Cycler II and Smart Cycler II TD 
instruments ( Belgrader  et al ., 2001 ), capable of amplification 
of 16 different samples at a time, with four-plex/well multi-
plexing capability and four-color fluorescence detection. 

 In   order to facilitate sample preparation prior to DNA 
amplification, Cepheid developed a cell lysing unit. 
 B. anthracis  and  B. subtilis  spores are difficult to lyse using 
traditional thermal or chemical methods. They utilized 
sonication ( Belgrader  et al ., 2000 ), which relies on the 
use of ultrasonic horn operating at approximately 40       kHz 
to deflect a flexible wall of the sample container at high 
impact. In order to improve lysis efficiency, purified spores 
are mixed with glass beads prior to sonication. There was 
also a need for the use of large volumes of starting sample 
(100      microliters to 1       microliters), since initial concentra-
tions of pathogens under study may be very low. This need 
for analysis of large sample volumes led to development of 
sample preconcentration units. 

 The   individual units for sample preparation and PCR-
based DNA detection are designed in a modular for-
mat using an I-CORE platform. The unit subsequently is 
assembled into the analytical system under the GeneXpert 
product name. GeneXpert is designed to purify, concen-
trate, detect, and identify targeted DNA sequences, taking 
unprocessed sample to result in less than 30       min ( Taylor 
 et al ., 2001 ).  

    35.5.8       LabChip: Caliper Technologies 

 Caliper   Technologies Corporation ( http://www.calipertech.
com ) designs and manufactures microfluidic chips for 
separating molecules. The chip incorporates electrokinet-
ics and pressure to move molecules through microfluidic 
channels. For the analysis of cellular components, pressure 
is used for controlling movement of the cells through the 
chip. For DNA, RNA, and protein assays the charged mol-
ecules are moved through the channels using electrokinet-
ics ( Panaro  et al ., 2000 ). 
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 In   collaboration with Agilent Technologies, a platform 
was developed for the analysis of DNA, RNA, proteins, or 
cells. The Agilent 2100 BioAnalyzer allows researchers to 
use small amounts of their sample for analysis and to see 
data within 30 minutes of sample loading. The software 
provided with the instrument analyzes the results for each 
sample. Samples are added to wells and are fluorescently 
labeled with an intercalating dye. They move through the 
microfluidic channels and are injected into a separation 
chamber for analysis. The labeled fragments of DNA, 
RNA, or protein are separated by molecular sieving and 
detected by fluorescence. Samples are injected and ana-
lyzed individually. The entire time from sample loading to 
completion of the assay is approximately 30 minutes for 12 
samples. The RNA 6000 NanoChip has become the stand-
ard method in laboratories for quantitating RNA used in 
gene expression analysis. 

 Cells   are analyzed on the instrument using two-color 
fluorescence in combination with flow cytometry. The 
preparation of cells for flow cytometry analysis normally 
involves a lengthy staining and labeling step; however, cells 
are stained on the chip before analysis to allow for a faster 
workflow. The BioAnalyzer allows researchers to use fewer 
cells than in traditional flow cytometry assays. Developed 
assays and protocols for cell analysis are provided with 
the Cell Fluorescence LabChip Kit, but can be adjusted for 
researchers wishing to make changes to the protocol. Six 
samples will take approximately 25 minutes to be analyzed 
on the system ( http://www.chem.agilent.com ).   

    35.6       CONCLUSIONS 

 The   convergence of molecular biology and high micro-
electronic technology has been unprecedented in the last 
decade. This bidirectional utilization and the cross-enrich-
ment of these techniques are leading to the development 
of integrated multifunctional genetic analytical systems, 
which will have high sensitivity and specificity and will be 
cheaper and faster to operate as compared to their bench-
top predecessors. 

 The   ability to produce large arrays of identical and 
miniature elements using lithography led to the birth of 
high-density hybridization arrays and multichannel sepa-
ration systems, and revolutionized high-throughput analy-
sis in gene discovery, mutation studies, and SNP analysis. 
Furthermore, the microfabrication techniques allow for 
delivering and harvesting of electrical and magnetic signals 
at the distinct locations of the analytical chip with an abil-
ity for choosing individual addresses in large sensor arrays. 
These developments allow for a design of localized sensors 
analyzing single cells or molecules immobilized in distinct 
locations on the chip. It is expected that further progression 
in capability of these techniques will be achieved through 
the emerging field of nanotechnology.   
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 Chapter 36 

    36.1       INTRODUCTION 

 Since   the start of the Human Genome Project, the  patenting 
of human genetic material has been the focus of a great 
deal of social controversy. Concerns have ranged from 
claims that such patents infringe human dignity, to a pos-
sible adverse impact on the research environment. Despite 
the ongoing controversies, gene patents continue to be 
granted in jurisdictions throughout the world and those 
with an eye toward economic growth insist that they are an 
important element in the innovation and technology trans-
fer process. 

 This   chapter provides an overview of the gene patent-
ing controversy, particularly emphasizing how gene patents 
may impact, for better or worse, the development and pro-
vision of genetic testing technologies. The chapter begins 
with a discussion of benefits and social concerns often 
associated with human gene patents. This is followed by an 
analysis of gene patents in the health care context and the 
related patent reform recommendations that have been pro-
posed by various policy-making entities.  

    36.2       BENEFITS FROM PATENTS 

 Patents   are meant to benefit society by encouraging inno-
vation through granting the inventor an exclusive monop-
oly over the invention. This monopoly, which generally 
lasts 20 years, gives the inventor the ability to control the 
use of the invention, thus putting the inventor in a position 
to profit. Specifically, the patent holder may prevent any-
one else from making, constructing, emulating, using, or 
selling the patented invention, or any other invention that 
achieves the same result in substantially the same manner. 
However, patents are also meant to ensure that the details 
of the invention are disclosed to the public. Indeed, one of 
the criteria for obtaining a patent is that the invention is 

described in a sufficient fashion so that an individual with 
reasonable skill in the relevant art or technical field would 
have the ability to replicate the invention. This disclosure 
of information is meant to facilitate the advancement of 
further innovation and the avoidance of wasteful, duplica-
tive research ( ALRC, 2004 ). 

 Patents   are viewed as an increasingly important part of 
the world economy. Many commentators have suggested 
that the world now lives in an era where ideas and inno-
vation have come to dominate the new, knowledge-based 
economy. Just as the industrial revolution changed the way 
in which wealth was generated, in a similar fashion areas 
such as information technology, computers, biotechnology, 
and, perhaps one day, nanotechnology are opening new 
exciting market opportunities. In such fields, where ideas, 
as opposed to tangible goods, are often the primary com-
modity, intellectual property protection is perceived to be 
fundamentally important to economic growth. Some com-
mentators have gone so far as to suggest that the ability of a 
nation to generate patents is a strong indicator of the health 
and long-term prospects of the region’s economy. For 
example, Juan  Enriquez (2001)  has suggested that  ‘  ‘ patents 
are a good window (although not the only window) on who 
might triumph and who might lose over the course of the 
next two decades ’  ’ . 

 Few   other industries rely on patent protection as much 
as the biotechnology sector ( Straus, 1998 ;  Cook-Deegan 
and McCormack, 2001 ; Scherer, 2002  ;  Stott and Valentine, 
2003 ). Often, patents are the only assets that biotechnology 
companies have, and because potential products can take 
years to bring to market, investors believe they need strong 
intellectual property protection in order to provide a small 
sense of long-term security. The perceived importance of 
patents to the biotechnology sector is well illustrated by 
the way in which investment seems to follow strong intel-
lectual property protection frameworks. When a rough 
map of the human genome was completed in 2000, US 
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President Clinton and British Prime Minister Blair made a 
joint announcement suggesting that the  ‘  ‘ gene map belongs 
to all ’  ’  ( Evenson, 2000 ). The statement was not meant to 
implicate patent policy. Nevertheless, the fear that the two 
leaders would seek to diminish intellectual property pro-
tection sent stocks in biotechnology companies tumbling 
( Schehr and Fox, 2000 ). Similarly, when the Supreme 
Court of Canada held that a genetically modified mouse, 
known as the oncomouse, was not patentable (  Harvard 
College  vs.  Canada  (Commisssioner of Patents), 2002 ), a 
case that makes Canada the only developed nation that has 
explicit jurisprudence not allowing the patenting of  ‘  ‘ higher 
life forms ’  ’ , there were many predictions that the decision 
would have dire consequences on the Canadian biotechnol-
ogy sector ( Abraham, 2002 ). For example, one Canadian 
commentator noted that:  ‘  ‘ While the technical impact of the 
decision will likely be minor, the negative effect on future 
biotechnology could be huge ’  ’  (Gervais, 2002). 

 Although   most in the biotechnology industry have 
strong views about the importance of patenting to the 
strength of the biotechnology sector, some commentators 
have noted that there is, in fact, little systematic research 
to support the claim. For example, Richard Gold and col-
leagues have noted that:  ‘  ‘ Despite the assumption within 
intellectual property systems that they are necessary to 
encourage research and development, there is only a mod-
est body of empirical evidence to support this in the bio-
technology industry ’  ’  (       Gold  et al ., 2000, 2002a ).  

    36.3       PATENTABILITY 

 Though   the patenting of human genetic material has been 
the source of social controversy, there have never been any 
significant legal barriers to the patenting of human genetic 
material. Ever since the famous US Supreme Court case of 
 Diamond v. Chakrabarty  [447 US 303 (1980)], there have 
been few legal obstacles to the patenting of biologically based 
 ‘  ‘ inventions ’  ’ . In the  Chakrabarty  case, the plaintiff chal-
lenged the US Patent Office after a patent on an oil-eating 
bacterium had been refused. The Patent Office took the posi-
tion that the bacterium was not an invention but a product of 
nature. The Supreme Court sided with  Chakrabarty , noting 
that whether an organism was alive or not was deemed irrel-
evant for the application of the law, and as long as an ele-
ment of human inventiveness was involved, the innovation 
could be patented. 

 Since   the  Chakrabarty  case, the boundaries of pat-
ent law have been pushed even further. In the USA, for 
example, numerous patents have been awarded on plants 
and animals ( Kevles and Berkowitz, 2001 ). The patent-
ing of human genes is consistent with this trend in the 
jurisprudence. From the perspective of patent offices in 
Europe, Japan, the USA, and Canada, human gene inven-
tions are patentable as long as they satisfy the basic  criteria 

of national patent regimes: the invention must be new, 
non-obvious, and useful. Though many may view human 
gene inventions as the mere discovery of something that 
already exists in nature, if a degree of human inventive-
ness has been applied, such as isolating the gene to make 
it useful, the gene is potentially patentable. Just as a natu-
rally occurring chemical can be patented if an inventor has 
devised a method of purifying and making the chemical 
useful, so too are human gene sequences. As summarized 
by  Demaine and Fellmeth (2003) ,  ‘  ‘ the [US] Patent and 
Trademark Office and federal courts now routinely hold 
discovered natural substances patentable if they are  ‘ iso-
lated and purified ’  or otherwise insubstantially modified. 
Naturally occurring DNA and protein biomolecules have, 
consequently, become the subject of patent applications. ’  ’  

 Similarly  , the European Patent Office Guidelines state 
that to  ‘  ‘ find a substance freely occurring in nature is also 
a mere discovery and therefore unpatentable. However, if 
a substance found in nature has first to be isolated from its 
surroundings and a process for obtaining it is developed, 
that process is patentable. Moreover, if the substance can 
be properly characterized either by its structure, by the 
process by which it is obtained or by other parameters and 
is  ‘ new ’  in the absolute sense of having no previously rec-
ognized existence, then the substance per se may be patent-
able ’  ’  ( Bostyn, 2003 ). 

 Gene   patenting reached its peak in the USA around 
the mid-1990s. During this period, the National Institutes 
of Health filed patent applications for 6,800 expressed 
sequence tags. Although these applications would sub-
sequently be withdrawn, the general trend continued. In 
1996, Incyte Pharmaceuticals filed patent applications for 
as many as 400,000 expressed sequence tags ( Holman and 
Munzer, 2000 ). Concurrently, a promising discipline amal-
gamating genomics and pharmaceutical science termed 
 ‘  ‘ pharmacogenomics ’  ’  caught the eye of the biotechnol-
ogy business community, which led to the first patent 
applications on single nucleotide polymorphisms ( Joly, 
2003 ). As of the year 2000, over 25,000 DNA-based pat-
ents have been issued in the USA alone ( Cook-Deegan 
and McCormack, 2001 ). Gene patenting never reached 
the same level of effervescence elsewhere as it did in the 
USA.  Thomas and colleagues (2002)  found that between 
1996 and 1999, out of 6,786 DNA patents filed, the major-
ity were filed in the USA (62%). Given that the major part 
of the biotechnology industry remains concentrated in this 
country, these figures are hardly surprising ( OECD, 2006 ). 

 In   the case of patents on fundamental genetic research 
tools, there has been a change in outlook in recent years. 
These patents have recently become more difficult to 
obtain and to enforce in both North America and Europe. 
In North America, the enactment of  Utility Examination 
Guidelines , validated by the US Court of Appeals for the 
Federal Circuit in the landmark  In Re Fisher  vs.  Lalgudi  
case, introduced the requirement that in order to be eligible 
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for patent protection, DNA patents should have a substantial 
utility demonstrable through specific benefits ( Joly, 2006 ). 
In Europe, a restrictive application of the patentability cri-
teria made by the European Patent Office Board of Appeals 
has led to similar results in practice ( Hopkins  et al ., 2007 ). 
Moreover, the value of these patents, as well as the sur-
rounding commercial hype around biotechnology patenting, 
seems to have somewhat diminished ( Gura, 2002 ).  

    36.4       GENERAL CONCERNS 

 Human   gene patents have become the source of a great 
deal of social controversy. Indeed, the appropriateness and 
potential impact of patents on human genetic material has 
emerged as one of the dominant social and ethical con-
cerns in the area of human genetics. Jeremy  Rifkin (1998) , 
one of the most vocal opponents of human gene patents, 
has stated,  ‘  ‘ the debate over life patents is one of the most 
important issues ever to face the human family. Life patents 
strike at the core of our beliefs about the very nature of life 
and whether it is to be conceived of as having intrinsic or 
mere utility value. ’  ’  

 Many   commentators have suggested that patenting 
human genes has the potential to facilitate the commodi-
fication of humans generally. The Australian Law Reform 
Commission recently summarized this concern stating: 
 ‘  ‘ Another objection to patents on genetic materials is that 
they may engender a lack of respect for human life and dig-
nity ’  ’  ( ALRC, 2004 ). On this view, to grant a patent  –  a pro-
prietary right  –  on something suggests that it is a fit subject 
for such rights. Consequently, patents on genetic materials 
are thought to commodify parts of human beings by treating 
them as objects, or as something to be placed in the stream 
of commerce for financial gain. Commercialisation of parts 
of human beings is seen as ethically problematic because it 
might affect how we value people ’  ’  ( Resnik, 2004 ). 

 Likewise  , it has been suggested that the human genome 
should be considered a natural resource, part of the com-
mon heritage of humankind and, as such, should not 
belong to any one individual or corporation ( Rifkin, 1998 ). 
Similarly, it has been put forward that genetic informa-
tion is a global public good whose benefit should accrue 
to everyone ( Thorsteinsd ó ttir  et al ., 2003 ). These ideas 
have gained a degree of traction with some policy-making 
entities. For example, the Human Genome Organization’s 
(HUGO) Ethics Committee has suggested that human 
genomic databases are global public goods whose ben-
efit should be shared by all ( HUGO, 2002 ). Additionally, 
UNESCO’s 1997 Universal Declaration on the Human 
Genome and Human Rights states that  ‘  ‘ the human 
genome in its natural state shall not give rise to financial 
gains ’  ’  (UNESCO, 1997). However, considering the human 
genome at the level of the species as a common heritage, 
or genetic information as a global public good, does not 

preclude granting of individual patents ( Knoppers and Joly, 
2007 ). Consequently, these policy declarations have had 
very little practical impact on domestic patent law. In other 
words, they have not affected how individual patent offices 
view the patentability of human genetic material. 

 The   patenting of biological substances has also been 
associated with the notion of  ‘  ‘ biopiracy ’  ’  ( Rifkin, 1998 ; 
 Sheremeta and Knoppers, 2007 ). In general, this concern 
relates to the exploitation of one region’s genetic herit-
age or genetic resources by researchers or industry from 
another region. This may include, for example, research-
ers from a developed country using genetic samples from 
a developing nation without appropriate consent or authori-
zation. Concern about this kind of phenomenon led the 
HUGO Ethics Committee to recommend that organizations 
or individuals who profit from genetic research should 
have an obligation to return a percentage (1 – 3%) of the 
gross profit to the region and/or community involved in 
the research ( HUGO, 2000 ). In Newfoundland (Canada), a 
recent report released at the request of the provincial gov-
ernment has recommended the adoption of a mandatory 
approbation model for every commercial genetic research 
in human genetics. This model would require sponsors of 
any research project with commercial potential to submit 
a motivated benefit-sharing proposition along with the 
research protocol ( Pullman and Latus, 2003 ). 

 Though   the stimulation of innovation is one of the 
stated goals of the patent system, there has also been a 
long-standing concern that the patenting process may, 
paradoxically, hurt research by promoting a more secretive 
and less collaborative research environment. Research con-
ducted by  Blumenthal and colleagues (1997 , 2002  ,  2006 ) 
suggests academic – industry collaborations are  ‘  ‘ signifi-
cantly associated with the tendency to withhold the results 
of research ’  ’ . They also found that the most commonly 
cited reason for the delay in publication was the need to 
allow time for filing a patent application. 

 Similarly  , many commentators have suggested that 
 ‘  ‘ upstream ’  ’  patents, for example, on gene sequences of 
unclear function may hinder the development of research on 
 ‘  ‘ downstream ’  ’ , clinically useful inventions, such as genetic 
tests or therapies. This concern is closely related to what 
has been called the  ‘  ‘ tragedy of the anti-commons ’  ’ . First 
articulated by  Heller and Eisenberg (1998) , this theory sug-
gests that patents may hurt innovation in the context of gene 
research because they may create a disincentive to research. 
Researchers may avoid investigating a particular gene or 
gene region for fear of infringing an existing patent, thus 
stifling what may be useful research ( Andrews, 2002a, b )  . 
In addition, patents may increase the cost of research by 
compelling researchers to agree to pay licensing fees to use 
the patented invention. This latter concern is particularly 
problematic given the uncertainty surrounding the appli-
cation of the research exemption in most relevant jurisdic-
tions. For example, the recent US case of   Madey  vs.  Duke 
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University  in 2002  has severely limited the research 
exemption in that country. The court held that the research 
exemption is applicable only if the research is done  ‘  ‘ solely 
for amusement, to satisfy idle curiosity, or for strictly phil-
osophical inquiry ’  ’ . The exemption does not apply if the 
alleged offender has a legitimate business interest in the 
patented invention. The US Supreme Court has recently 
refused to review this decision. 

 Despite   the frequent articulation of similar con -
cerns, very little in the way of substantial patent reform 
has occurred in any jurisdiction. Indeed, many of these 
issues were identified over a decade ago by commentators 
like  Hubbard and Wald (1993)  who stated,  ‘  ‘ It is impor-
tant not to lose sight of the fact that the pieces of DNA 
being sequenced are part of our bodies; they are not being 
invented by these researchers. If the base sequences of the 
DNA can be patented, rather than remaining in the public 
domain, the rights to the commercial use of these sequences 
will belong to the NIH or to companies that buy them 
from the MRC. In the end, consumers will be the losers. 
They will first pay the costs of the research and patenting 
with their taxes, then pay prices inflated by monopolies. ’  ’  
Nevertheless, the rules applying to the patenting of human 
genetic material have remained largely unchanged since 
the start of the Human Genome Project. The emerging 
evidence might justify this cautious approach to a bio-
technology influenced patent reform ( Caulfield  et al ., 
2006 ). Recent studies (       Walsh  et al ., 2003, 2005 ;  Nicol 
and Nielsen, 2003 ;  Nagaoka, 2006 ;  Hansen  et al ., 2006 ; 
see also  http://www.oecd.org/dataoecd/36/22/1817995.pdf ) 
have demonstrated that the patent system has not, so far, 
created widespread problems of access to genetic research 
tools. However, the available evidence is still limited and 
some of these same studies also recommend careful mon-
itoring of the situation for the next few years in order to 
avoid the formation of parasitic patent thickets capable of 
delaying the progress of science in broad research areas. 
Consequently, some authors still favor a legislative solution 
to the issue of gene patenting ( Gold  et al ., 2007 ;  Herder 
and Johnston, 2008 ). 

 In   response to some of these concerns, in 2007, US 
congressman Becerra introduced a draft bill ( Genomic 
Research and Accessibility Act 2007 ) that would prohibit 
patents on nucleotide sequences. However, it is unlikely 
that the bill will gain the necessary support from other con-
gressmen to be enacted into law. This is not the first legis-
lative attempt in this country to limit genetic patents and 
it likely won’t be the last ( Holman, 2007 ). After a transi-
tion period, the patent system might have adapted itself 
to the challenge posed by genetic research tools ’  patents. 
However, new challenges are emerging in the field of stem 
cell research, where broad patents, such as that of the 
Wisconsin Alumni Research Foundation (WARF), could 
potentially threaten the progress of science ( Loring and 
Campbell, 2006 ). Issues, often linked to overbroad patents 

or inadequate licensing practices, have also surfaced in the 
area of genetic testing.  

    36.5       CONCERNS RELATED TO THE 
PROVISION OF HEALTH CARE 

 As   more and more genetic technologies move from the lab-
oratory toward clinical use, new patent controversies have 
started to emerge. Specifically, that patenting may drive 
up the cost of health care and impede availability of new 
medical innovations ( Henry  et al ., 2002 ). Of course, con-
cern about the potential impact of patents on health care 
systems is not unique to genetic technologies and services. 
In a recent report on the Canadian Health Care system, 
the problem was discussed in the context of pharmaceuti-
cals:  ‘  ‘ On the one hand, [a patent] protects the intellectual 
property of pharmaceutical companies and helps offset 
the considerable investment they make in researching and 
developing new drugs. On the other hand, it delays the 
introduction of low cost generic drugs ’  ’  ( Romanow, 2002 ). 
However, several high-profile controversies have caused 
policy makers throughout the world to focus on the poten-
tial adverse implications of gene patenting in the context of 
health systems ( Andrews, 2002a, b )  . 

 As   previously noted, patents give the inventor a monop-
oly over the use and control of the invention. This allows 
the patent holder to charge a premium for the use of the 
invention. Indeed, the ability to reap substantial rewards 
for the use of the invention is the primary incentive that is 
meant to encourage innovation. However, this monopoly 
also means that there are few ways to control costs. Unless 
a country has some kind of formal price control schemes in 
place, patent holders are well within their rights to charge 
whatever they deem appropriate. The downside of this 
loss of control is most readily apparent in countries, such 
as Canada, that have a publicly funded health care system 
where global budgets may not be able to accommodate the 
demanded monopoly price. In such situations, the patent 
may result in a loss of public access to a necessary health 
care service. This can happen either because the adminis-
trators of the public system decide that they will not pay 
for the patented test, or because the patent holder simply 
refuses to allow access (       Caulfield  et al ., 2000, 2002 ). 

 The   practical impact of this situation is well illustrated 
by the controversy surrounding Myriad Genetics in Canada, 
though there have been, of course, a number of similar pat-
enting controversies, including the patenting and exclusive 
licensing of the Canavan gene in Florida ( Hahn, 2003 ), and 
the patenting of the SARS genome ( Gold, 2003 ). Indeed, 
 Williams-Jones (2002)  characterized the case as follows: 
 ‘  ‘ The Myriad case is a harbinger of an increasing number 
of instances where gene patents provide companies with 
monopolies on the development, marketing, and provision 
of genetic tests and therapeutics. Not surprisingly, this case 
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has become a focal point in Canada and Europe for debates 
about the social and ethical implications of DNA patenting 
and the commercialization of genetic tests. ’  ’  

 Myriad   Genetics controls the patents for the  BRCA1/2  
genes and for the related testing processes. These genes are 
associated with predisposition to breast and ovarian cancer. 
Though there is still an ongoing debate regarding the clini-
cal utility of testing for  BRCA1/2  gene mutations ( Healy, 
1997 ), the provision of the test has become the standard 
of care in many regions throughout the world ( Gold  et al ., 
2002b ). In Canada, various provinces provided the test as 
part of the public health care system for a relatively reason-
able cost, though there was a degree of variation in testing 
and sequencing techniques. 

 In   the summer of 2001, Myriad Genetics decided to 
take steps to enforce its patents over the  BRCA1/2  genes. 
Provincial health care ministries in Canada received a 
cease and desist letter from Myriad. They were told that 
all future genetic testing that utilizes the  BRCA1/2  genes 
must be done through Myriad’s laboratories. The Myriad 
test is quite expensive as compared to the testing process 
already being done in Canada. The Myriad test would cost 
approximately 3,800 Canadian dollars per test. In some 
cases, this was more than four times the cost of the test-
ing being done within the provincial system. As a result, a 
number of Canadian provincial health ministers stated that 
the public system could not afford the Myriad test. Some 
provinces decided to ignore the patent and continue testing; 
others, at least temporarily, simply stopped offering the test 
( Williams-Jones and Burgess, 2004 ). In Europe, the situ-
ation grew even more contentious. Myriad’s patents were 
perceived by a considerable number of geneticists and by 
the general population as a threat not only to public health, 
but also to scientific development and personal privacy as 
well. Consequently, European-wide opposition procedures 
were engaged against all three of Myriad’s  BRCA1  gene 
patents. These procedures eventually resulted in one of 
Myriad’s patents being revoked and the two others limited 
in scope ( Matthijs and Halley, 2002 ;  Cassier and Stoppa-
Lyonnet, 2005 ;  Matthijs, 2006 ). 

 Following   the conclusion of the Myriad saga, another 
patented test, using the  JAK2  gene as an indicator of 
myeloproliferative disorders, was licensed exclusively in 
Canada in 2007 and threatened to raise similar issues again. 
However, this time around, the parties were offered a forum 
at a governmental workshop to peacefully discuss their dif-
ferences before the story got too litigious. Interestingly, 
during the event, both parties were able to quickly and col-
laboratively solve the problems of access ( Gold, 2008 ). 
This encouraging resolution of the story seems to suggest 
that the main issues with respect to the Myriad Genetics 
case were likely related to the lack of communication and 
openness between the parties as well as to the impact of 
the overly negative portrayal of the debate in the media 
( Caulfield  et al ., 2007 ;  Gold, 2008 ). 

 These   controversies highlighted a number of  interesting 
policy issues. First, the Myriad dilemma illustrated the 
potential conflict between two key governmental priori-
ties, access to affordable health care and the promotion of 
innovation and the economy ( Caulfield, 2003 ). Over the 
past few decades, containing the cost of publicly funded 
health care systems has been a key policy issue for most 
OECD countries ( Flood, 2000 ). The Myriad story stood as 
an example of how patents, at least initially, might drive up 
costs. However, as noted previously, patents are also viewed 
as an essential component of the commercialization proc-
ess. Thus, for those in industry and government interested 
in economic growth, diminishing the strength of patent 
protection is hardly an attractive option. On the contrary, 
within universities and in many sectors of the government, 
the obtainment of biotechnology patents is aggressively 
promoted. As such, a strange policy paradox has emerged 
where explicitly pro-biotechnology politicians, such as 
Ontario’s former Premier Mike Harris, argued against gene 
patents. For example, shortly after the Myriad story broke, 
Premier Harris suggested:  ‘  ‘ The benefits of a world-wide 
effort such as the Human Genome Project should not be the 
property of a handful of people or companies. Our genetic 
heritage belongs to everyone. We must share the benefits 
fairly and do what we can to make genetic tests and thera-
pies affordable and accessible ’  ’  ( Benzie, 2001 ). One won-
ders what his position would have been if Myriad Genetics 
was located in Ontario. 

 Second  , there is also concern that gene patents might 
inhibit the development of cheaper or more efficient and 
effective ways of doing the same testing. For example, 
there are those who believe that the Myriad test may not be 
the most comprehensive procedure for the determination of 
 BRCA1/2  gene mutations, though this remains controver-
sial ( Gold  et al ., 2002a ). Researchers at the Institute Curie 
in France, and the Erasmus University Medical Center in 
the Netherlands, claim that the Myriad technique misses 
10% to 20% of expected mutations, seriously jeopardizing 
the quality of test results and usefulness of this informa-
tion for patient care ( Williams-Jones, 2002 ;  Matthijs and 
Halley, 2002 ). If true, and there are more efficient and 
effective procedures available, the current Myriad patents 
would block their use. Again, this could result in increased 
costs to the health care system. 

 Recently  ,  Cho and colleagues (2003)  analyzed many 
of these concerns. In that study, researchers interviewed 
directors of genetic laboratories throughout the USA. They 
asked the directors various questions about the impact of 
gene patenting and licensing on clinical practice. The 
results showed that, in general, laboratory directors had a 
negative impression of gene patents. Indeed, the research-
ers noted that  ‘  ‘ It was striking that virtually no respondents, 
including those from commercial laboratories, thought 
the effects of patents and licenses on the costs, access, 
and development of genetic tests have been positive ’  ’ . 
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Moreover, their findings are also consistent with concerns 
that  ‘  ‘ patents are inhibiting commercialization of genetic 
tests ’  ’ . Given that one of the justifications for patents is to 
facilitate the commercialization process and the dissemina-
tion of useful technologies, these findings raise interesting 
questions about the utility and effectiveness of the current 
patent regime in the context of genetic innovations.  Cho 
and colleagues (2003)  summarize their findings thus:  ‘  ‘ We 
conclude that patents and licenses have a significant nega-
tive effect on the ability of clinical laboratories to continue 
to perform already developed genetic tests, and that these 
effects have not changed substantially throughout the past 
3 years. Furthermore, the development of new genetic tests 
for clinical use, based on published data on disease-gene 
associations, and information sharing between laboratories, 
seemed to be inhibited. ’  ’  

 Interestingly  , there is some evidence that the public 
has similar concerns about the impact of gene patents on 
access to health care services. The public has the same 
divided view of patents as that represented in much of the 
literature. A survey of the Canadian public found that few 
of those surveyed had moral or religious objections to the 
patenting of human genes and a majority (63%) saw more 
benefits than risks associated with the patenting process 
( Pollara, 2000 ). However, in focus groups, it was found 
that there were major concerns based on issues of access 
and equity. In the context of health care, at least in Canada, 
access seems to be the dominant public consideration. 

 Another   concern associated with patents, and the com-
mercialization process in general, is a possible impact 
on utilization and uptake. The individuals and organiza-
tions that hold patents have a natural and understand-
able desire to see their invention utilized by as broad a 
market as possible. However, some have argued that this 
market pressure may cause commercial labs to offer their 
services to an inappropriately broad sector of the popula-
tion (the broader the definition of at-risk population, the 
larger the market;  Martone, 1998 ;  Caulfield  et al ., 2001 ). 
Companies that control a patent for a particular disease 
gene may inappropriately stress the seriousness of a dis-
order in order to encourage people to get tested ( Loeben 
 et al ., 1998 ;  Biesecker and Marteau, 1999 ). Such an 
approach may conflict with a more dispassionate assess-
ment of the clinical utility for a given genetic service. For 
example, if one compares Myriad Genetics ’  indications 
for BRCA tests with those recommended by an independ-
ent body, one finds that the latter excludes women with-
out a family history of breast or ovarian cancer, whereas 
Myriad’s guidelines include these lower risk women 
( Willison and MacLeod, 2002 ). 

 Naturally  , this kind of market pressure could cre-
ate inappropriate utilization and unnecessary costs for 
the health care system. Controlling the dissemination and 
uptake of new technologies has always been a challenge, 
particularly because few health care systems have the 

 necessary framework to make system-wide  implementation 
policies. Utilization and uptake are the result of a complex 
mix of professional decision making, market pressure, 
and patient preference and, in most countries, coverage by 
the public system. However, as research and health care 
become increasingly privatized, the market seems likely to 
have an increasingly important impact on the introduction 
of genetic tests into clinical practice.  Blancquaert (2000)  
summarizes the problem as such:  ‘  ‘ Not only will commer-
cialization increase public demand and affect the availabil-
ity of genetic tests and services, it will certainly have an 
impact on the financial and human resources of national 
health care systems as well. ’  ’  

 It   should not be forgotten that if, as it is often predicted, 
pharmacogenetics and multiplex testing become a reality, 
then many of the previously noted concerns could be ampli-
fied ( Evans and Relling, 1999 ). This is because the use of 
both pharmacogenetics and multiplex testing  –  that is, test-
ing for many mutations at the same time  –  could implicate 
numerous, perhaps dozens, of patented gene sequences. As 
such, obtaining the necessary licenses to provide the genetic 
service could be a tremendous challenge. For example, phar-
macogenetics is premised on the idea that we will be able 
to “individualize” pharmaceutical treatments to maximize 
effectiveness and minimize adverse events ( Shah, 2003 , see 
also Chapter 22)  . However, this will necessarily involve test-
ing an individual for the presence or absence of a variety of 
gene sequences. If these sequences are owned by another 
company or, more likely, several companies, the develop-
ment of pharmacogenetic clinical protocols could become a 
complicated and expensive venture. The use of pharmacoge-
netics by drug companies to revive old patents by market-
ing the  ‘  ‘ rejuvenated ’  ’  drug, sometime along with a genetic 
test, to a specific genotype or racial category (such as was 
attempted in the BiDil case) is also a concern.  

    36.6       SUGGESTED REFORMS 

 Over   the past few years, partly as a result of the previously 
noted controversies, a variety of governmental and policy 
entities have been seen to take on the gene patenting issues. 
Even though the UK Nuffield Council supported the use of 
patents on diagnostic tests as a means of  ‘  ‘ rewarding the 
inventor ’  ’ , they concluded that  ‘  ‘ in the future, the granting 
of patents that assert rights over DNA sequences should 
become the exception rather than the norm ’  ’ , and went on 
to make a number of specific reform suggestions, includ-
ing applying existing patenting criteria more stringently 
( Nuffield Council, 2002 ). In addition, and perhaps most 
controversial, the Council also suggested that  ‘  ‘ in the case 
of patents that have been granted for diagnostic tests based 
on genes, compulsory licensing may be required to ensure 
reasonable licensing terms are available to enable alterna-
tive tests to be developed ’  ’  ( Nuffield Council, 2002 ). 
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 Another   interesting UK report, which explicitly endorses 
the Nuffield Council’s recommendations, was issued in July 
of 2003 ( Cornish  et al ., 2003 ). This report was commis-
sioned by the UK Department of Health because of emerging 
 ‘  ‘ serious concern about the impact of intellectual property 
upon research and the use of novel developments in genetics 
affecting health care ’  ’ . The authors provide a series of rec-
ommendations including the suggestion that the Department 
of Health should consider  ‘  ‘ a robust central policy for 
 ‘ licensing in ’  designed to moderate excessive demands by 
licensors by considering, as possible options, the use of com-
pulsory licensing, competition law and Crown use ’  ’ . 

 In   what appeared to be a direct response to the Myriad 
controversy ( Caulfield  et al ., 2006 ), the Ontario government 
struck a policy group to examine the potential adverse social 
implications of gene patenting. The government’s 2002 
Report to the Premiers made a number of similar recom-
mendations from those of the Nuffield Council. The Ontario 
report  –  which, on January 25, 2002 was adopted by the 
Premiers from all the Canadian provinces at the Premiers 
Conference on Healthcare in Vancouver  –  recommends  inter 
alia , a clarification of patent criteria in relation to human 
genes, the exclusion of broad-based genetic patents cov-
ering multiple uses, a clarification of the experimental and 
non-commercial exceptions, and an expansion of the meth-
ods of medical treatment exclusion. The Ontario government 
has also decided to become an intervener in a plant patent 
case in hopes of raising issues associated with the impact of 
gene patents on health care policy. It was reported that the 
Ontario affidavit to the Supreme Court says the case  ‘  ‘ has 
important implications for the development of public policy 
in Ontario including the delivery of health care to its resi-
dents ’  ’  ( Bueckert, 2003 ). The Ontario report was followed in 
2006 by a report from the Canadian Biotechnology Advisory 
Committee on Human Genetic Materials, Intellectual Pro-
perty and the Health Sector ( CBAC, 2006 ). The highlights of 
the proposed recommendations were: some clarification to 
the wording of the Patent Act, the elaboration of a statutory 
research exemption, as well as the development of licens-
ing guidelines that could be adopted by national Canadian 
research granting agencies. As of 2008, the Canadian gov-
ernment has yet to implement the suggested substantive 
changes to the Canadian Patent Act. 

 The   Australian Law Reform Commission (ALRC) has 
also conducted a major inquiry on the topic of gene patent-
ing and human health. It released a final report containing 
its recommendations for improving the Australian patent 
system ( ALRC, 2004 ) in 2004. The proposed avenues of 
reform are relatively narrow in nature, involving adminis-
trative changes and the adoption of technical guidelines, 
rather than substantial changes in the law. The few statu-
tory changes that were discussed included the introduc-
tion of a research exemption for experimental use and 
the  drafting of more refined crown use and compulsory 
 licensing provisions. 

 There   are a number of common themes that run through 
these and other policy documents. Tightening patent cri-
teria, clarifying exemptions, and the use of compulsory 
licensing are all suggestions that consistently emerge. 
Another common suggestion is to introduce a mechanism 
that would allow social and ethical issues to be considered 
in the assessment of patents ( Gold and Caulfield, 2002 ). 
This could, for example, be similar to Article 53(a) of the 
European Patent Convention, which allows the rejection of 
inventions, the publication or exploitation of which would 
be contrary to  ordre public  or morality. Some worry, how-
ever, that such an approach would introduce too much 
uncertainty into a system that was never meant to address 
ethical issues.  Crespi (2003) , for example, emphasizes: 
 ‘  ‘ Most professional patent practitioners are somewhat 
dubious as to the wisdom or appropriateness of introducing 
ethical and moral questions into a law which is primarily 
based on the assessment of originality, innovativeness, and 
practical advances in science and technology. ’  ’  Given that 
the morality exception has been interpreted very broadly 
by the EPO to deny the patenting of embryonic stem cells 
at the regional level in Europe, there are certainly some 
grounds for concern with this approach from a commercial 
standpoint ( Plomer, 2006 ). 

 But   not all proposed solutions imply an in-depth reform 
of the patent system. A recent initiative led by the OECD 
was intended to promote the adoption of more informed 
and less restrictive licensing policies that would foster 
a broader use of patented genetic inventions. As a conse-
quence, the OECD developed model-licensing guidelines 
to be adapted and enforced at the national level by mem-
ber countries. According to these guidelines,  ‘  ‘ It is impor-
tant that licensors and licensees are encouraged to consider 
the possible impact of their license arrangements on the 
healthcare system and on patients. Licensors and licensees 
should, while meeting their economic needs, design their 
licensing arrangements so that patients have access to new 
health products and services and so that healthcare system 
administrators have reasonable flexibility to determine how 
best to implement new healthcare services and products ”  
(OECD, 2001, 2006). The American NIH took a similar 
stand in 2005 (NIH, 2005). Other less exacting solutions 
to the challenge raised by genetic patent include the crea-
tion of patent pools or patent clearinghouses as well as the 
use of open source schemes of peer productions to ensure 
greater access to both research tools and health care prod-
ucts (Sheremeta and  Gold, 2003 ;  Ebersole  et al ., 2005 ; 
 Joly, 2007 ;  Hope, 2008 ).  

    36.7       CONCLUSIONS 

 Despite   the continued articulation of concerns regarding the 
impact of gene patents and the publication of numerous pol-
icy recommendations, there are many  reasons why altering 
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the existing system will remain a challenge. International 
trade agreements, for example, have the potential to create 
technical barriers for those seeking patent reform. Trade-
related Intellectual Property Rights (TRIPS) agreement of 
the World Trade Organization, which came into effect in 
1995 and currently involves 151 nations, was envisioned 
as a mechanism for creating and maintaining strong pat-
ent protection within all member countries. Patent reform, 
which greatly alters or appears to erode patent protection, 
may be subject to challenge. At a minimum, existing inter-
national treaties add an element of uncertainty to the policy-
making process ( Caulfield and von Tigerstrom, 2006 ). 
Moreover, the momentum of the biotechnology sector, 
and the imbedded perception that patent protection is cru-
cially important to economic development, rightly or not, 
will create political barriers to significant patent reform. 
Finally, only the best possible evidence should inform any 
reform process. Currently, there is still limited empirical 
data available on the actual benefits and risks of patents. 
Thus, further research is clearly warranted. As intellec-
tual property becomes a more significant part of our social 
landscape, new challenges will undoubtedly emerge. Does 
the current patent system possess the flexibility needed to 
confront the challenges set by human genetics patents? 
Policy makers throughout the world must strive to make 
the necessary adjustments to create an intellectual prop-
erty regime that balances a variety of laudable social goals, 
including the stimulation of the economy, the encourage-
ment of innovation, and the facilitation of access to reason-
ably priced health care technologies.  
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    37.1       INTRODUCTION 

 Genetic   counseling is inseparable from genetic diagnosis. 
It aims to replace misunderstandings about the causes of 
genetic disease with correct information, and to increase 
people’s control of their own and their family’s health by 
informing them of the resources available for diagnosis, 
treatment, and prevention. Though counseling has a role in 
many medical consultations, it is particularly important in 
medical genetics because of the often predictive nature of 
genetic information, the implications for other family mem-
bers, the difficult choices that sometimes have to be made, 
and the important ethical problems that can be involved. 

 Genetic   counseling has been defined as the process by 
which patients or relatives at risk of a disorder that may be 
hereditary are advised of the consequences of the disorder, 
and the probability of developing and transmitting it and 
the ways in which this may be prevented or ameliorated 
( Harper, 1988 ). This definition requires: 

      ●      A correct diagnosis in the presenting family member,  
      ●      Explanation of the nature and prognosis of the disorder, 

the treatment available, and where to find it,  
      ●      Estimation of genetic risk for parents and family mem-

bers. This requires drawing a family tree, and it may 
also call for investigations on other family members,  

      ●      Communication of genetic risks, and the options for 
avoiding them, including the chances for parents and 
other family members of passing the disorder on to 
other children, and explanation of the risk. The options 
for avoiding further affected children are techniques 
of prenatal diagnosis, problems, risk of error, and 
complications,  

      ●      Supporting the individual or couple in making the 
 decision that is right for them,  

      ●      Accessibility for long-term contact: people at risk often 
need counseling and support at several points in their 
life.    

 Therefore   specialist genetic knowledge, training in 
counseling skills, time, ability to communicate, and back-
up by a medical geneticist or trained genetic counselor all 
are required. More than 7,000 single gene defects have 
been described worldwide ( http://www.ncbi.nlm.nih.
gov/sites/entrez?db     �     OMIM & itool     �     toolbar ). Single gene 
defects fall into two main groups, the common and the rare 
single gene disorders. The common single gene disorders 
include the hemoglobin disorders (sickle cell anemia and 
thalassemia), oculocutaneous albinism, and cystic fibrosis 
( Christianson  et al ., 2006 ). Because the author’s expertise 
is in hemoglobin disorders, the remainder of this chapter 
will draw on experiences focused on these disorders, par-
ticularly thalassemia. 

 Hemoglobin   disorders constitute the most com-
mon lethal inherited disorders worldwide (reviewed in 
 Weatherall and Clegg, 2001 ). They are common in popu-
lations in tropical Africa, Asia, and the Mediterranean 
region and have spread by migration throughout the world 
( Angastiniotis and Modell, 2003 ;  Stuart and Nagel, 2004 ). 
It is estimated that 307,900 children are born annually 
with a severe hemoglobin disorder and 60 – 70% of births 
occur in sub-Saharan Africa ( Christianson  et al ., 2006 ). 
Consequently, sickle cell disease (SCD) accounts for 70% 
of hemoglobin disorders worldwide because of the high 
frequency of the gene. In Africa it is estimated that 224,200 
infants are born annually with a sickle cell disorder and 



Molecular Diagnostics538

most die before they reach the age of five ( Akinyanju 
1989 ;  Fleming  et al ., 1979 ). Thalassemia is prevalent in 
the Mediterranean area, the Middle East and South East 
Asia, and the Pacific. The carrier rates range from 2 to 
19% in the different populations ( van Baal  et al ., 2007 ). 
The birth prevalence of the hemoglobin disorders in coun-
tries affected by migration of populations varies according 
to the geographic location and the origin of the popula-
tions ( Patrinos  et al ., 2004 ). It is estimated that 0.7 in 1,000 
pregnancies are affected in the United Kingdom and 0.4 in 
1,000 in North America ( WHO, 1994 ;  Angastiniotis and 
Modell, 2003 ). 

 The   hemoglobin disorders are caused by mutations, 
which affect the genes that direct synthesis of the globin 
chains of hemoglobin, and may result in reduced synthesis 
(thalassemia syndromes) or structural changes (hemolytic 
anemia, polycythemia, or more rarely, cyanosis). 

 Thalassemia   mutations and various abnormal hemo-
globins interact to produce a wide range of disorders of 
varying degrees of severity. There are four main catego-
ries of interactions associated with severe disease states, 
for which genetic counseling and prenatal diagnosis are 
indicated ( Old, 1996 ): thalassemia major (co-inheritance 
of  β - and/or  δ  β -thalassemia mutations), SCD (and analo-
gous interactions, e.g. Hb S/C, Hb S/ β -thalassemia, Hb 
S/D Punjab, Hb S/O Arab, Hb S/Lepore), Hb E disease 
(co-inheritance of  β -thalassemia mutations with Hb E 
or Hb O Arab), Hb Bart’s Hydrops Fetalis syndrome 
(homozygous  α  0 -thalassemia), and (rarely) Hb H Hydrops 
Fetalis syndrome ( α  0 / α  T ). These disorders are common in 
the United Kingdom, because of migration of ethnic minor-
ity populations.  

    37.2       PROBLEMS IN GENETIC 
COUNSELING 

 Medical   training rarely equips doctors to provide adequate 
genetic counseling and discuss complex issues with their 
patients, in order to help patients reach their own deci-
sions. The responsibility involved in genetic counseling 
should not be underestimated. There are ethical problems 
faced by the counselor as there is no universal model for 
genetic counseling; counseling is the understanding a set of 
facts according to the counselor’s frame of reference, back-
ground in science and genetics and previous training and 
experience in effectively communicating with the individ-
ual/couple. In order to communicate effectively the coun-
selor must take into account the educational and religious 
background of the individual/couple. The obstacles to effec-
tive genetic counseling are emotional conflicts and lack of 
knowledge of genetics ( Clarke, 1990 ). Genetic counseling 
should be non-directive and the counselor’s main role is to 
provide information in a non-biased manner and support 
decisions that are morally right for the  individual, couple, 

or family. When the decision is  genuinely their own, the 
individuals are more likely to be able to live with it. It is 
often indeed difficult for a counselor to impart this infor-
mation in an unbiased manner because of his/her patients ’  
family history including parental age, ethnic background, 
and reproductive history. A counselor may be faced with an 
at-risk couple, where the woman is 40 years of age, preg-
nant, with no living children. This couple has the option of 
prenatal diagnosis, with a 25% chance of an affected fetus 
and the option of selective termination for an affected fetus, 
but also a small risk of miscarriage following prenatal diag-
nosis ( Jauniaux and Petrou, 2003 ). But, there is also the 
prospect that this may be the last chance for this couple to 
have a child. Situations such as this may lead the counselor 
to adopt a directive rather than a non-directive approach to 
genetic counseling ( Clarke, 1991 ). The major difference 
between directive and non-directive counseling is whether 
or not the counselor helps the couple to make a decision 
that is right for them. Directive counseling can have a posi-
tive influence on the couple’s decision; the non-directive 
approach involves presenting the facts in an unbiased man-
ner and helping the couple come to the decision that is right 
for them and leaving the responsibility of the decision mak-
ing to the couple. However, can the counselor completely 
disassociate the couple from their own values and present 
the information in such a way that they are complete ly free 
to make their own decision? Another example of this is 
the tone or manner that the counselor uses to provide the 
information to a couple, which is dependent on their level 
of personal involvement in a particular case. The coun-
selor may change the manner of speech and body gestures, 
which may in turn influence how a couple interprets the 
information. For instance, in cases where the counselor 
feels it is better for the couple to continue a pregnancy 
without prenatal diagnosis, they could say to the couple 
 ‘  ‘ Your chances of a healthy baby are really quite high at 
75%. ’  ’  However, for another couple the counselor may say 
 ‘  ‘ Your chances of an affected baby with thalassemia major 
are really quite high at 25%. ’  ’  Therefore the information 
being imparted to both couples is correct but presented in 
different ways. 

 There   are other dilemmas, conflicts, and contro-
versies of treatment strategies for thalassemia major 
( Constantinou, 2003 ;  Savulescu, 2004 ;  Constantinou  et al. , 
2004 ;  Hoffbrand, 2004 ;  Spino, 2004 ;  Olivieri, 2004 ), 
which the counselor is faced with that may influence how 
the counselor transmits the information to an at-risk cou-
ple, which in turn may influence the information that the 
counselor chooses to share with the couple. These con-
flicts, in turn, cause serious anxieties among the affected 
patient population. 

 Genetic   diagnosis is often difficult in view of the enor-
mous diversity of the conditions involved, and misdiagno-
sis and misinformation can have disastrous consequences 
for individuals and their families. 
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 For   instance, when counseling at-risk couples for 
hemoglobin disorders the genetic counselor should have a 
good knowledge of the molecular genetics of thalassemia 
and therefore be able to comprehend the molecular mech-
anisms, and to communicate this information to the fami-
lies. This is very important in view of the phenotypic 
heterogeneity of thalassemia. Generally, the inheritance of 
two  β -thalassemia mutations results in a blood transfusion-
dependent thalassemia. However, there are mild  β -tha-
lassemia mutations resulting in thalassemia intermedia. For 
instance, when both partners carry the mild  β   �  -88 (C      �      T) 
( HBB :g.-88C      �      T) thalassemia mutation, the homozygous 
state generally results in a very mild clinical phenotype. In 
this case, should the parents consider prenatal diagnosis? 

 This   type of mild thalassemia intermedia poses an 
ethical dilemma as far as termination of pregnancy is con-
cerned. Health professionals also are faced with this ethical 
dilemma when couples request termination of pregnancy 
for a condition such as this. Although they have to accept 
the couple’s decision when termination of pregnancy is 
requested for a possible mild condition, they themselves are 
often uneasy about such decisions. The situation is made 
even more complex, as there is a wide clinical phenotypic 
heterogeneity in thalassemia intermedia syndromes and it 
is often not possible to predict how mild the condition will 
be and therefore impossible to reassure at-risk couples that 
their affected child will be mildly affected. Even the term 
 ‘  ‘ mild ’  ’  raises controversies as its acceptance for one cou-
ple may differ with the acceptance for another couple. 

 However  , there are conditions when the couple can 
be reassured, such as when there are silent  β -thalassemia 
mutations; that is, the  β   �   -101 (C      �      T) ( HBB :g.-101C      �      T) 
that produces mild or very mild clinical phenotypes in the 
homozygous state and when interacting with severe  β -
thalassemia mutations, or when one partner carries  β -
thalassemia trait and the other carries triplicated  α -globin 
genes ( α  α  α ) or hereditary persistence of fetal hemoglobin 
(HPFH). Prenatal diagnosis is not offered for these cases. 
However, there are other ameliorating factors when the 
clinical phenotype is not so consistent. 

 The   counselor should have the experience and expertise 
to communicate this information and the likely outcome 
to the patients. Indeed, as the knowledge of the molecular 
mechanisms that cause thalassemia continues to accumu-
late this scientific area will become even more complex. 

 In   the United Kingdom, sickle cell disease is also 
common because of the ethnic minority groups present. 
Counseling couples who are at-risk for sickle cell disorders 
is often perceived as relatively simple, but in fact it is quite 
complex because of the wide range of severity of sickle cell 
disorders, ranging from the very mild to the very severe. 
As a result, parents face considerable difficulty deciding 
whether or not to request prenatal diagnosis. A study per-
formed in London showed decision making was greatly 
influenced by the experiences of sickle cell disease within 

the family: a couple with an affected child was more likely 
to undergo prenatal diagnosis and selective termination of 
an affected fetus than a couple with no such experience. 
The study also found that uptake of prenatal diagnosis was 
influenced by the gestation at referral: a woman referred in 
the second trimester was less likely to proceed with prena-
tal diagnosis ( Petrou  et al ., 1992a ). 

 In   contrast, counseling couples at risk for  α -thalassemia 
hydrops fetalis is more straightforward because of the usu-
ally hopeless prognosis for an affected fetus and the pos-
sibility of life-threatening obstetric risks for the mother 
( Petrou  et al ., 1992b ). It is rare for such couples to decline 
prenatal diagnosis. However, even here new complexity 
is introduced by the possibility of initiating regular intra-
uterine transfusion for an affected fetus, provided that 
diagnosis is made early enough ( Ng  et al ., 1998 ). More 
information is needed about outcomes and the best way 
to provide this service, if it is requested. An international 
collaborative study should be conducted, where data on all 
cases undergoing intra-uterine transfusion including fetal 
treatment should be collected, and then guidelines on the 
most successful approaches must be issued. This informa-
tion is essential before this treatment can be considered as 
an approach that could be offered widely. Until then, the 
approach should be applied on a research basis. The main 
problem with surviving babies of intra-uterine transfu-
sion therapy has been severe mental and physical handi-
cap, though some appear to be doing well. However, is it 
justified to provide this treatment when the life of an  α -
thalassemia major fetus is saved, but then all the problems 
associated with the treatment of  β -thalassemia major, such 
as regular blood transfusions and iron chelation therapy are 
created? 

 New   medical possibilities created by the rapid advance 
of genetic technology need to be included in genetic coun-
seling, often before the ethical and moral dilemmas they 
involve have been adequately considered in some societies. 
This also concerns the acceptability of prenatal diagnosis 
and selective abortion of an affected fetus. 

 In   practice, people’s options are greatly influenced by 
the stage in life at which they learn of their risk, and by 
whether prenatal diagnosis is available or not. If the risk is 
found before marriage then the options are to remain sin-
gle, not to marry another carrier, or marry as usual. If, how-
ever, the risk is found after marriage, then the options are 
to separate and find a non-carrier partner, have few or no 
children, take the chance and have children as usual, or use 
prenatal diagnosis and selective termination of pregnancy 
if it is acceptable and available, in case the fetus is affected 
(see also Chapter 38)  . 

 Unless   there is an active carrier screening program, it is 
unusual for a couple to learn they are at risk of having chil-
dren with a hemoglobin disorder before marriage or before 
starting a family. At present, in countries where premarital 
or antenatal screening is not offered, most couples learn of 



Molecular Diagnostics540

their risk only after the diagnosis of an affected child, and 
this limits their choices. 

 Therefore  , there are challenges involved in genetic 
counseling, because all the available choices involve diffi-
cult moral and social problems. In most cases, there appears 
to be no right answer, but on the other hand, once people 
understand their risk, they cannot escape from choosing 
an option. Even the decision not to choose constitutes a 
choice. In most Western countries, prenatal diagnosis for 
couples at risk of hemoglobin disorders is available, with 
the option of selective abortion. It is recognized that selec-
tive abortion is not an optimal or easy solution, that early 
prenatal diagnosis is preferable to later prenatal diagnosis, 
and that not all couples at risk of having children with tha-
lassemia feel that prenatal diagnosis is the right choice for 
them. However, these attitudes have evolved only gradu-
ally. Prenatal diagnosis became possible in the early 1970s, 
and at that time its acceptance in different Western coun-
tries depended largely on the status of family planning, and 
the existing abortion law in each country. 

 It   is difficult for people to deal with the idea of prena-
tal diagnosis unless they are already used to the concept 
of controlling their own reproduction, a social change that 
takes time. When genetic diagnosis began to be developed 
in the 1950s, the options available to couples at reproduc-
tive risk were to ignore the information and hope for the 
best, to remain unmarried or separate, or to limit their 
reproduction using family planning (i.e. the same choices 
as those now available in countries where prenatal diagno-
sis is not available). Family planning was already becom-
ing widely accepted in the West at that time, and it soon 
became clear that when options were so limited, most 
people chose either to avoid or ignore information on risk, 
or to limit the size of their family ( Carter, 1974 ;  Modell 
 et al ., 1980 ).  

    37.3       OPTIONS AVAILABLE TO PEOPLE 
WITH A REPRODUCTIVE RISK 

 It   is useful to examine the options available for people with 
a genetic reproductive risk in more detail. Because carriers 
of thalassemia can be detected and advised of reproductive 
risk either before or after marriage, this opens a wide range 
of choices for couples. There is extensive experience of the 
choices that people make in practice. 

 How   can information be obtained on which approaches 
are acceptable, and which are unacceptable to a particular 
population? One possibility is through public meetings, 
discussions, and questionnaires addressed to interested 
professionals and the general public. However, this pre-
supposes an informed public, which can be found in only 
a few countries worldwide at present, so this approach also 
requires a substantial component of public education. The 
most extensive of such consultation exercises was carried 

out in the early 1990s by the Canadian Royal Commission 
on New Reproductive Technologies ( Final Report of the 
Canadian Royal Commission, 1993 ). The results, like many 
other surveys, showed that the majority of people, includ-
ing many who might not use the service themselves for 
religious or other reasons, approved of the availability of 
prenatal diagnosis and termination of pregnancy for serious 
genetic disorders. Another possibility is to seek the views 
of informed people who are themselves at genetic risk. 
However, there can be a considerable difference between 
what people think they would do, and what they actually do 
when they have to make a choice. Therefore, a more objec-
tive approach is to observe and report the choices that peo-
ple at risk actually make. Data obtained in all these ways is 
referred to in the following discussion. 

 Though   community-based programs for the preven-
tion of hemoglobin disorders in Europe now include the 
option of prenatal diagnosis and selective abortion, car-
rier screening and genetic counseling were introduced in 
some countries either before prenatal diagnosis was pos-
sible ( Stamatoyannopoulos, 1974 ; Angastioniotis and 
Hadjiminas, 1981;  Gamberini  et al ., 1991 ) or before it 
was legal ( Gamberini  et al ., 1991 ). This early experience 
produced useful information on the acceptability of some 
alternative approaches in Europe. 

 The   core ethical principles of genetic counseling are 
the autonomy of the individual or couple, their right to full 
information, and the highest standards of confidentiality 
( Fletcher  et al ., 1985 ; Zeesman  et al. , 1994). This high-
lights the important role of information in genetics, and 
the need to develop systems for providing and accessing 
genetic information. Specialist genetic information must be 
accessible to health workers, patients and the community 
in order to permit informed choice. Additionally, informed 
choice should determine outcome at both the individual and 
the community level, so patient choices should be recorded, 
collected, reported, and used to guide service development 
( Modell  et al ., 2000a ). 

 People   at risk, especially those identified by popula-
tion screening, represent a randomly selected sample of 
the population. They have to learn in depth about the risk, 
and often have to use the information in life-determining 
choices. Each choice represents a complex personal judg-
ment, for example couples at genetic reproductive risk 
must balance the burden of the disease such as thalassemia 
against the burden of prenatal diagnosis and termination of 
a wanted but affected pregnancy. The statistical accumula-
tion of individuals ’  informed choices represents a collective 
judgment on what services are available within the health 
care of the country ( Petrou  et al ., 2000 ;        Modell  et al ., 
2000b, c ;  Modell and Petrou, 2003 ). Since such choices are 
or should be recorded, registers that aggregate this informa-
tion and outcomes can be used to listen to the community 
verdict of their reproductive choices such as the acceptabil-
ity of prenatal diagnosis. 
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 The   outcome of high uptake of prenatal diagnosis by 
couples at risk of thalassemia in the United Kingdom and 
Mediterranean countries reflects the at-risk community’s 
view of the heavy burden of the disease and its treatment. 
However, things can change as treatment becomes more 
effective and acceptable and uptake of prenatal diagnosis 
may fall. If new approaches like preimplantation genetic 
diagnosis ( Verlinsky and Kuliev, 2000 ; see also Chapter 
33)   become easier and more widely available, then the bur-
den of prevention may decline and uptake may rise. 

 Life   expectancy for thalassemia has improved signifi-
cantly with modern medical treatment, therefore quality of 
life (QoL) should now be considered an important factor 
of effective health care. The burden of treatment and QoL 
should be discussed and considered within genetic coun-
seling. An assessment of QoL differs from other forms of 
medical assessment in that it focuses on the individuals ’  
own views of their well-being and assesses other aspects 
of life giving a more holistic view of well-being. Within 
countries that provide optimal treatment, thalassemia major 
patients survive into their 50s and beyond; however, some 
do not. How does QoL have an impact on survival? QoL 
is defined as  ‘  ‘  … individuals ’  perceptions of their position 
in life in the context of the culture and value systems in 
which they live and in relation to their goals, expectations, 
standards and concerns ’  ’  ( WHO, 1997  ( http://www.who.
int/mental_health/media/68.pdf) ). 

 QoL   is a concept affected in a complex way by the per-
son’s physical health, psychological state, personal beliefs, 
social relationships, and their relationship to salient fea-
tures of their environment ( Telfer  et al ., 2005 ). 

 However  , at a conference organized by the United 
Kingdom Thalassemia Society, QoL was defined as: 
Graduating, having a suitable job, getting married, hav-
ing children ( Constantinou, 2002 ). What constitutes an 
acceptable QoL depends also on cultural context, age, and 
a complex interplay of the social, environmental, and spir-
itual background of the patient. To achieve these goals it is 
necessary for patients to be integrated within society and 
treated as equal members of society. QoL is dependent on 
factors such as making a success of: education, profession, 
relationships with their partner and family, and parent-
hood. However, these are all related to treatment and the 
creative ways treatment is offered that consequently has an 
impact on the burden of the disease. Life can be improved 
by introducing effective therapy, which is easy and conven-
ient, such as evening and weekend transfusions, evening 
clinics, easy effective iron chelation treatment, psycho-
logical support, and very importantly a more tolerant, 
informed, and accepting society towards affected patients. 
However, do society’s social and cultural beliefs allow 
patients to integrate into society? Is it possible for quality 
treatment encompassing an optimal QoL to be integrated 
into the health system to reduce the burden of the disease? 
By denying patients this holistic approach the  burden of the 

disease remains high and consequently uptake of prenatal 
diagnosis remains high. Genetic counselors will always 
need to bear these issues in mind when counseling individ-
uals and couples. 

 How   does the option of prenatal diagnosis in, say, the 
United Kingdom vs. Pakistan differ? In Pakistan, it is esti-
mated that 5,250 infants with beta thalassemia major are 
born annually. Although only a minority of these cases are 
diagnosed, charitable thalassemia centers sustain thousands 
of affected children with monthly blood transfusions. Such 
transfusions permit an excellent quality of life during child-
hood but lead to iron overload and death in adolescence. 
Therefore the comparison of QoL based on the definitions 
provided by the WHO and  Constantinou (2002) , renders 
the patient in Pakistan with a low QoL and high burden of 
the disease.  

    37.4       PREMARITAL SCREENING 

 It   is often thought that affected births can be prevented 
if at-risk couples are identified prior to marriage, on the 
assumption that they will then decide to separate and each 
find another, non-carrier partner. However, it is not always 
easy to explain how most marriages come about to be able 
to make any valid assumptions about how choice of part-
ner might be affected by genetic information. In many 
societies, marriage is a complex social phenomenon that 
involves many other family members besides the prospec-
tive couple, and marriage partners usually are selected 
either because of a strong personal preference, or for valid 
family or traditional reasons, or a mixture of all three. 

 If   a planned marriage needs to be rearranged because 
both partners carry a genetic disorder, this causes social 
embarrassment or stigma to the young couple and their 
families, and there is a risk that the problem will recur if 
the new partners found are also carriers for the same dis-
order. For example, if population carrier frequency is 6%, 
the chance that one or both new partners will be a carrier is 
12%. Therefore the recurrence risk for the couples is 12% 
(or even higher if the new potential partner is a relative). 

 A   second possibility is to marry as planned, but avoid 
having children altogether. This is always a difficult choice, 
and is unrealistic in a strongly family-centered society. A 
more realistic option for married at-risk couples is to limit 
their family size. If they limit themselves to two healthy 
children, 56% of them will never have an affected child. 

 Other   options for having children while avoiding a 
known genetic risk, such as artificial insemination by donor, 
egg donation, or adoption, so far have not proved popular 
in any society, and are unacceptable in many communities. 
Another possibility is to marry and wait to have a family 
until appropriate methods for prevention become available. 
For example, when Cypriot at risk couples were informed 
that prenatal diagnosis would become available in the 
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 foreseeable future, many postponed conceiving until they 
could use the service (Angastiniotis and Hadjiminas, 1981). 

 A   final possibility is to marry and have a family as 
usual, trusting in fate. This seems often to be a common 
choice in the absence of alternatives that are acceptable to 
families. Before prenatal diagnosis was feasible for hemo-
globin disorders,  Stamatoyannopoulos (1974)  conducted 
a research study in the area of Arta (Greece), where 20% 
of the population are carriers of either thalassemia or SCD. 
All young people in that area were screened and coun-
seled, and counseling contact was maintained for a two-
year period. When the pattern of marriages was assessed 
at the end of this period, there was no measurable effect on 
choice of partner (Stamatoyanopoulos, 1974). 

 More   recently, mandatory premarital screening for tha-
lassemia and SCD has been conducted in Saudi Arabia with 
the objective of decreasing at-risk marriages. However, fol-
lowing counselling, almost 90% of couples married despite 
being aware of their risk ( Al Hamdan  et al ., 2007 ). The 
option of prenatal diagnosis is usually unavailable in the 
current Saudi health system. 

 A   similar approach was tried in Cyprus much earlier, 
when marriages between carriers were actively discour-
aged. This approach proved to be unacceptable to the 
population and was soon abandoned  ‘  ‘ because of eva-
sions ’  ’  ( Angastiniotis  et al ., 1986 ). Once prenatal diagno-
sis became possible for thalassemia, it was made available 
within the Cypriot health service. Soon after, confidential 
premarital screening was made mandatory among Greek 
Cypriots by the Greek Orthodox Church, and among 
Turkish Cypriots by the civil authorities. It was then found 
that 98% of at-risk couples detected just prior to marriage 
proceed to marry, even though Cypriot parents often have 
considerable influence on their children’s choice of part-
ner. Nevertheless, the annual number of new births of chil-
dren with thalassemia major has decreased almost to zero 
in Cyprus, because couples use the information on genetic 
risk in a variety of ways to obtain a healthy family. It has 
been reported that less than 5% of the decrease in tha-
lassemia major births is due to separation of engaged cou-
ples, about 80% is due to prenatal diagnosis and selective 
abortion, and 20% is because at-risk couples have fewer 
children, on average, than couples not at risk ( Angastiniotis 
 et al ., 1986 ). In both Cyprus and Sardinia, the population is 
now very well informed, and has gained confidence that the 
thalassemia control programs involve little if any coercion. 
There is now increasing popular demand for carrier testing 
in high schools, so that young people and their families can 
take information on carrier status into account at an earlier 
stage in the choice of marriage partner ( WHO, 1993 ). It 
will be of great interest to continue to follow the results of 
these Mediterranean social experiments. 

 Each   choice made by at-risk couples within these 
Mediterranean countries based on informed choice has 
reduced the birth rate to almost zero. Such uniform 

 decisions by population are often questioned, as they may 
be led by the existence of bias within communities towards 
thalassemia. The other word for a thalassemia carrier in 
Greek is  ‘  ‘ stigma ’  ’  which means  ‘  ‘ a mark of social dis-
grace ’  ’ . Does this  ‘  ‘ stigma ’  ’  still exist in society, despite 
the many changes that have occurred in society’s attitude 
to thalassemia and improved survival for thalassemia? In 
the author’s practice it is quite common for Cypriot at-
risk couples living in the United Kingdom to present in the 
clinic and immediately demand prenatal diagnosis. These 
couples carry with them society’s preconceived ideas of 
thalassemia and make comments such as  ‘  ‘ children with 
thalassemia die early, and are sickly ’  ’ . For these couples 
to take on board the modern treatment and excellent prog-
nosis is very difficult. This is not to say that modern-day 
treatment is not without its complications and there are no 
guarantees ( UKTS, 2005 ;  Telfer  et al ., 2006 ;  Modell  et al ., 
2000d ; B. Modell, in preparation). Therefore it is not sur-
prising that following counseling these couples still pro-
ceed with prenatal diagnosis. Therefore stigma is still 
present although certainly improved and not as deep rooted 
as in the Middle East and in India where the stigma of hav-
ing the thalassemia trait is a deterrent to the disclosure of 
thalassemia status as well as to testing. Being a carrier in 
India may render an individual unfit as a suitable marriage 
partner and testing after marriage or prenatal counseling 
would be more acceptable to the majority. The stigma 
associated with being a carrier can only be reduced signifi-
cantly through greater awareness by involving community 
leaders and people who are involved with arranging mar-
riages ( Chattopadhyay, 2006 ). 

 In   Canada, a program of information and screening for 
carriers of Tay Sachs disease or thalassemia in high schools 
in Montreal has proved highly acceptable, and also highly 
informative about pitfalls in foreseeing how people will use 
genetic information ( Zeesman  et al ., 1984 ). A fraction of 
the young people screened was followed up with a ques-
tionnaire that included the questions:  ‘  ‘ Do you think that a 
couple planning to marry who found they were both carri-
ers would change their marriage plans? Would you change 
your own marriage plans? ’  ’  Interestingly, almost 80% 
thought that other couples would change their marriage 
plans, but only 10% thought they would change their own 
plans. Clearly, it is all too easy to underestimate the impor-
tance of other people’s inner lives. Practical experience is 
the only reliable guide to how people are prepared to use 
information on genetic risk. 

 Therefore  , there seems to be a strong case for early car-
rier diagnosis and genetic counseling, so that couples at 
genetic risk and their families can make an informed choice 
whether to separate or stay together. However, knowledge 
of a genetic risk may alone be insufficient to change a life-
time partner. 

 Prenatal   diagnosis is now available in all the countries 
whose experience has been drawn on earlier. In addition, 
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assessment of its desirability from the medical, religious, 
and social points of view has now begun in many other 
countries, including a large number of Muslim countries 
( Alwan and Modell, 2003 ) and indeed prenatal diagnosis is 
available in some of them, such as Pakistan ( Ahmed  et al ., 
2000 ) and Iran ( Samavat and Modell, 2004 ).  

    37.5       CAN PREVENTION PROGRAMS BE 
CONSIDERED EUGENICS? 

 The   word  eugenics , coming from the Greek word 
  ε  υ  γ    ν  ι  κ  λ  η′  , meaning good birth, was coined by the British 
scientist Sir Francis Galton. Although it still carries its 
original meaning in some countries, usually it is associated 
with Nazi programs to eradicate so-called inferior groups. 

 The   WHO has suggested another definition of eugenics: 
 ‘  ‘ A coercive policy intended to further a reproductive goal 
against the rights, freedoms and choices of the individual ’  ’  
( WHO, 2001 ). For this definition coercion includes laws, 
regulations, positive or negative incentives, including the 
lack of accessibility to affordable medical services, put for-
ward by states or other social institutions. 

 Globally  , there is little evidence for eugenics practice 
according to the new definition. It has been suggested 
that programs, available in countries such as Sardinia 
and Cyprus, of carrier screening and prenatal diagno-
sis are eugenics programs, because they have limited the 
birth of affected individuals. However, in Cyprus cou-
ples make their own decisions once mandatory screening 
takes place. Couples can still decide to marry and have 
children with thalassemia. Although most marry, very 
few choose to carry on a pregnancy diagnosed with tha-
lassemia major. In Cyprus there is widespread approval of 
the program, which is also supported by the majority of 
the thalassemia major patients. This program gives indi-
viduals a choice, whereas if this service did not exist then 
that choice would not have existed either. Therefore using 
the suggested definition of the WHO, the Cyprus carrier 
screening program for thalassemia cannot be considered 
as eugenics. 

 It   can also be examined why such prevention pro-
grammes are supported by the majority of thalassemia 
major patients. It is possible that the continual birth of 
affected patients will ultimately have a detrimental effect 
on the treatment of the existing patients. If there was no 
prevention program in Cyprus there would be approxi-
mately 50 affected births per year. By 2021, a total of 
70,000 units of blood will be required and 17.5% of the 
possible 400,000 possible donors (out of a population of 
600,000) could need to donate blood at least once per year 
( Angastiniotis, 2003 ), There is also the cost of iron chela-
tion treatment including the cost of the remainder of the 
treatment, which will ultimately become prohibitive to 
the economy of Cyprus. Therefore it is not surprising that 

prevention programmes are supported by the majority of 
 thalassemia major patients. 

 The   fate of many patients in some developing countries 
where carrier screening programs are not developed is dis-
mal. In many developing countries, the state does not have 
the resources to treat the affected patients. In Pakistan, 
most of these patients die because their parents cannot 
afford treatment. Most of these families were not given a 
choice, as national screening programs for thalassemia 
were not available. However, in Pakistan there is now reli-
gious approval for termination of pregnancy for a genetic 
disorder ( Ahmed  et al ., 2000 ) and prenatal diagnosis is 
available in private clinics ( Ahmed  et al ., 2000 ), although a 
national carrier screening program is not yet available. 

 Many   countries now have introduced or are develop-
ing screening and counseling programs. In Iran without 
prevention there would be about 1,200 affected children 
born annually, with over 20,000 children attending treat-
ment centers. Iran has taken on the vast task of providing 
national premarital screening and genetic counseling. By 
the end of 2001, over 2.7 million prospective couples had 
been screened and 10,298 at-risk couples identified and 
counseled. Fifty-three percent of these couples proceeded 
with their marriage plans, 29% of at-risk couples sepa-
rated, and the remainder were still struggling with their 
decision ( Samavat and Modell, 2004 ). Further recent data 
show that the number of couples proceeding with mar-
riage has increased even further (A. Samavat, personal 
communication). Therefore the majority of couples find 
it unacceptable to select a partner on the basis of genetic 
screening information and there is a high demand for pre-
natal diagnosis. The earlier results of the programme were 
considered at the highest religious and political levels and a 
fatwa was issued permitting first trimester abortion when a 
fetus is found to have a serious genetic disorder. A national 
network of molecular diagnostic laboratories was set up to 
make prenatal diagnosis available within the health system. 

 Therefore  , prevention services are steadily spread-
ing globally and services are now available in several low 
resourced countries ( Petrou and Modell, 1995 ). The ethos 
in present-day medical genetics is to help people make 
whatever voluntary decisions are best for them in the light 
of their own reproductive and other goals. There is, there-
fore, a decisive difference between present-day medical 
genetics and yesterday’s eugenics.  

    37.6       ETHICS AND RELIGION IN GENETIC 
COUNSELING 

 As   discussed earlier, genetic counseling should be non-
directive, and the genetic counselor’s main role is to pro-
vide people at risk with full information, give them time for 
consideration, and support them in making the decisions 
they feel to be morally right for themselves. 
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 Some   reasons why genetic counseling should be 
non-directive are: 

      ●      People at risk often have first-hand experience of the 
condition in question, unlike most of their advisors,  

      ●      They have to learn all the facts, think the issues 
through, and actually reach a decision that they must 
live with for the rest of their lives,  

      ●      The right choice for a given individual among the 
options actually available is likely to be determined by 
many factors, including their social and religious atti-
tudes, personal experiences, economic and educational 
level, and family and reproductive history,  

      ●      Doctors and other professionals are no more, or less, 
qualified than their patients to make moral choices on 
issues associated with a person being made aware of 
their genetic risk.    

 Medical   ethics are based on the moral, religious, and 
philosophical ideals, and the principles of the society in 
which they are practiced. It is therefore not surprising to 
find that what is considered ethical in one society might not 
be considered ethical in another. The wide range of family 
and social structures, religious and legal conventions, and 
economic resources within the Middle East may also lead 
to conclusions that differ between countries. Sensitive serv-
ices like genetic counseling cannot be transported from one 
social context into another. 

 Truly   ethical conduct consists of personal searching for 
relevant values that lead to an ethically inspired decision. 
Surveillance or audit shows how information on paren-
tal informed choice is obtained and this reflects what is 
ethically acceptable in a particular society (       Modell  et al ., 
1997, 2000b, c ;  Petrou  et al ., 2000 ). It is necessary for 
practitioners and critics of conduct to be sensitive to such 
information before they make their judgments on what is 
acceptable. The ethical attitude of the individual, whether 
a patient or a genetic counselor, is often colored by the 
attitude of their society. Social attitudes are influenced by 
theologians, demographers, family planning administrators, 
doctors, policymakers, sociologists, economists, and legis-
lators. All these groups should also consider the fundamen-
tal ethical principles of genetic counseling, particularly the 
autonomy of the individual, and place emphasis primarily 
on informed parental choice by those at risk before making 
judgments for society. 

 All   medical programs, including genetic prevention pro-
grams, must operate within existing legal and social frame-
works. However, technology can develop rapidly, whereas 
legal, social, and religious attitudes evolve more slowly. 

 In   most religions, there is a range of opinions and 
dilemmas. The high uptake of prenatal diagnosis in Italy, 
Cyprus, and Greece clearly shows that people make their 
own choices for what is appropriate to them. There is no 
right answer. The right answer is the one that is acceptable 
to the individual for his/her own particular reasons. 

 As   several Muslim countries are already offering 
 prenatal diagnosis and selective abortion to at-risk couples 
or are at various stages of developing these services, it is 
important to comment on the information that is already 
available on their acceptability in these countries. 

 For   many, Muslim religion is central to daily life and 
influences a lot of behaviors, attitudes, practices, and pol-
icy making ( Serour, 2000 ). Instructions regulating every-
day activities of life to be followed by Muslims are called 
 Sharia . The Sharia is not rigid or fixed, except for a few 
rules such as those concerning worship, rituals, and codes 
of morality. Islamic Sharia accommodates different honest 
opinions as long as they do not conflict with the spirit of 
its primary sources and are directed toward the benefit of 
humanity. In Muslim societies, the provisions and spirit 
of Islamic Sharia and the local and social conditions of 
the society should be taken into account when formulating 
rules and guidelines. 

 Fetal   development has been viewed by Muslim theolo-
gians as occurring in three stages, each lasting 40 days: the 
sperm cell and ovum, the clump resembling a blood clot, 
and the lump of flesh (fetus). At the end of these stages, the 
fetus is ensouled. The belief that ensoulment starts only at 
120 days does not change the fact that life starts at a much 
earlier stage of embryo life. 

 Therefore   from a Muslim perspective, it is considered 
ethical to perform an abortion to protect the mother’s life 
or health, or because of fetal anomaly incompatible with 
life ( Glover, 1989 ;  Serour  et al ., 1995 ). However, the stage 
at which termination is deemed permissible seems to vary. 
Some Muslim jurists do not allow abortion in any circum-
stances, whereas others would permit abortion in the first 
120 days of fetal life if there is some reason such as dan-
ger to the mother or the fetus. The time when abortion is 
allowed also varies, and some jurists would allow it only at 
40 days and others at 90 days. 

 Therefore   most Muslims accept that life does not 
begin at conception, but believe that human life requiring 
protection commences some weeks, perhaps two weeks 
or so, after development of the primitive streak ( Serour, 
2001 ;  Serour and Dickens, 2001 ). Therefore preimplan-
tation genetic diagnosis is encouraged, where feasible, 
as an option to avoid termination of pregnancy ( Serour, 
2001 ;  Serour and Dickens, 2001 ). The importance of 
preimplantation genetic diagnosis was recognized at the 
international workshop at The International Islamic Cen-
tre for Population Studies and Research, Al-Azhar Uni-
versity, Cairo, on Ethical Issues in Assisted Reproductive 
Technology. 

 It   should be recognized that ethical and religious rea-
soning on the same issue can justify different conclusions. 
Therefore, it is acceptable that adherents of one preferred 
outcome may well acknowledge that adherents of an alter-
native preferred outcome are applying approaches that 
result in different but equally ethical conclusions.  
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    37.7       CONSANGUINEOUS MARRIAGE 

 Consanguineous   marriage is usually defined as marriages 
between people who are second cousins or closer ( Bittles, 
1994 ). The chances of inheriting two identical genes, 
including neutral as well as pathological genes, at a par-
ticular locus are increased if parents are close relatives 
( Bodmer and Cavalli-Sforza, 1978 ). 

 The   question of how to provide genetic counseling in 
the context of societies that favor consanguineous marriage 
can also create dilemmas for families and health workers. 
Any ideal genetics program must include a sensitive and 
realistic approach. 

 Over   20% of the world population lives in communi-
ties that favor cousin marriage, and worldwide at least 1 in 
12 children is born to parents who are related ( Modell and 
Darr, 2002 ). Cousin marriage has been customary in many 
parts of the world for thousands of years, and is not always 
associated with Muslim religion. A custom that has been so 
common for so long obviously has important social func-
tions. Currently, in Northern European populations, about 
0.5% of marriages are between first cousins. 

 The   great majority of families where the parents are 
related suffer no adverse effect. The reported increase in 
average childhood mortality and morbidity in such popula-
tions is due largely to relatively severe effects in a limited 
number of families, which shifts the average figures for the 
group as a whole. Therefore medical attempts to help fami-
lies reduce genetic problems should focus on identifying 
families at particularly high risk, and providing them with 
genetic counseling and access to appropriate services. 

 Nevertheless  , efforts have been made in some coun-
tries to discourage consanguineous marriage through pub-
lic information programs that emphasize the associated 
genetic risks. However, this proposal is inconsistent with 
the ethical principles of genetic counseling, overlooks the 
social importance of consanguineous marriage, and is inef-
fective ( Modell and Darr, 2002 ). These programs arise 
from the perception that recessively inherited rare diseases 
are unusually common in these populations, and the need 
for prevention seems urgent, but appropriate genetic coun-
seling services are rudimentary or non-existent. It may then 
seem that altering the behavior of the population is the only 
possible way to reduce genetic disease incidence. 

 In   view of the ignorance of the social causes and con-
sequences of customary consanguineous marriage, attempts 
to reduce its frequency in the population as a whole on 
genetic grounds run the risk of doing more harm than good, 
by disturbing customary marriage arrangements when the 
majority of families would come to no harm in any case. 
Furthermore, the concept of non-directive genetic coun-
seling is incompatible with a campaign against consanguin-
eous marriage. Policies relating to consanguineous marriage 
should be firmly grounded in an understanding of its social 
role, and the possible consequences of attempts to disturb it. 

 Discussions   in the United Kingdom with families who 
have had pressure against consanguineous marriage put on 
them led to the following conclusions: 

      ●      Pressure against cousin marriage rarely alters what 
people actually do, though it can make them feel 
uncomfortable about it.  

      ●      If people are told their children are sick because they 
are related, it causes great unnecessary distress, may 
alienate them, and makes it more difficult for them to 
understand the real explanation.  

      ●      Where cousin marriage is common, people are aware 
that most couples of cousins have perfectly healthy 
children. If they are told not to marry a cousin because 
their children may be sick, they may become confused 
and could lose confidence in medical advice.  

      ●      Avoiding cousin marriage does not guarantee that chil-
dren will not have a congenital disorder. Unrelated cou-
ples who have affected children may lose confidence in 
medical advice.  

      ●      People do not attend genetic counseling if they think 
they will be criticized and their cultural conventions 
attacked ( WHO EMRO, 1997 ;  Modell and Kuliev, 
1992 ).     

    37.8       WHY COUSIN MARRIAGE IS 
FAVORED BY SOME COMMUNITIES 

 Many   non-European communities have a patrilineal kin-
ship pattern (family name and property are inherited in 
the male line). The men and their descendants tend to stay 
together, especially when the family owns land and mem-
bers of the extended family share responsibilities for each 
other. At marriage, women leave their family to enter their 
husband’s family. Cousin marriage can soften the implica-
tions of this transition and contribute to family well-being 
by strengthening the woman’s position within the family 
and promoting female networks.  Darr and Modell (2002)  
made the following conclusions in this issue: 

      ●      Parents are able to remain closer to their children, par-
ticularly their daughters, when they marry a relative,  

      ●      A woman is likely to be comfortable with a mother-in-
law who is also an aunt she has known since childhood,  

      ●      There is increased financial security, because if one 
partner dies the remaining partner is still a member of 
the family in their own right,  

      ●      Equal numbers of sons and daughters are needed within 
the extended family, so a daughter is not seen as a 
burden,  

      ●      In societies that practice segregation between the 
sexes, young people can get to know each other before 
 marriage more easily if they are related,  

      ●      Expenses and exchange of property associated with 
marriage may be reduced.    
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 A   convention of cousin marriage could make family-
oriented genetic counseling particularly effective, for two 
main reasons. First, unusually large numbers of carriers of 
the presenting disorder may be detected within the family. 
Thus carrier testing, for example, may permit early detec-
tion of many individuals at risk for some types of tha-
lassemia and sickle cell anemia and identify newly affected 
individuals where surveillance and early treatment could 
be beneficial. Second, when cousin marriage is common 
within the family, carriers are at particularly high risk of 
making an at-risk marriage. Family studies following the 
diagnosis of a child with a disorder will identify many car-
riers, who should then be offered counseling about their 
reproductive risk. Many will already be married, and some 
of these may be at-risk couples, identified in time for pro-
spective reproductive counseling. Many will be children or 
not yet married, and early information might permit carrier 
status to be taken into account to avoid further at-risk mar-
riages within the family. This approach has been tested in 
Pakistan ( Ahmed  et al ., 2002 ). 

 Consanguineous   marriage increases the couple’s chance 
of both carrying the same mutation. Therefore from the 
genetic testing point of view, a family-oriented approach to 
genetic screening becomes more efficient, because it sim-
plifies the challenges of DNA testing. In a recent study in 
Jordan, where homozygous thalassemia births were studied, 
it was found that the homozygous genotype was approxi-
mately 5.5 times higher in consanguineous marriage than ran-
dom mating, giving 62% homozygous births versus 11.5% 
by random mating (Qubbaj and Petrou, in preparation).  

    37.9       CONCLUSIONS 

 The   medical profession’s responsibility starts from the 
time prenatal diagnosis becomes available and therefore a 
new social responsibility is generated for every subsequent 
birth. This responsibility should be passed onto the parents 
through adequate information and genetic counseling. The 
availability of genetic diagnosis increases the responsibility 
of the medical service when providing this service to the 
population. It is then the parents ’  responsibility to make 
the decision. The most common single saying of couples 
at risk for thalassemia is:  ‘  ‘ We have no choice: we cannot 
knowingly bring a child into the world to suffer. ’  ’  The other 
face of responsibility is guilt. From counseling at-risk cou-
ples in the United Kingdom it is known that parents want 
to take this responsibility of life or death. Couples with a 
thalassemia major child frequently want to sue the health 
professionals for negligence, because they have not been 
identified and counseled during pregnancy. Their complaint 
is that they have been deprived of information and choice, 
and this increases their difficulties because their child’s 
suffering is now perceived as an injustice rather than as a 
simple misfortune. They are expressing a strong conviction 

that since knowledge is available, someone is responsible 
for the birth of their affected child and that the responsibil-
ity that should have been their own has been taken from 
them ( Modell, 1988 ). This also helps them remove the 
anger and guilt they have. 

 The   ethical principles governing genetic counseling 
need to be assessed for each country, after taking into 
account the social and religious structures of that country. 
This is particularly important for issues surrounding prena-
tal diagnosis and counseling in relation to customary con-
sanguineous marriage.   
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 Chapter 38 

    38.1        INTRODUCTION 

 The   completion of the comprehensive sequence of the 
human genome in the spring of 2003 was hailed as a  ‘  ‘ land-
mark event ’  ’  and the beginning of a  ‘  ‘ revolution in biologi-
cal research ’  ’  ( Collins  et al ., 2003 ). The huge international 
cooperative effort that comprised the Human Genome 
Project (HGP) produced a tool of enormous importance 
to basic scientists, clinical researchers, clinicians, and, 
ultimately, patients. Although a great deal already has 
been learned about basic biology from the HGP, includ-
ing the fact that humans have only about 30,000 protein-
coding genes, many fewer than originally estimated, the 
most interesting challenges lie ahead ( International Human 
Genome Consortium, 2001 ;  Feero  et al ., 2008 ). With the 
human genome sequence readily available to all, the chal-
lenge will be to  ‘  ‘ capitalize on the immense potential of the 
HGP to improve human health and well-being ’  ’  ( Collins 
 et al ., 2003 ). 

 Genetic   advances are changing the practice of medicine 
in many significant ways. Though some may argue over 
the extent and the pace of changes to come as a result of 
the HGP ( Holtzman and Marteau, 2000 ), it is clear that the 
ability to define, diagnose, detect, and prevent, treat, or cure 
many illness in the future will involve technologies that have 
their roots in recent genetic advances ( Wolf  et al ., 2000 ; 
 Joshi  et al. , 2008 ). On the occasion of completion of the 
human genome sequence, the US National Human Genome 
Research Institute put forth a blueprint for future genomic 
research. The second of three major challenges laid out was 
labeled  ‘  ‘ Genomics to Health ’  ’  and involves the translation 
of  ‘  ‘ genome-based knowledge into health benefits ’  ’ . 

 The   goals of this part of the work of genomic scientists 
and clinical researchers are to: 

      ●       ‘  ‘ Identify genes and pathways with a role in health 
and disease, and determine how they interact with 
 environmental factors,  

      ●      Develop, evaluate, and apply genome-based diagnostic 
methods for the prediction of susceptibility to disease, 
the prediction of drug response, the early detection of 
illness, and the accurate molecular classification of 
 disease, and  

      ●      Develop and deploy methods that catalyze the transla-
tion of genomic information into therapeutic advances ’  ’  
( Collins  et al ., 2003 ).    

 It   is argued that the achievement of these lofty aims is 
dependent on psychological factors in a variety of ways. 
Whether patients are willing to participate in genetic 
research, whether they opt to undergo genetic counseling 
(see also Chapter 37)   or testing to determine if they have 
increased disease risk, whether they are willing to adopt 
screening or surveillance recommendations targeted to 
those known or suspected of being at high risk, or whether 
they opt for prophylactic surgery, depend in large meas-
ure on emotional, attitudinal, and behavioral factors. The 
recruitment of appropriate, diverse patients for genetic 
research studies will necessitate improved understanding 
of what patients bring to genetic counseling or testing from 
their own family experience with illness, their perception 
of disease risk, and their attitudes toward genetics research 
and the medical community. Individuals from different eth-
nic and cultural communities vary widely in their attitudes 
toward genetics, genetic testing, and genetic medicine. 

 Subjective   feelings often play a large role in determin-
ing how people respond to situations they consider threat-
ening. Research suggests that individuals often act on the 
basis of subjective feelings about their disease risk, even 
after receiving counseling that informs them that their risk 
perceptions are overestimates of actual risk ( Iglehart  et al. , 
1998 ). How can such responses be modified to be in tune 
with actual risk? What kinds of counseling techniques 
need to be developed to guide patients toward selecting 
one of the appropriate choices for mutation carriers? How 
can people who are found to be at increased  hereditary 
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 risk but who do not heed surveillance or screening 
 recommendations be educated? How can people be helped 
to make optimal personal decisions about prophylactic sur-
gery, which may be the risk reduction option which con-
veys the greatest protection against developing disease but 
at significant emotional cost? What is known about how 
individuals in high-risk families communicate about hered-
itary disease predisposition with their relatives? 

 Much   of the ultimate success of the HGP in improving 
human health rests on whether individuals, suspected or 
known to be at risk for hereditary illness, feel sufficiently 
comfortable with the use of genetic technology and with 
the emotional impact of genetic information to make use of 
the revolutionary advances which the HGP has made pos-
sible. This chapter attempts to summarize what is currently 
known about psychological factors as they affect individu-
als and families with concern about hereditary predisposi-
tion to illness. 

 With   the advent of genetic testing, first for Huntington’s 
disease (HD) and over the past decade for some types of 
cancer, we have been able to observe reactions to the 
increased availability of genetic information in individuals 
from hereditary disease families. In the USA and in several 
other countries, studies of the ethical, legal, social, and psy-
chological impact of genetic testing have been undertaken 
simultaneously with the molecular studies of the human 
genome. It is critical to learn under what circumstances 
genetic advances improve people’s lives and health, as well 
as understanding under what circumstances adverse out-
comes result from participation in genetic research, genetic 
counseling, and/or genetic testing.  

    38.2       GETTING TO THE TEST: AWARENESS, 
ACCESS, AND ADVERTISING 

    38.2.1       What Tests are there? 

 Linkage   analysis for HD has been possible since 1983 
( Gusella  et al ., 1983 ) and direct sequence analysis, a much 
more accurate form of genetic testing, became possible 
after the cloning of the  HD  gene in 1993 ( Huntington’s 
Disease Collaborative Research Group, 1993 ). The first 
cancer genetic testing was for  Rb1 , the gene responsible 
for hereditary forms of retinoblastoma, a relatively rare 
cancer of the eye, which was cloned in 1986 ( Friend  et al ., 
1986 ). Testing for  p53  mutations in members of fami-
lies with Li-Fraumeni syndrome (LFS) began in the mid-
1990s. LFS is a rare condition in which mutation carriers 
have a 90% lifetime risk of developing a number of com-
mon cancers including breast cancer, leukemia, sarcomas, 
and brain tumors, including a 40% chance of develop-
ing cancer in childhood ( Williams and Strong, 1985 ). The 
first major cancer susceptibility genes that affected a large 
number of people and that achieved significant notice in 
the popular press were  BRCA1 , which was cloned in 1994 

( Miki  et al ., 1994 ), and  BRCA2 , cloned in 1995 ( Wooster 
 et al ., 1995 ). These two genes predispose female mutation 
carriers to greatly increased risks of developing both breast 
and ovarian cancer. Breast cancer risk for  BRCA1/2  carri-
ers has been estimated as between 56% ( Struewing  et al ., 
1997 ) and 85% ( Ford  et al ., 1994 ), with ovarian cancer risk 
estimates running from 27% ( Ford  et al ., 1998 ) to 60% 
( Easton  et al ., 1995 ). Men who are mutation carriers also 
have an increased risk of breast cancer, although the risk 
for men is much smaller than for women (Struewing  et al ., 
1995b    ; Wooster  et al ., 1994)  . Hereditary cancers typically 
occur at younger-than-usual ages and it is not unusual for 
multiple cancers to occur. 

 Genetic   testing is also now possible for a number of 
colon cancer genes, such as  APC , which predisposes to 
familial adenomatous polyposis (FAP), and  MLH1 ,  MSH2 , 
 MSH6 , and  PMS2  which predispose to hereditary non-
polyposis colorectal cancer (HNPCC,  Giardiello  et al ., 
2001 ;  Lynch  et al ., 2008 ). Genetic testing is also possible 
for a number of quite rare cancer genetic syndromes, such 
as Von Hippel-Lindau syndrome and Cowden’s syndrome 
and for some members of families with significant history 
of melanoma. Genetic testing may not be far off also for 
hereditary prostate cancer. It is estimated that between 5% 
and 10% of all cancers have a hereditary etiology ( Offit, 
1998 ). Because most of the psychological studies of 
genetic testing have been done for  HD  and more recently 
for  BRCA1/ 2 and colon cancer genes, these studies will be 
the major focus of the discussion.  

    38.2.2       Genetic Testing 

 Genetic   testing first was done in research settings and 
offered to members of families known to have had unusual 
numbers of affected individuals (that is, individuals diag-
nosed with the disease). Members of these families tended 
to have been aware for a long time, sometimes several 
generations, about the unusual concentration of disease in 
their families. Many were from families with extremely 
high concentrations of hereditary cancer, since it was the 
most affected families who first came to the notice of cli-
nicians and disease registries. Family members had often 
observed several early deaths from the disease in their 
family and had grown up fearing that this would be their 
fate as well. Prior to the availability of genetic testing, 
early research studies asked members of these hereditary 
disease families if they thought they would want to be 
tested when the relevant gene was found. Interest was high 
(typically over 70%) among members of HD and breast/
ovarian syndrome families prior to cloning of the respec-
tive genes ( Mastromauro  et al ., 1987 ;  Jacopini  et al ., 1992 ; 
 Lerman  et al ., 1995 ). Of great interest is the fact that with 
HD, the uptake of genetic testing since testing became 
available among members of affected families has been 
only about 5% to 20% ( Harper  et al ., 2000 ;  Meiser and 
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Dunn, 2001  ;  Creighton  et al ., 2003 ). HD is a devastating, 
neurodegenerative disease. The  HD  gene is 100% pen-
etrant, meaning that knowledge of being a mutation carrier 
is equivalent to knowledge that one will certainly develop 
the disease. There are no preventive options or cures for 
HD. The earlier arguments put forth by at-risk individuals 
that testing would enable them to plan better for the future 
or to achieve certainty about whether or not they were at 
risk apparently paled in comparison with the possible pain 
of discovering, before symptoms occurred, that one would, 
with certainty, be subject to the fate of others in the family 
already affected with HD. 

 It   had been conjectured that for  BRCA1/2 , uptake would 
be much more similar to projected interest, since there are 
some measures that are recommended for mutation carriers 
to try to prevent or detect cancer early. However, although 
the uptake for  BRCA1/2  testing  –  for example, 27% to 43% 
( Lerman  et al ., 1996 ;  Julian-Reynier  et al ., 2000 ;  Peters 
 et al ., 2005 ;  Holloway  et al ., 2008 )  –  has been higher than 
for HD, it has not approached the levels reported for hypo-
thetical interest before testing was actually possible. 

 Researchers   are still in the process of understanding 
the decision making of individuals who opt not to undergo 
genetic testing or, often, even genetic counseling for hered-
itary cancer. There is some research suggesting detrimental 
emotional effects, such as continuing depression, among 
those who refuse testing ( Lerman  et al ., 1998 ;  Kash  et al ., 
2000 ), but further research is needed among larger and 
more diverse samples to fully understand the psychology 
of  ‘  ‘ not wanting to know ’  ’  and the barriers to acceptance of 
genetic counseling and testing ( Foster  et al ., 2004 ). Some 
investigations have found it is patients with lower chances 
of being mutation carriers who are most likely to want to 
be tested, since testing, they hope, can serve as reassurance 
that they are not at increased hereditary risk of disease. It 
is possible to say with some certainty, however, that hypo-
thetical estimates of interest in genetic testing are not accu-
rate predictors of eventual uptake. 

 Cancer   genetic testing has moved beyond the research 
setting into clinical testing. Clinical testing makes it likely 
that individuals with less extensive family histories of dis-
ease will be tested; the impact of this change has not yet 
been fully evaluated ( Bonadona  et al ., 2005 ;  DeMarco  et al ., 
2006 ). Some patients newly diagnosed with breast can-
cer are being offered upfront genetic testing, even before 
treatment options are in place. Genetic testing at diagno-
sis increases uptake of prophylactic mastectomy among 
mutation carriers ( Weitzel  et al ., 2003 ;  Schwartz  et al ., 
2004 ); the quality of life impact of  ‘  ‘ upfront genetic test-
ing ’  ’  is not yet established although one study suggests that 
patients who elect contralateral prophylactic mastectomy 
(CPM) after  ‘  ‘ upfront genetic testing ’  ’  do not experience 
more distress than patients who do not undergo CPM in 
the year following breast cancer diagnosis ( Tercyak  et al ., 
2007 ). Myriad Genetics, Inc. has test kits for breast, colon, 

and melanoma genetic testing that can be accessed by 
any physician who wishes to test his/her patient, and has 
recently begun direct-to-consumer advertising. Some com-
panies offer patients direct access to test kits via the inter-
net ( Williams-Jones, 2003 ), which raises significant issues 
among professional groups and ethicists about assuring 
that individuals undergoing testing are sufficiently edu-
cated about the implications of learning their test result 
and that the testing offers sufficient privacy protection 
(ACOG Committee Opinion No. 409, 2008  ;  Geransar and 
Einsiedel, 2008 ). Changes in physician behavior may result 
from increased patient requests as a result of the advertis-
ing ( Myers  et al ., 2006 ). 

 There   also remain difficult issues about whether pa tients 
or even many medical professionals are able to interpret test 
results correctly or to give accurate information to patients 
( Giardiello  et al ., 1997 ;  Wideroff  et al ., 2005 ;  Bethea 
 et al ., 2008 ). Even though genetic counseling is recom-
mended by most genetics professionals, there is no require-
ment that patients be counseled prior to receiving results. 
Primary care physicians appear more reluctant to refer 
patients for genetic assessment than specialists ( Brandt, 
Ali, Sabel, McHugh,  &  Gilman, 2008 )  Brandt  et al ., 
2008 , with minority-serving physicians even less likely to 
make such referrals ( Shields  et al ., 2008 ). There are pro-
grams in progress to improve the level of genetic knowl-
edge and comfort in making referrals for primary care 
physicians ( Burke and Emery, 2002 ) and assessment tools 
being developed to measure the success of the programs 
( Calefato  et al ., 2008 ). Some studies suggest frequent mis-
interpretation of results by patients, including counseled 
patients, particularly when test results are more ambiguous 
(Calzone, 2002;  Hallowell  et al ., 2002 ). An example of 
ambiguous findings is indeterminate results, which can 
occur when an individual is tested without prior identifica-
tion of a familial mutation in an affected family member. 
This might be the case, for example, where an Ashkenazi 
Jewish individual is tested for the three mutations of 
 BRCA1/2  genes, which are found with high frequency in 
that ethnic group. Some patients misinterpret the absence 
of these mutations to mean that they are not at increased 
risk; however, this cannot be assumed since there might be 
another mutation or gene that is causing hereditary cancers 
in that family. In responsible hands, patients at risk for can-
cer genes who receive indeterminate results are cautioned 
to continue to undergo screening or surveillance, which 
is appropriate for a mutation carrier, since they cannot be 
excluded as having a mutation. 

 Some   researchers, however, have found little misinter-
pretation of indeterminate results, at least not in the well-
educated cohorts studied to date ( Dorval  et al ., 2005 ). Most 
of the patients coming forward for testing either in research 
or clinical settings have been well-educated Caucasian 
patients from higher socio-economic strata. It is clear that 
specialized approaches will be necessary to provide genetic 
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 counseling to patients with less background knowledge of 
genetics and possibly greater skepticism about genetic pri-
vacy and the motivation of research scientists. It does seem, 
though, that patients with more genetics knowledge show 
some reservations about being tested after learning about 
the limitations of genetic testing, whereas less educated 
patients seem to overlook these limitations in embracing 
testing ( Hughes  et al ., 1997 ). Development of testing pro-
tocols which take into consideration of the range of cultural 
backgrounds, health beliefs, and health literacy of minority 
patients is an ongoing challenge ( Meiser  et al ., 2006 ,  2007 ; 
 Roter  et al ., 2007 ). 

 Genetic   testing does not supply all the answers that 
patients wish to have. There are very real limitations to 
what genetic testing can tell patients about the likelihood 
they will develop the disease in question. A positive test 
result for a gene that is less than 100% penetrant does 
not indicate for certain that the mutation carrier will ever 
develop the disease, or when it will occur. In some cases, 
a single genetic mutation predisposes the individual to a 
number of related diseases; testing usually will not indicate 
which disease the person will develop or whether they will 
develop more than one disease within the syndrome of dis-
eases to which they are predisposed. Cancer genetic testing 
is, after all, a trade of the uncertainty about whether one 
is a mutation carrier, for the uncertainty, in the event that 
the test is positive, about which cancers might appear and 
when they will emerge.  

    38.2.3       Access to Testing 

 Access   to genetic testing is not equally available to all. 
Full-sequence testing for cancer genes costs several thou-
sand dollars and patients may opt not to bill the costs to 
their health insurance, either because it is not a covered 
service in all plans or because patients are reluctant to 
share test results with their insurer for fear of later discrim-
ination. In the USA, the passage of the Genetic Information 
Non-Discrimination Act (GINA) prevents insurers from 
rejecting healthy individuals or raising health insurance 
premiums on the basis of personal or familial genetic pre-
dispositions. It does not, however, cover life, disability, or 
long-term care insurance ( Hudson  et al ., 2008 ). In countries 
with a national health insurance system, discrimination is 
not an issue for health insurance. However, access may be 
limited by rationing of the number of genetic tests offered 
in a geographic region during a particular time period and/
or very strict criteria for test eligibility. These practices 
may result in long waits for testing or may exclude patients 
with less extensive family histories. 

 Testing   was free in most of the early research pro-
grams evaluating the uptake and reaction to genetic test-
ing. Without free testing, it is not clear how much the cost 
of testing affects access or uptake. Minority populations 
are likely to be particularly hindered in access to genetic 

 testing for a variety of reasons, including cost, lack of 
minority genetics professionals, and lack of non-English 
language educational materials.   

    38.3       INDIVIDUAL FACTORS INFLUENCING 
UTILIZATION OF GENETIC TESTING 

 Complex   psychological factors govern an individual’s 
uptake of genetic testing and the use they make of the 
information received. Because early research has focused 
on heavily affected families, much of what is known in this 
area pertains to members of what are often called research 
families or cancer families. It is not difficult to under-
stand that personal experience with a family member who 
has had the disease in question and possibly died from it 
is likely to impact one’s perception of personal risk, dis-
ease-related anxiety, and the desire to avoid a similar out-
come. There are, however, other factors, including general 
personality characteristics, that can affect how actively a 
person seeks to confront knowledge of personal, hereditary 
disease risk and to undertake actions designed to prevent 
or detect illness. Increasing knowledge of these factors will 
enable researchers and counselors to develop more effec-
tive genetic counseling and follow-up techniques and to 
better advise both patients and medical providers. 

    38.3.1       Risk Perception 

 Members   of high-risk cancer families typically greatly 
overestimate their risk for developing cancer ( Kash  et al ., 
2000 ). Those who have lost a parent to the disease are 
especially likely to overestimate the risk that they, them-
selves, will develop the cancer their parent died from. In 
an English study of women referred for genetic counseling 
to a Cancer Family History Clinic, 70% could not cite the 
population risk for breast cancer, but 76% perceived them-
selves to be at higher than population levels of risk for 
breast cancer ( Hallowell  et al ., 1998 ). A study by  Zakowski 
and coworkers (1997)  found that women undergoing mam-
mography screening (but with no abnormal findings) whose 
mother had died of breast cancer estimated their lifetime 
risk of developing breast cancer as 70% versus the 53% 
risk estimate of women undergoing mammography who 
did not have a mother die of breast cancer and the 32% risk 
estimate of similarly aged women in the general population 
not undergoing mammography studies. All these figures 
significantly overestimate breast cancer risk; lifetime risk 
for breast cancer for a woman in the US general popula-
tion is about 10%. Having a first-degree relative with breast 
cancer raises that risk somewhat, to 1.7 to 5 times ( Offit, 
1998 ), but not to 70%. 

 High   perceived risk of cancer is a source of motivation 
for seeking genetic counseling or testing, although high 
risk may also be accompanied by anxiety which deters 
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 some individuals from accepting counseling or  testing 
( McInerney-Leo  et al ., 2006 ). Genetic testing provides 
objective information about cancer risk and is in most stud-
ies an important factor affecting risk perception. Given that 
many women come to  BRCA1/2  genetic testing with high 
perceptions of their own breast cancer risk, receipt of a 
positive result indicating one is a carrier may not signifi-
cantly raise risk perception ( McInerney-Leo  et al ., 2006 ). 
Young women who are carriers are particularly likely to 
have their risk perception increase following genetic testing 
which showed them to be carriers, but this perception may 
decrease with time ( Watson  et al ., 2005 ). For  BRCA1/2  
mutation carriers, perception of their risk for ovarian cancer 
is likely to increase following receipt of a positive test result 
( McInerney-Leo  et al ., 2006 ). Those found to be negative 
for a known familial mutation are likely to have decreased 
risk perception ( Schwartz  et al ., 2002 ;  Watson  et al ., 
2005 ;  Claes  et al ., 2005 ;  McInerney-Leo  et al ., 2006 ). 

 Similarly  , perceptions of risk among carriers of genes 
conveying increased predisposition to colon cancer increase 
following disclosure of positive test results, but there are 
even larger, significant increases among carriers following 
post-testing in perception of their risk for extracolonic can-
cers ( Hadley  et al ., 2008 ). Genetic counseling and testing 
are particularly important, then, in notifying members of 
high-risk cancer families about risk for cancers other than 
those which have primarily affected family members pre-
viously. Experience of deaths of close relatives due to an 
HNPCC-related cancer increases risk perception among 
HNPCC family members, even following cancer genetic 
testing ( Domanska  et al ., 2007 ).  

    38.3.2       Distress 

 The   perception that one has a high likelihood of developing 
a serious disease is often associated with elevated levels of 
emotional distress. Among both research and clinical sam-
ples of women at high risk for breast cancer, distress scores 
at or near clinical cut-offs have been found in a substantial 
proportion of subjects ( Kash  et al ., 1992 ;  Audrain  et al ., 
1997 ). Distress is associated with higher breast cancer risk 
perception and lower perceptions of control over develop-
ing breast cancer. In an English study of 312 individuals 
reporting for counseling for hereditary breast/ovarian can-
cer, 22% of the women and 14% of the men scored at or 
above clinical cut-offs for a psychiatric disorder ( Foster 
 et al ., 2002 ). In a Dutch study, individuals at risk of HD 
scored higher on distress measures than those at risk of 
hereditary cancer syndromes ( Dudok deWit  et al ., 1997 ). 
Those whose scores were highest indicated that their dis-
tress was closely related to painful memories of family 
members who had had the familial disease, as has also 
been shown in other studies ( Lodder  et al ., 1999 ;  Butow 
 et al ., 2005 ). A recent study showed that irrespective of 
personal cancer history, French Canadian women initiating 

 BRCA1/2  genetic testing had higher distress scores (except 
depression) than women matched for age in the general 
population ( Dorval  et al ., 2008 ). Cognitive emotional fac-
tors have also been found to be related to distress around 
hereditary disease risk.  Miller and coworkers (1995)  have 
distinguished two styles of coping with threatening infor-
mation.  Monitors  are those who tend to focus on the threat, 
to actively seek information related to the threat, and to 
have difficulty perceiving that all has been done which 
could be done to cope with the threat.  Blunters , in contrast, 
are individuals who naturally try to avoid or shield them-
selves from threatening information. It has been shown that 
anxiety during the wait for genetic testing results is higher 
among women who are high monitors ( Tercyak  et al ., 
2002 ), suggesting that these women may need extra sup-
port while awaiting their result. Similarly, an Israeli study 
of individuals undergoing colon cancer genetic testing 
found monitors were more distressed than non-monitors, 
especially when they received indeterminate or positive 
results ( Shiloh  et al ., 2008 ). Cognitive style also appears 
to influence participation in screening, so that targeting of 
screening and surveillance recommendations according to 
the patient’s cognitive style may be important to maximize 
participation ( Miller  et al ., 1996 ).  

    38.3.3       Health Beliefs 

 Misconceptions   can affect one’s ability to realistically 
evaluate the increase in risk imposed by being a mutation 
carrier and can also affect one’s thinking about the value 
of screening, surveillance, or prophylactic surgery options. 
There are many misconceptions about inherited cancer risk 
even among those at increased risk. In a study of 200 well-
educated women with family histories of breast cancer 
who had had breast cancer themselves, 86% erroneously 
believed that 1 in 10 women has a  BRCA1/2  mutation, 62% 
thought that half of all breast cancer is due to  BRCA1/2  
mutations (correct estimate: 5 – 10%), and that 56% did not 
think fathers could transmit  BRCA1/ 2 mutations to their 
daughters as easily as mothers could ( Iglehart  et al. , 1998 ). 

 Different   ethnic or cultural groups tend to have dif-
fering values and may hold different beliefs related to 
medicine generally, and genetics more specifically. African-
Americans have a negative history of experimentation for 
sickle cell disease, another genetic condition, which may 
reduce motivation to participate in genetic studies (see also 
previous chapter). In fact, African-Americans have partici-
pated in genetic studies at a lower rate than their partici-
pation in medical research generally ( Royal  et al ., 2000 ). 
The fact that there are very few African-Americans genet-
ics professionals may contribute further to the hesitancy 
of African-Americans to undergo genetic testing ( Halbert 
 et al ., 2006 ). On the other hand, a study of 407 African-
American and Caucasian women who had at least one first-
degree relative with breast or ovarian cancer suggested that 



Molecular Diagnostics554

 the African-American women had less knowledge about 
cancer genetics and genetic testing for  BRCA1/2 , but were 
more positive about the potential benefits of testing. A very 
small percentage of women tested to date, however, have 
been from minority populations. Research is under way on 
how to approach African-American and other minority pop-
ulations about genetic testing ( Hughes  et al ., 1997 ;  Meiser 
 et al ., 2001 ;  Thompson  et al ., 2002 ;  Brewster  et al ., 2007 ; 
 Huo and Olopade, 2007 ). Much remains to be learned 
about the factors responsible for the lack of involvement of 
minorities in genetic medicine to date. 

 A   recent study showed that immigrants were only 1/3 
as likely to report a family history of cancer in a health 
survey of 5,586 households in the USA, controlling for 
sociodemographic and cancer knowledge variables as non-
immigrants. Since family history of cancer is an important 
factor affecting referral for genetic counseling and testing, 
this finding, which may relate to less knowledge of fam-
ily history and/or to customs in the native country enforc-
ing silence and secrecy about cancer diagnoses, may play 
an important role in the lower uptake of genetic services 
by individuals from ethnic minorities ( Oram  et al ., 2007 ). 
It is not acculturation  per se , but the strength of family 
beliefs and openness of communication about the can-
cer in the family which influenced attitudes ( Kenen  et al ., 
2004 ;  Barlow-Stewart  et al ., 2006 ;  Werner-Lin  et al.,  
2007 ). Cultural beliefs may also affect decision making 
about uptake of risk-reduction options. Julian-Reynier and 
coworkers (2001) contrasted views on prophylactic sur-
gery for  BRCA1/2  carriers in England, France, and French 
Canada. The French were the least accepting of prophy-
lactic mastectomy of the three groups and the French and 
French-Canadians were less accepting of prophylactic 
oophorectomy (prophylactic removal of the ovaries) than 
the English.  

    38.3.4       Health Behaviors 

 It   is often assumed that anyone known or suspected of 
being at high risk for disease would wish to undergo any 
recommended screening mechanism to detect disease early 
or to try to prevent the occurrence of the disease. This turns 
out not always to be the case. Anxiety is a powerful inhibi-
tor and, as has been previously discussed, many individuals 
at high risk experience high levels of anxiety about devel-
oping cancer. As a result, compliance with recommended 
screening or surveillance practices is far from perfect in 
many groups of at-risk individuals. In a Canadian study of 
high-risk individuals, those who perceived themselves to be 
at high risk were five times less likely to adhere to screen-
ing recommendations ( Ritvo  et al ., 2002 ). 

 Although   most women at high risk for breast or ovarian 
cancer report that they get regular mammograms ( Watson 
 et al ., 2005 ), many do not do breast self-examination, as 
recommended ( Kash  et al ., 1992 ). An Australian study 

suggested that after women were informed via genetic 
 testing that they are  BRCA1/2  mutation carriers, they were 
less likely to adhere to mammogram recommendations 
( Meiser  et al ., 2002 ). Contrary results have been found 
in several studies which indicate increased adherence to 
mammography recommendations following genetic testing 
( Claes  et al ., 2005 ;  van Dijk  et al ., 2005 ). 

 Colon   cancer screening compliance among the general 
population is lower than screening for breast cancer, and 
high-risk populations are also below ideal levels for colon 
cancer screening. For individuals from HNPCC families, 
colonoscopy is recommended every three years beginning 
around age 25 ( Vasen  et al ., 1998 ). Among a group of adult 
patients studied after genetic testing for colon cancer genes, 
45% to 48% had never had a colonoscopy and 28% had 
never had any colon cancer screening test ( Johnson  et al ., 
2002 ). Genetic testing appeared to be a catalyst for those 
found to be positive to undergo regular colon screening, 
but appeared to deter those who were negative from getting 
regular colonoscopic screening, as recommended in popu-
lation guidelines for those at normal risk. In another study 
of 42 individuals with a personal or family history fulfilling 
clinical criteria for hereditary colorectal cancer (HNPCC or 
FAP) who presented for genetic counseling, only 64% had 
undergone appropriate surveillance for colorectal cancer 
( Stoeffel  et al ., 2003 ). Among the women in that study at 
risk of endometrial manifestations of hereditary colorectal 
cancer syndromes, only 25% had had appropriate screen-
ing. The authors felt for a variety of reasons that these were 
likely overestimates of compliance with screening and sur-
veillance recommendations for those at risk of hereditary 
colorectal cancers. 

 It   will be critical to address the cancer worry and 
 general anxiety of those who are found to be mutation 
carriers. As evidence grows about the efficacy of various 
screening, chemopreventive, and surgical options for those 
at increased risk, it will be important to help high-risk indi-
viduals cope with the anxiety generated by their awareness 
of their genetic status in order to understand and, if desired, 
to take advantage of the available options. It is relatively 
recently that data has emerged showing that one of the 
more controversial preventive surgery options, prophylactic 
mastectomy, conveys 90% risk reduction for breast cancer 
( Hartmann  et al ., 1999 ). Prophylactic oophorectomy has 
also been found not only to reduce the risk of ovarian or 
endometrial cancer, but has also been shown to have a risk-
reducing effect on breast cancer ( Rebbeck, 2001 ). 

 Increased   data will help patients decide about which 
options they are willing to undertake, but it is clear that psy-
chological factors will continue to be important in all such 
decisions. As a result, it will be critical that providers recog-
nize the need for patients to discuss the risks and benefits of 
preventive options, but that they also have access to psycho-
logical counseling as needed to help evaluate the personal 
acceptability of various courses of surgical risk reduction.   
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    38.4        GETTING THE GENETIC TEST RESULT: 
PERSONAL IMPACT AND PROFESSIONAL 
COMMUNICATION 

 The   disclosure of a genetic test result is a moment of high 
drama. It is a moment of importance not only for the indi-
vidual patient and their (often) accompanying spouse, 
but it has implications for children, born and unborn, and 
grandchildren. There may also be implications, though less 
directly, for siblings, cousins, and other relatives. It may be 
the end of many years of wondering if one has a heredi-
tary predisposition or it may come as the response to a 
relatively recent education about hereditary illness, in some 
cases occasioned by a recent cancer diagnosis. Some results 
are more definitive than others. Learning one is truly freed 
from the family curse by virtue of a true negative result can 
be a moment of blissful relief. Learning, alternatively, that 
one is a mutation carrier, can answer for some people who 
have had cancer the question of why they became ill, but 
it opens many other questions about the subsequent risks 
for the patient him/herself and questions about risk to off-
spring. For unaffected patients, learning that they are muta-
tion carriers can be a fearsome moment, conjuring images 
of ill or deceased family members. These individuals often 
express disappointment that they could not be released 
from their cancer worry as they had imagined they would 
be if they had tested negative. The intensity of their imme-
diate, emotional response often makes it difficult for them 
to pay attention to the recommendations for mutation carri-
ers offered by the genetic counselor. For others, the result 
they receive is indeterminate. There can be both disappoint-
ment that the answer they received is unclear and relief that 
at least, for the time being, a mutation was not found. The 
latter response is somewhat irrational, since an indetermi-
nate finding does not assume that a mutation is not present, 
only that one could not be found with present testing meth-
ods. In each case, emotions are aroused and often patients 
recount that little is heard beyond the result itself. 

    38.4.1       Testing Positive 

 The   model for much of how genetic testing has been con-
ducted to date has been the HD research programs, which 
included a large number of interviews prior to taking blood 
for the genetic test and great care around the delivery of the 
result. There had been considerable worry when genetic 
testing for HD was initiated about whether patients learn-
ing that they were HD mutation carriers would experience 
extreme, adverse emotional reactions, including suicide. 
Concern was so high because of the unusually high sui-
cide rate (4 – 8 times population rates) among HD patients 
( Schoenfeld  et al ., 1984 ;  DiMaio  et al ., 1993 ). Outcome 
studies from the HD programs have shown that among 
more than 4,000 patients tested worldwide for HD, less than 
1% either have attempted or committed suicide following 

 disclosure of their test result ( Almqvist  et al ., 1999 ); those 
who committed suicide already had symptoms of HD. These 
figures are relatively reassuring, but support efforts to define 
which patients are most likely to respond adversely and to 
develop psychological counseling models of use to such 
patients ( Robins-Wahlin  et al ., 2000 ). Factors predisposing 
to adverse outcomes following HD genetic test disclosure 
were having a psychiatric history of five years duration or 
less and being unemployed ( Almqvist  et al ., 1999 ). 

 The   follow-up of patients undergoing cancer genetic 
testing has shown, too, that extreme adverse outcomes are 
rare ( Butow  et al ., 2003 ). Most patients who are found 
to be carriers of deleterious mutations respond with sad-
ness, but do not develop clinical symptoms of depression 
or anxiety. Mean scores of most samples of tested indi-
viduals have been within the normal range ( Lerman  et al ., 
1996 ;  Croyle  et al ., 1997 ). Little difference has been noted 
in psychological outcomes between research samples and 
self-referred clinic samples ( Schwartz  et al ., 2002 ). 

 On   the other hand, subclinical effects of increased 
intrusive thinking about cancer and cancer worry have 
been found in many individuals who have tested positive 
for a cancer predisposition gene ( Meiser  et al ., 2002 ). 
Also, about a quarter to a third of many of the samples of 
individuals undergoing cancer genetic testing have shown 
elevated, clinical levels of depression or anxiety follow-
ing disclosure ( Grosfeld  et al ., 1996 ;  Lodder  et al ., 2001 ; 
 Bonadona  et al ., 2002 ). Some predictors of higher distress 
have been the test status of other family members.  Lodder 
and coworkers (2001)  found that non-carriers who had 
sisters who had been found to be mutation carriers were 
more depressed than other non-carriers. Similarly,  Smith 
and coworkers (1999)  found that men who were the first 
to be genetically tested in their families and had other 
siblings awaiting results were more distressed than car-
riers whose siblings were all test-negative. Female carri-
ers who were the only positive members of their sibship 
(i.e. their siblings were all negative) scored as high as 
recently diagnosed cancer patients on the Impact of Events 
Scale ( Horowitz  et al ., 1979 ), a measure assessing cancer-
related worry. Women carriers whose sisters had not yet 
received results also were quite distressed. 

 Disease   status also affects psychological outcomes. The 
ability to correctly anticipate the level of one’s emotional 
reaction to a forthcoming event is thought of as a predic-
tor of good adjustment to that event. In a study of women 
tested for  BRCA1/2 , some of whom had had cancer and 
some who were unaffected (i.e., had not had cancer), the 
cancer patients found it significantly more difficult to antic-
ipate their emotional reaction following disclosure. Cancer 
patients tended to feel that learning that they were muta-
tion carriers would not be as eventful for them as it turned 
out to be. Underestimation of the emotional impact of dis-
closure was associated with significantly increased distress 
levels six months later ( Dorval  et al ., 2000 ).  
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    38.4.2        Testing Negative 

 Of   interest is that in both the HD and cancer genetic  testing 
outcome studies, a subset of individuals testing negative 
have been found to experience moderate levels of distress 
( Myers  et al ., 1997 ). These paradoxical reactions were 
largely unanticipated by researchers who believed that one 
of the major benefits of genetic testing was that, for domi-
nant genes, it could free 50% of the patients from fear of 
hereditary disease predisposition. Relief is prominent in 
the reactions of most individuals testing negative, although 
many (but not all) say they also feel guilty toward family 
members who have had the disease or who are mutation 
carriers. More extreme negative reactions have occasion-
ally been seen in individuals who are significantly dis-
tressed after learning they are not mutation carriers. In 
some cases, particularly within HD samples, this distress 
has been associated with regret for having lived so many 
years with the expectation of getting HD and of having 
foregone opportunities for further education or other expe-
riences because of that, now proved faulty, expectation 
( Huggins  et al ., 1992 ). 

 There   are also very rare cases reported in the literature 
of Munchausen syndrome whereby individuals falsely claim 
to have family histories suggestive of hereditary syndromes 
for whatever secondary emotional gains they believe might 
accrue to at-risk individuals ( Kerr  et al ., 1998 ). 

 Another   unexpected reaction of individuals testing nega-
tive for mutations in cancer genes or being told that their 
cancer risk is not sufficient to recommend genetic testing 
has been an unwillingness to accept the recommendations. 
Some of the people insist on getting tested or find it dif-
ficult to give up the increased screening they had received 
before testing when it was thought they could be mutation 
carriers. Individuals testing negative for FAP have, in some 
cases, stated their reluctance to discontinue the early and 
more frequent colonoscopic screening recommended for 
those at high risk, stating insufficient trust in the genetic test 
result ( Rhodes  et al ., 1991 ;  Bleiker  et al ., 2003 ). In another 
study, many of the women who were told on the basis of 
their family history that they were not eligible for  BRCA1/2  
genetic testing because their risk levels were too low reacted 
with anger rather than relief ( Bottorff  et al ., 2000 ).  

    38.4.3       Consequences of Testing 

 The   majority of genetically tested individuals express no 
regret at being tested, even if they are found to be carri-
ers. Carriers express sadness and disappointment, but 
also express the belief that knowing they are at increased 
hereditary risk will help motivate them to take good care of 
themselves physically and to be regularly screened by med-
ical professionals. Concern for their offspring is a major 
factor in the guilt and sadness that they feel. Those who 
are negative feel particular relief on behalf of their children 

and grandchildren who are spared continuing worry about 
hereditary predisposition. 

 An   important question, of course, is whether knowledge 
of one’s genetic test status correlates with appropriate levels 
of screening behavior or with uptake of preventive options. 
Because this is a relatively new area of medicine, decisions 
about screening, surveillance, and preventive options are 
complicated by imperfect data about their efficacy in pre-
venting cancer in mutation carriers. There are no preven-
tive options for individuals at risk for HD. Nonetheless, it 
is of interest to learn how testing changes health behav-
iors. A Canadian 18-month follow-up study of 79 women 
who had tested positive for a  BRCA1/2  mutation found 
that 57% said that they had altered their screening prac-
tices following disclosure ( Ritvo  et al ., 2002 ). Especially 
younger (age  	 50) women were likely to report change 
in health behaviors. Prophylactic mastectomy had been 
elected by 21% of the women and prophylactic oophorec-
tomy by 40%.  Lerman and coworkers (2000)  showed how 
mutation carriers ’  initial intentions regarding prophylac-
tic surgery did not translate, at least over the year follow-
ing disclosure, into actions. At disclosure, 31% intended 
to consider prophylactic mastectomy and 40% intended 
to undergo prophylactic oophorectomy. Six months later, 
only 1% had undergone prophylactic mastectomy and 
2% had had prophylactic oophorectomy. At one year, 3% 
of the women had had prophylactic mastectomy and 13% 
had undergone prophylactic oophorectomy. In that same 
group, only 21% had had a CA-125 test, which is recom-
mended at least annually to  BRCA1/2  mutation carriers to 
try to detect ovarian cancer in its earliest stages. Two-thirds 
of the women had had a mammogram in the past year, a 
percentage unchanged from before testing. More recent 
reports show somewhat higher rates for uptake of prophy-
lactic surgeries, especially oophorectomy in women near or 
over age 40. Rates reported vary significantly from country 
to country and vary, too, with the specifics of the popula-
tion studied. Rates of oophorectomy following genetic 
testing were 14% in a New Zealand study ( Phillips  et al ., 
2006 ), 44% in a Dutch study ( Madalinska  et al ., 2005 ) to 
75% in a Belgian study ( Claes  et al ., 2005 ). Prophylactic 
mastectomy remains a low uptake option with rates ranging 
from 9% ( Claes  et al ., 2005 ) to 11% in a US study ( Ray 
 et al ., 2005 ) and 27% in a Canadian cohort ( Metcalfe  et al ., 
2005 ), to a high of 54% in a 2002 Dutch study (       Lodder 
 et al ., 2002 ). Genetic testing of women newly diagnosed 
with unilateral breast cancer is increasing uptake of pro-
phylactic contralateral mastectomy ( Weitzel  et al ., 2003 ; 
 Schwartz  et al ., 2004 ;  Graves  et al ., 2007 ). 

 Although   many good intentions to optimize and person-
alize health screening behaviors in the face of  disclosure 
of a positive genetic test were expressed just after disclo-
sure, many of these intentions were often not acted upon in 
the year following disclosure. This raises questions about 
the timeframe in which patients are expected to make 
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 such health behavior changes, but also about the need for 
 follow-up counseling to encourage active screening and 
surveillance and to help individuals with consideration of 
more extreme preventive options. There is much that needs 
to be learned about how patients perceive recommendations 
for screening and surveillance, especially once it has been 
established that they are mutation carriers. In addition, 
researchers and genetic professionals also need to under-
stand more about pretesting levels of distress (depression, 
anxiety, and disease-related worry) and their relation to uti-
lization of health behaviors following disclosure.   

    38.5       FAMILY COMMUNICATION 

 Genetic   medicine is family medicine. Genetic profession-
als advise patients to consider carefully the ramifications of 
genetic information on other family members. Both before 
and after genetic testing, there are reasons why open com-
munication with family members about family history 
and hereditary risk may be advisable. In order to provide 
the medical information genetics professionals require to 
calculate the risk that an individual carries a mutation, it 
is often necessary to talk to relatives about which family 
members were affected by disease at what ages and with 
what outcomes. Women are typically the keepers of such 
family information. Because of the many premature deaths 
in families with hereditary illness, there are often gaps in 
knowledge about family history. An individual seeking 
genetic counseling may have to talk to relatives with whom 
they ordinarily have little contact in order to complete the 
family history to a point where the counselor will have 
enough information to calculate risk. 

 Gathering   family history information in order to create 
a family illness pedigree may require talking to relatives on 
both sides of the family, which sometimes includes uncom-
fortable contacts with long-lost relatives. Family traditions 
may include not talking very directly about illness and 
doing so may open old emotional wounds. Some family 
members are completely estranged, in some cases, mak-
ing completion of a full pedigree impossible. Because the 
hallmark of hereditary illness is the involvement of multi-
ple generations of family members, family issues tend to 
surface more readily with regard to genetic testing than in 
other kinds of medical endeavors. 

 The   relevance of one person’s genetic information to 
other family members can set up difficult alliances or the 
tendency to avoid relatives with whom one is not com-
fortable discussing highly personal information, such as a 
genetic test result. 

 The   accuracy of family information can affect genetic 
professionals ’  ability to correctly analyze the likelihood 
that there is a hereditary predisposition to disease in a par-
ticular family. Documentation of age of onset of disease 
is particularly important in such determinations, since, in 

many cases, early age of onset is a hallmark of hereditary 
illness. Also, knowledge of exactly which cancers a  family 
member had may be critical as cancer syndromes link cer-
tain cancers to hereditary mutations. There is more con-
fusion about some cancers than others. Knowledge about 
breast cancer within a family, for example, tends to be 
more accurate than colon cancer, which may be confused 
with other gastrointestinal cancers. In a study by  Glanz and 
coworkers (1999) , which identified colon cancer patients 
from a medical registry, 25% of the first-degree relatives 
of these patients denied that they had a relative who had 
had colon cancer.  Schneider and workers (2004)  found that 
over half of the members of families presented their family 
history with insufficient accuracy to have led providers to 
suspect that they were an LFS family. These reports sug-
gest the need to verify diagnoses (other than breast cancer) 
from medical records of the family members, if possible, 
as part of the genetic counseling process. 

 Although   most inaccuracies are due to misconceptions 
or unintentional error, there are occasions when family 
embarrassment about illness or other factors leads to delib-
erate falsification of the family history. One of the risks of 
gathering family history data is the risk of uncovering mis-
assigned paternity; that is, that the putative father of a child 
is not, in fact, the actual father. Patients should be helped 
to understand that the experience of searching for family 
history data may be more emotional and/or upsetting than 
anticipated. 

 Once   genetic test results are available and disclosed to 
the patient, considerations about the implications of the 
result for other family members come into play. Genetics 
professionals recommend quite strongly that results be 
shared with family members, especially when screening 
recommendations likely would be influenced by the genetic 
information. For example, if a man in his 50s is found to be 
a mutation carrier for HNPCC, it would be important for 
his children to know that they should initiate colonoscopic 
screenings at age 25, not at age 50, as recommended for 
the general population. Similarly, if the man is negative, his 
children could use that information to decide that they did 
not require colonoscopy until they are 50 years of age. 

 In   most cases, information about genetic testing is read-
ily shared, but this is not universal. There are rifts in many 
families that prevent parents and children from communi-
cating about difficult subjects such as health risks. Some 
do not talk at all. Divorce, disgruntlement, and embarrass-
ment can all inhibit or prevent open discussion of such 
mutually relevant medical information. Other family crises 
including disease-related deaths may impede immediate 
disclosure and discussion of genetic test results. It can be 
difficult to decide how and when to inform relatives. Since 
the testing of children for adult-onset disorders generally is 
discouraged, except when results would influence uptake 
of preventive options, which would begin in childhood, 
parents often postpone telling children about the parent’s 
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 test result. Early research in this area, however, has shown 
that it is the family’s style of communicating generally 
that  typically governs whether and when children are told 
( Tercyak  et al ., 2002 ). 

 Some   family members do not wish to know about their 
own or others ’  genetic test status. This can raise problems 
when that family member is a twin or an obligate carrier of 
a mutation identified in another relative. Some family mem-
bers are fearful that telling a relative could be quite upset-
ting and bring back unpleasant memories or arouse feelings 
of guilt for having passed on a deleterious mutation. 

 Providers   need help in advising patients about the com-
munication of results to family members. As the genetic 
component of many diseases is recognized, the complex-
ity of such communication will increase. Both patients and 
providers will find it valuable to utilize CD-ROMs and 
other aids to communicate complicated genetic information 
to relatives, but this will not replace the need for sensitive 
patient-provider communication and awareness of the com-
plex psychological responses, which the dissemination of 
genetic information within a family can evoke.  

    38.6       FUTURE CHALLENGES: MORE 
GENES, LESS CLARITY 

 The   translation of twenty-first century genetic advances 
into clinical practice will necessitate ever-closer collabora-
tion between molecular geneticists, clinicians, and social 
scientists ( Khoury  et al ., 2007 ). Most of the genes for 
which genetic testing is currently available are inherited 
in Mendelian fashion, that is, in relatively simple ways. It 
is very likely that genes discovered in the future that con-
vey susceptibility to a host of common conditions, such as 
heart disease, diabetes, and psychiatric disorders, will have 
their effects by virtue of complex combinations with other 
genes or in interaction with environment factors ( Feero 
 et al ., 2008 ). 

 For   patients to understand such complex patterns of 
inheritance will require carefully constructed teaching 
tools. Targeting of the information offered to the cognitive 
style of the individual may help as might the availability of 
adjunct materials, like CD-ROMs. But there will always be 
a need for a sympathetic and respectful clinician who can 
help the patient make links between their family history, 
their genetic risk, and the possibilities of reducing adverse 
outcomes of hereditary predisposition. 

 Genetic   medicine holds great promise for  identifying 
individuals at increased disease risk and for treating patients 
with greater efficacy and fewer side effects through phar-
macogenetics (see also Chapter 22)  . Patient  education 
about genetics will necessitate having well-informed, well-
trained, culturally competent professionals to address the 
different genetic counseling, medical, and psychological 
questions that arise ( Meiser  et al ., 2001 ). It is a challenge 

for  professionals to educate themselves about this rapidly 
changing field ( Emery and Hayflick, 2001 ). Professional 
organizations, such as the National Coalition for Health 
Professional Education in Genetics (NCHPEG) and Genetic 
Resources on the Web (GROW), are developing and dissem-
inating resources to foster increased genetic literacy among 
health professionals in preparation for an expected exponen-
tial growth in genetic medicine in the decades to come. 

 In   addition to the facts of hereditary risk and deline-
ation of the risk and benefits of genetic testing, it will be 
important also to discuss the psychological factors govern-
ing patient and family response to genetic information. It 
is only when patients feel empowered and not threatened 
by such information that they can make optimal use of the 
advances in genetic medicine.     
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 Chapter 39 

    39.1       INTRODUCTION 

 The   operation of biomedical research laboratories safely 
requires attention to many complex issues that depend on 
the goals and activities of each specific laboratory. For 
example, if a laboratory works with samples of human or 
animal tissues and/or fluids, then precautions to minimize 
the exposure of all laboratory personnel to blood-borne 
human pathogens are required. Most countries and prov-
inces have regulations related to safety precautions that may 
need to be followed by laboratories. In the USA, regulations 
specify approaches necessary to protect employees from 
blood-borne pathogens, general laboratory chemicals and 
specific chemicals such as formaldehyde. In contrast, if no 
radioactive material is stored or used in a laboratory, a com-
ponent of a safety plan focused on radiological safety may 
be unnecessary. Safety issues related to fire, electrical, and 
physical safety must be considered by all laboratories; how-
ever, regulatory requirements related to these areas of safety 
are usually promulgated by regional and local governments. 
Each laboratory should determine which areas of safety are 
relevant and develop a safety program to protect its employ-
ees from exposure to all laboratory hazards. This includes 
following local, regional, national, and international regula-
tions related to safety as well as education in safety issues 
that may apply to a specific laboratory/organization. 

 The   approaches to safety discussed in this chapter are 
based primarily upon regulations that govern laboratory 
safety in the USA. Nevertheless, the approaches to safety 
discussed can be generalized to any biological/biomedical 
research laboratory. 

 The   safe operation of a laboratory that focuses on bio-
medical research is difficult. No single source of informa-
tion can provide all the information and guidance necessary 

to develop an adequate safety program/plan to protect 
 laboratory personnel from various hazards. The approaches 
and information presented in this chapter are not adequate 
to ensure the safety of all laboratory personnel or to ensure 
that a laboratory is able to meet regulatory or accreditation 
standards in safety. The authors are providing only a start-
ing point, and such a starting point is not static in that there 
are new issues related to laboratory safety that develop on 
a daily basis.  

    39.2       HELP IN UNDERSTANDING 
REGULATORY ISSUES AND GUIDELINES IN 
LABORATORY SAFETY: INTERNATIONAL, 
NATIONAL, REGIONAL, AND LOCAL 

 There   are numerous aids available for developing safety 
plans for biomedical laboratories. This is due to the extensive 
governmental regulations focused on protecting the health 
and safety of laboratory employees. Along with regulations, 
many governmental and non-governmental organizations 
provide guidance concerning how to meet specific regula-
tions related to safety and maintaining a safe working envi-
ronment. For example, web-based resources which may help 
in understanding the regulations in the USA and some other 
countries concerning safety are listed in  Table 39.1   , while 
general informational resources, such as review articles 
( Beekmann and Doebbeling, 1997 ;  Cardo and Bell, 1997 ; 
 Grizzle and Fredenburgh, 2001 ;  Grizzle and Polt, 1988 ; 
 Padhye  et al ., 1998 ;  Richmond  et al ., 1996 ;  Sewell, 1995 ) 
and books ( Table 39.2   ) are available that may aid in devel-
oping a safety program. Biomedical laboratories outside the 
USA also will find many of these educational sites to be use-
ful in developing their safety programs.  
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 TABLE 39.1          Internet resources on safety.  

   Website  Organization  Topics 

    General safety  

    http://www.osha.gov   Occupational Safety and Health 
Administration, Department of Labor, USA 

 Current developmental and operational 
regulations; technical information; 
prevention information; training 
information; links relevant to other sites 

    http://www.rmlibrary.com/db/lawosha.htm     Occupational safety laws of all 50 states 

    http://www.healthsystem.virginia.edu/
internet/epinet/  

 University of Virginia, International Health 
Care Worker Safety Center 

 Surveillance data 

    http://www.healthsystem.virginia.edu/
internet/epinet/about_epinet.cfm  

 Exposure Prevention Information Network 
(EpiNet) 

 Surveillance information 

    http://www.cap.org   College of American Pathologists  General and technical information; 
laboratory management; laboratory safety 

    http://www.lbl.gov/ehs/pub3000   Lawrence Berkeley National Laboratory 
Health and Safety 

 Health and safety manual 

    http://www.clsi.org/   National Committee for Clinical Laboratory 
Standards name changed to Clinical and 
Laboratory Standards Institute (CLSI) 

 General and technical information; 
forums; safety; links 

    Biological safety  

    http://www.cdc.gov   Centers for Disease Control and Prevention, 
Atlanta, GA 

 Surveillance data; prevention information; 
technical information; biohazards; links 

    http://www.cdc.gov/ncpdcid/   National Center for Preparedness, 
Detection, and Control of Infectious 
Diseases (NCPDCID) 

 These four websites replace the National 
Center for Infectious Diseases 

    http://www.cdc.gov/vaccines/about/default.
htm  

 National Center for Immunization and 
Respiratory Diseases (NCIRD) 

  

    http://www.cdc.gov/nczved/   National Center for Zoonotic, Vector-Borne, 
and Enteric Diseases (NCZVED) 

  

    http://www.cdc.gov/nchhstp/   National Center for HIV/AIDS, Viral 
Hepatitis, STD, and TB Prevention 
(NCHHSTP) 

  

    http://www.fda.gov/cber   Food and Drug Administration, Center for 
Biologics Evaluation and Research 

 Information on recalls, withdrawals; and 
safety issues concerning biologics 

    http://www.absa.org   American Biological Safety Association 
(ABSA) 

 Technical information 

    http://npic.orst.edu/   The services previously provided by NAIN 
(National Antimicrobial Information 
Network) are now offered by the National 
Pesticide Information Center (NPIC) 

 Technical information on disinfectants; 
links 

    http://www.epa.gov/   Environmental Protection Agency   
    http://www.defra.gov.uk/   UK Department for Environment, Food and 

Rural Affairs (DEFRA) 
 Surveillance data on BSE in Europe; 
technical information on prions 

    http://www.cjd.ed.ac.uk   The National Creutzfeldt-Jakob Disease 
Surveillance Unit (NCJDSU) 

 Surveillance data on CJD; technical 
information on prions; links to other 
related sites 

    Chemical safety  

    http://www.cdc.gov/niosh/database.html   National Institute for Occupational Safety 
and Health (NIOSH) 

 Databases and information resource links 
and publications 

 (Continued) 
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    39.3       GENERAL CONSIDERATIONS IN 
LABORATORY SAFETY 

 A   safety program should be developed and utilized to 
minimize the chance of injuries to employees in the work 
environment. As a first step, the likelihood and potential 
sources of specific injuries for each employee must be 
determined separately. These risks will depend upon the 
procedures/activities that an employee performs (i.e. his 
job) as well as all locations in which the employee is likely 
to spend time. For example, while office personnel usually 
would not be expected to be exposed to biohazards, such 
exposure might occur if the secretary/office personnel pick 
up contaminated material to be typed, filed, or transferred 
in a room in which biohazards are present or come into 
direct contact with surfaces (e.g. benches) or equipment 
(e.g. computers) which might be contaminated. When these 
conditions exist for office personnel a safety plan must be 
written to address specific work hazards that might impose 
a danger to these employees. 

 Both   the employee and his direct supervisor should iden-
tify and agree to the employee’s potential sources (risks) of 
injury. The safety plan should be developed so that the likeli-
hood of injury from any of the potential sources of injury can 

be minimized via modifications of procedures or changes 
in engineering. Examples of changes in engineering would 
include an improvement of ventilation within a specific area 
in which volatile chemicals are in use.  

    39.4       TRAINING IN SAFETY 

 Training   in each area of safety (e.g. biohazards and 
 chemical hazards) follows the same general approaches and 
has the same general requirements. Training in each area of 
safety that is important to a specific employee should be 
provided before the employee begins work in the labora-
tory. Training must be provided by trainers who are knowl-
edgeable in the area of safety and should be presented in 
a language and at an educational level that is appropriate 
for the employees being trained. The training also should 
be appropriate for the risks to which each employee may 
be exposed (e.g. for sites not using or storing radioac-
tive material, no training in radiological safety may be 
required). Thus there will be a need for different levels of 
training in safety based upon the needs and requirements 
of each specific employee. This is especially important for 
employees or contractual personnel who may not be per-
forming risky tasks, but are exposed to risky environments. 

TABLE 39.1       (Continued)

   Website  Organization  Topics 

    http://www.ilo.org/public/english/protection/
safework/cis/products/icsc/dtasht/index.htm  

 International Occupational Safety and 
Health Information Center (CIS) 

 Chemical database; International 
Chemical Safety Cards (ICSC) 

    http://response.restoration.noaa.gov/
chemaids/react.html  

 Office of Response and Restoration (OR & R)  Chemical reactivity worksheet; chemical 
database of reactivity of substances or 
mixtures of substances 

    http://www.cdc.gov/niosh/chem-inx.html   Master Index of Occupational Health 
Guidelines for Chemical Hazards (NIOSH) 

 Guidelines for chemical hazards of 
specific chemicals 

    Electrical safety  

    http://www.lbl.gov/ehs/pub3000/CH08.html   Lawrence Berkeley National Laboratory 
Health and Safety 

 Electrical safety program 

    http://web.princeton.edu/sites/ehs/labguide/
sec_5.htm  

 Princeton University  Laboratory electrical safety program 

    http://www.ehs.uconn.edu/Word%20Docs/El
ectrical%20Safety%20in%20the%20Lab.pdf  

 University of Connecticut Environmental 
Health and Safety 

 Electrical safety in the laboratory 

    Fire safety  

    http://www.lbl.gov/ehs/pub3000/CH12.html   Lawrence Berkeley National Laboratory 
Health and Safety 

 Fire prevention and protection program 

    http://www.sunysb.edu/ehs/   Stony Brook University Environmental 
Health and Safety 

 Laboratory fire safety hazard assessment 
and work practices 

    Radiological safety  

    http://www.lbl.gov/ehs/pub3000/CH21.html   Lawrence Berkeley National Laboratory 
Health and Safety 

 Radiation safety program 

    http://www.jmu.edu/safetyplan/radiology/
advisorycommittee.shtml  

 James Madison University  Radiation protection program 
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An example is janitorial personnel who may clean areas of 
the laboratory. They must be educated as to safety issues 
associated with the spaces they clean. The training should 
be updated periodically for each employee according to 
governmental regulations; in the USA, training of employ-
ees in specific areas of safety (e.g. blood-borne pathogens) 
must be updated annually and a record of the training must 
be documented in the records of each employee. Records 
of employee training should be maintained according to 
regulations; in the USA records must be kept for at least 
three years.  

    39.5       SAFETY INFRASTRUCTURE 

 Regulations   may vary as to who is ultimately responsi-
ble for employee safety; however, in the USA, the chief 
executive officer (CEO) of each organization has total 
responsibility for the safe operation of all components of 
the organization; depending on the country, the CEO may 
be subject to civil and/or criminal penalties depending on 
safety violations, the extent of any injuries resulting from 
safety violations/problems, and prior efforts to correct 
problems in safety. 

 The   CEO usually appoints a safety committee (SC) 
which is responsible for developing and implementing and 
periodically reviewing the overall safety plan (SP) of the 
institution. The periodic review of the safety plan includes 
evaluation of the success of the safety plan and required 
modifications of the safety plan to correct problems with 
safety or training in safety. The SC appoints a safety officer 
to administer the safety program. Very large organizations 
that have many separate large divisions may have separate 
divisional safety committees and safety officers, especially 
when specific hazards are limited to only one division 
(e.g. formaldehyde may be used in only one small area of 
one of multiple buildings. Specifically, a large clinical lab-
oratory that is part of a university may frequently have a 
separate safety committee, safety officer, and safety plan. 
Usually, the administrator responsible for areas with in -
creased safety concerns appoint these separate safety offic-
ers; however, the safety committee, officer, and safety plan 
are always subordinate to the principal safety committee, 
officer, and safety plan. 

 The   safety officer (SO) is responsible for day-to-day 
issues related to safety; the safety officer establishes and 
monitors the training program in safety and ensures the 
compliance of all employees with training in safety. The SO 
monitors the safety plan and evaluates all incidents related 
to safety, especially all injuries of employees. The SO must 
evaluate all incidents/injuries and must recommend to the 
safety committee changes to the safety program to prevent 
recurrence of such incidents and injuries. In the day-to-day 
operations of the safety program, the safety officer works 
closely with area supervisors to monitor and to ensure local 

safety. While a working safety infrastructure is important, 
the responsibility for safe operation of an organization falls 
primarily on each and every employee. 

 Biomedical   laboratories are potentially very dangerous 
working environments compared to other environments 
because so many potential dangers exist in the typical bio-
medical laboratory. Not only are there biohazards associ-
ated with specimens of human and/or animal tissues or 
fluids, but also with cell-lines or cellular components 
developed or produced from humans, animals, or micro-
organisms. The type of laboratory may limit the type of 
biohazards to which employees are exposed; however, it 
would be a rare biomedical laboratory that does not contain 
a wide variety of chemicals, some of which may be poten-
tial carcinogens and allergens such as formaldehyde; others 
may be teratogens, toxins and irritants, or may be flamma-
ble/explosive. Similarly, any facility/space will have physi-
cal hazards, electrical hazards, and fire hazards. Also, many 
laboratories will use some type of radioactivity (e.g.  α -, 
 β - or  γ -emitters), and all forms of radioactivity are dangerous. 

 If   a laboratory operates within safety infrastructure 
as described, the safety officer together with the labora-
tory supervisor(s) will monitor safety in the laboratory. If 
such an infrastructure does not exist at an organization, 
it may be necessary to establish a mini-infrastructure in 
safety that follows the safety approach outlined previously. 
Specifically, a senior technologist may be appointed as a 
safety officer. This individual would then be responsible 
for developing a safety plan, training laboratory personnel 
in safety, and disposal of dangerous materials. 

 The   safety plan plus the general details of the safety 
requirements and national regulations related to safety 
should be available to all employees. Providing specific 
protocols and details to ensure safety in laboratories, espe-
cially those handling human and/or animal tissues, chemi-
cals and radioactivity, are beyond the scope of this chapter. 
Multiple books and articles are devoted to specific safety 
information, which are appropriate for safety training and 
for establishing or improving a safety program (see also 
section 39.2 and  Table 39.2 ). 

    39.5.1       Biological safety 

 Animal   and especially all human tissues are inherently 
dangerous and must be handled with universal precautions 
( Grizzle and Fredenburgh, 2001 ). All employees of organi-
zations handling or processing tissues must be educated in 
the dangers of tissues as well as governmental regulations 
which apply to handling or being exposed to human and 
animal tissues. Similarly, those transferring tissues to other 
individuals or laboratories should require that anyone who 
receives the tissues as well as all those at the receiving site 
who may handle or contact the tissues are educated in the 
potential dangers of human tissue (e.g. what to do to avoid 
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 TABLE 39.2          Books on safety.  

   Block, S.S. (2001).  Disinfection, Sterilization, and Preservation , 5th edition. Lea and Febiger, Philadelphia, PA. 

   Bloom, B.R. (1994).  Tuberculosis: Pathogenesis, Protection and Control . American Society for Microbiology Press, Washington, DC, 
pp. 85 – 110. 

   Centers for Disease Control and Prevention/National Institutes of Health (1999).  Biosafety in Microbiological and Biomedical 
Laboratories , 4th edition. US Government Printing Office: US Department of Health and Human Services, Public Health Service, CDC 
and NIH, Washington, DC.  http://www.cdc.gov/od/ohs/pdffiles/4th%20BMBL.pdf  

   Fleming, D.O., Richardson, J.H., Tulis, J.J., and Wesley, D. (1995).  Laboratory Safety: Principles and Practices , 2nd edition. American 
Society for Microbiology Press, Washington, DC. 

   Fredenburgh, J.L., and Grizzle, W.E. (1993).  Safety and Compliance in the Histology Laboratory: Biohazards to Toxic Chemicals  
(available only at workshops). 

   Furr, A.K. (2000).  CRC Handbook of Laboratory Safety , 5th edition. CRC Press, Boca Raton, FL. 

   Heinsohn, P.A., Jacobs, R.R. and Concoby, B.A. (1996).  AIHA Biosafety Reference Manual , 2nd edition. American Industrial Hygiene 
Association, Fairfax, VA. 

   Kent, P.T., and Kubica, G.P. (1985).  Public Health Mycobacteriology. A Guide for the Level III Laboratory . US Department of Health and 
Human Services, Public Health Service, CDC, Atlanta, GA. 

   Kubica, G.P., and Dye, W.E. (1967).  Laboratory Methods for Clinical and Public Health Mycobacteriology . Public Health Service 
Publication, Number 1547. US Department of Health, Education, and Welfare. United States Government Printing Office, 
Washington, DC. 

   Lieberman, D.F. (1995).  Biohazards Management Handbook . Marcel Dekker, New York. Biosafety in the Laboratory: Prudent practices 
for the handling and disposal of infectious materials.    

   Miller, B.M. (1986).  Laboratory Safety Principles and Practices . American Society for Microbiology, Washington, DC. 

   Richmond, J.Y. (1997).  Designing a Modern Microbiological/Biomedical Laboratory: Lab Design and Process and Technology . American 
Biological Safety Association. 

   Richmond, J.Y. (2000a).  Anthology of Biosafety I: Perspectives on Laboratory Design . American Biological Safety Association, 
Mundelein, IL. 

   Richmond, J.Y. (2000b).  Anthology of Biosafety II: Facility Design Considerations . American Biological Safety Association, Mundelein, IL. 

   Richmond, J.Y. (2000c).  Anthology of Biosafety III: Application of Principles . American Biological Safety Association, Mundelein, IL. 

   Wald, P.H., and Stave, G. (2001).  Physical and Biological Hazards of the Workplace , 2nd edition. Van Nostrand Reinhold, New York. 
Preventing Occupational Disease and Injury.    

exposures via cuts, sticks, splashes, oral, and respiratory 
transmissions and actions to take if exposures occur); they 
also must be familiar with applicable governmental regula-
tions related to exposure to human tissues. 

 The   general issues in training in safety apply to training 
in biohazards (e.g. training before beginning work, periodi-
cally thereafter and proper record-keeping). The require-
ments/standards of the educational program in safety as to 
biohazards may vary; for example, some may require train-
ing in how various pathogenic organisms are transmitted 
and affect man, including the course of the disease. 

 All   human tissues and to a lesser extent animal tis-
sues, whether fixed, fresh, frozen, freeze dried, or paraffin 
embedded, should be considered as biohazardous. As the 
extent of alteration of tissue increases (e.g. fresh  →  frozen 
 →  fixed  →  paraffin embedded) the risks from various 
infective agents are usually reduced with the greatest 
reduction occurring following fixation and tissue  processing 

to paraffin; however, certain agents such as prions (e.g. 
the infective agents for Creutzfeldt-Jakob disease, mad 
cow disease, deer/elk wasting disease, scappie) may still 
be infective even when tissues are fixed in a wide range 
of fixatives (e.g. 10% neutral buffered formalin) and proc-
essed to paraffin blocks. Also, spores of certain bacteria 
such as anthrax which may be present in animal tissues 
(e.g. pelts) as well as specific dirt/soils may be infective 
for decades. Thus, all human and animal tissues independ-
ent of their physiochemical state should be treated with 
universal precautions, i.e. should be handled as if infected 
with agents that may be pathogenic to humans ( Grizzle and 
Fredenburgh, 2001 ). 

 Other   biological hazards in laboratories may include 
systems for transfecting cells with specific genetic prod-
ucts. Biological hazards may result when the transfection 
system includes self-replicating viral vectors. The safety of 
such systems always should be considered. Also, reagents 
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and research products derived from humans or animals may 
be biohazardous. This is especially true when produces are 
derived from pooled samples from many humans or ani-
mals. For example, growth hormone extracted from human 
pituitaries may be contaminated in Creutzfeldt-Jakob dis-
ease. Similarly, reagents from humans (serum) may also 
be contaminated with biohazardous agents. Also, products 
from cows (sheep) such as albumin and bovine serum have 
in the past been infected with prions (e.g. mad cow disease) 
and/or other agents and have subsequently been recalled. 

 With   increased international travel, newly identified 
infectious agents may spread rapidly through populations  –  
severe acute respiratory syndrome (SARS), which devel-
oped in China and spread rapidly to multiple countries; 
similarly, monkey pox and West Nile virus which have 
been acquired in or transferred to North America from 
exotic pets. Similarly, with the possibility of bioterrorism 
(see also Chapter 28)  , agents that may be encountered very 
rarely such as anthrax and small pox could represent agents 
to which laboratory personnel are exposed. When there is 
notice of a  ‘  ‘ new ’  ’  disease which may be studied and diag-
nosed or to which employees may be exposed, a plan to 
deal with such conditions should be developed. These lab-
oratory safety issues are in addition to those prescribed for 
the usual pathogens potentially encountered in a laboratory 
dealing with human and animal tissues. 

 In   the USA, regulation 29 CFR Part 1910.1030 
 ‘  ‘ Occupational Exposure to Bloodborne Pathogens ’  ’  speci-
fies the general requirements for infrastructure as well 
as other organizational requirements needed to protect 
employees from blood-borne pathogens such as hepatitis B. 
Any laboratory in the USA that deals with human  tissues 
may need to meet the requirements of these regulations. 
The development of a safety program in biohazards is out-
lined in  Table 39.3   . 

 General   approaches to bio-safety include identifying 
potential hazards without regard to standard operational 
procedures (SOPs) or to the use of safety equipment. After 
potential hazards/dangers are identified, SOPs should be 
modified to reduce the likelihood of injuries from biohaz-
ards. SOPs should include requirements for frequent wash-
ing of hands, for using safety equipment, for providing 
employees with hepatitis B vaccinations and related pre-
ventive medical support. All employees should be trained 
with respect to minimizing biohazards. Medical support 
should be provided when employees are injured and work 
practices should be changed based on the analysis of safety 
incidents to prevent future injuries. The safety plan should 
be evaluated yearly and improved to prevent the recurrence 
of injuries. Clear, detailed records of the above approaches 
to bio-safety should be maintained. 

 Most   laboratories that handle human tissues for research 
will at some time be queried as to whether or not an indi-
vidual from whom tissues were obtained is infected with 
HIV, hepatitis B, C, or D, West Nile virus, Creutzfeldt-
Jakob prions, etc. This query may be prior to use of the tis-
sues and/or after an employee is exposed to infection by the 
tissue. Organizations that provide tissues for research usu-
ally will not have permission to test patients and/or their tis-
sue for such agents. A negative test does not ensure safety 
of the tissues for that pathogen and also there are no tests 
for some pathogens. Recipients of tissue specimens must 
agree to educate employees as to the dangers of  tissues 
with which they come into contact, and not to test tissues 
for human pathogens. When an employee is exposed (cut or 
needle stick) to human biohazards, immediate medical care 
is necessary. If the hepatitis B titer is low, a re-vaccination 
should be considered. Also, treatment with hyper-immune 
gamma globulin might be warranted. After acute medical 
care is provided, and appropriate medical advice provided, 

 TABLE 39.3          The key steps in developing a biological safety program.  

      1.      Identify requirements related to biohazards promulgated by governmental and laboratory accrediting organizations; collect up-to-
date information as to bio-safety from likely sources. Use this information in developing or updating an overall safety program and in 
training programs related to biohazards.    

      2.      Develop the organizational infrastructure necessary to develop and maintain a safety program including a training program in 
biohazards.    

      3.      Identify risks and general issues of bio-safety for each employee in your laboratory. This includes identification of work activities and 
the safety issues of each work activity as well as risks associated with various work spaces.    

      4.      Develop written guidelines to ensure bio-safety based on published information, federal, state, and local regulations as well as local 
and consultant experience. These guidelines should be reviewed and updated periodically and modified as soon as possible to 
correct any identified problems or incidents. Maintain records of personnel safety incidents, their evaluation, and actions to prevent 
future similar incidents.    

      5.      Develop and implement a training program of which a major focus is bio-safety and maintain records of employee training.    

      6.      Develop a resource that provides medical support for prevention of disease (e.g. vaccination) as well as medical aid to employees 
who have been exposed to specific pathogens.    
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the employee can then be monitored for evidence of those 
human pathogens for which testing is available. 

 In   addition to considering biological dangers associated 
with human tissues and materials that may be used within 
the laboratory, some biohazardous conditions may develop 
within the laboratory independent of the use of human or 
animal tissues. For example, the ventilation system, cool-
ing system, condensation drains, drains of sinks, animal 
debris, bedding, incubators, cell culture, or other growth 
media, refrigerators/freezers, and/or unconsumed food may 
develop colonization with fungal species or other biohaz-
ardous agents that especially may affect laboratory per-
sonnel who may have compromised immune systems (e.g. 
employees with HIV infections or those taking immuno-
suppressive agents such as steroids for asthma or arthritis 
or chemotherapeutic drugs for cancer). Also, some com-
mon fungi, such as  Cryptococcus  sp., may affect appar-
ently healthy individuals. These same agents via circulating 
spores may also compromise biological experiments. All 
biological laboratories should maintain strict standards of 
cleanliness with, for example, periodic decontamination of 
the drains of sinks and prohibition of use of food and drink-
ing material in the laboratory. Material and debris should 
be cleared from the laboratory.  

    39.5.2       Chemical Safety 

 There   are several federal regulations related to  chemical 
safety in the USA that may affect laboratories. These in -
clude Occupational Exposure to Hazardous Chemicals in 
Laboratories (29CFR 1910.1450), the Hazard Communication 
Standard (29 CFR 1910.1200), and the Formaldehyde 
Standard (29 CFR 1910.1048). Most laboratories must abide 
by the Occupational Exposure to Hazardous Chemicals in 
Laboratories law (29CFR 1910.1450). This law mandates that 

employers develop a written chemical hygiene plan; it is the 
core of the standard. The chemical hygiene plan must be capa-
ble of protecting employees from hazardous chemicals in the 
laboratory and capable of keeping chemical exposures below 
the action level or in its absence the permissible exposure limit 
(PEL).  Table 39.4    consists of the designated elements that a 
chemical hygiene plan must include. A laboratory involved 
with fixation of tissue specimens should also understand and 
incorporate into its plan the Formaldehyde Standard. 

 Most   laboratories deal with relatively small amounts of 
most chemicals; nevertheless, even small amounts of specific 
chemicals may be very dangerous. Extremely small amounts 
of some chemicals may be toxic or may be  carcinogens or 
teratogens. Similarly, ether, especially old ether which has 
oxidized after opening or picric acid which has dried out, 
may constitute explosive hazards. Accidental or unaware 
combinations of chemicals may cause spontaneous combus-
tion as well as accelerated heating which may cause boiling 
and splashing, or even explosions. Personnel should avoid 
direct contact with even small quantities of carcinogens, 
 teratogens, and/or highly toxic agents such as cyanides. 

 All   chemicals that are commercially purchased should 
have material safety data sheets (MSDS) available for 
 reference for employees who potentially will come into 
 contact with these chemicals. MSDS sheets are prepared by 
the manufacturer and are available from the manufacturer of 
the chemical. The MSDS lists the various hazards of the spe-
cific chemical to which the MSDS apply. This includes tox-
icity, explosive potential and categories of danger (e.g. strong 
oxidizers). The MSDS also specifies procedures to minimize 
toxic exposures as well as contact information so that addi-
tional information on the chemical can be obtained rapidly. 

 While   the dangers of most chemicals are identified in 
material safety data sheets, combinations of chemicals that 
may be serious hazards may not be specified clearly. It may 
be obvious that concentrated strong acids (HCI) should 

 TABLE 39.4          Mandated elements of a chemical hygiene SOP plan relevant to safety and health must be developed and 
the following procedures need to be addressed.  

      1.      A written emergency plan should be established to address chemical spills. The plan should include consideration of prevention, 
containment, clean-up, waste disposal, and disposal of chemically contaminated materials used during the clean-up.    

      2.      A policy to monitor the effectiveness of ventilation and to minimize exposure to potentially dangerous vapors.    

      3.      A policy in reference to ventilation failure, evacuation, medical care, reporting of chemical exposure incidents, and chemical safety 
drills.    

      4.      Policies prohibiting eating, drinking, smoking, gum chewing, and application of cosmetics in the laboratory should be developed.    

      5.      Policies should be developed to prohibit storing food and/or beverages in storage areas or laboratory refrigerators.    

      6.      Mouth pipetting and mouth suctioning for starting a siphon must be prohibited.    

      7.      Personal protection should be mandated; all persons including visitors must wear appropriate eye protection. Suitable gloves should 
be worn where there is a potential for contact with toxic chemicals. Gloves should be inspected before using and washed before 
removing. The use of contact lenses in the laboratory should be avoided.    

      8.      After handling hazardous materials, hands and other possible areas of exposed skin should be washed.    
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never be combined directly with concentrated bases, e.g. 
especially strong bases (e.g. NaOH) without dilution and 
extreme care; however, mixing strong oxidizers (e.g. potas-
sium permanganate) with materials with high carbon con-
tent, e.g. ethylene glycol, may cause spontaneous fires and 
such mixes should also be approached with great care. 

 These   are just a few of the examples which should be 
included in the educational program in chemical safety. 

 For   biomedical research laboratories, most MSDS do not 
address specific uses or conditions to which a specific chem-
ical may be exposed; due to this, one should always prac-
tice caution. It is common in laboratories to make specific 
solutions and/or compounds for use in a particular protocol. 
The following provisions should be applied to chemical sub-
stances prepared in the laboratory for specific uses: 

      ●      All solutions and/or compounds made in the laboratory 
must be labeled and include the ingredients and hazards 
as well as the date prepared.  

      ●      If the composition of a chemical substance which is 
produced exclusively for the laboratory’s use is known, 
the employer must determine if it is a hazardous chemi-
cal. If the chemical substance is determined to be haz-
ardous, the employer must provide appropriate training 
as required for all hazardous chemicals.  

      ●      If the chemical produced is a byproduct whose exact 
composition is not known, the employer shall assume 
that the substance is hazardous. The employer shall 
provide appropriate training as required for hazardous 
chemicals.  

      ●      If the chemical substance is produced for another 
laboratory or site outside of the source laboratory, the 
employer is required to prepare a material safety data 
sheet for the other laboratory(s) and follow labeling 
requirements.    

 All   chemical exposures should be minimized. Few labo-
ratory chemicals are without hazards, universal precautions 
for handling all laboratory chemicals should be adopted. 
Some particularly hazardous chemicals will require  specific 
guidelines. The following is a list of prudent rules that 
should be included in a chemical safety plan: 

      ●      Implement an overall chemical hygiene program.  
      ●      Skin contact with chemicals should always be avoided.  
      ●      Avoid underestimated risks of exposure to chemicals 

with no known significant hazard.  
      ●      Take special precautions with chemicals that present 

moderate or severe hazards.  
      ●      Assume that any mixture will be more toxic than 

its most toxic component and that all substances of 
unknown toxicity are toxic.  

      ●      Work within adequate ventilation.  
      ●      Observe chemical exposure limits when available.  
      ●      Know the current legal requirements concerning regu-

lated substances.  

      ●      Ensure that all individuals working in the laboratory 
area have appropriate training concerning hazardous 
chemicals.  

      ●      Take care during maintenance of equipment potentially 
contaminated with hazardous chemicals.  

      ●      Monitor exposure to hazardous chemicals of all 
employees.    

 When   individuals work with chemicals, the chemi-
cal safety plan should ensure that potential injuries are 
avoided by proper work procedures, by proper clothing 
and safety equipment, and by extensive education. Such 
approaches to chemical safety are regulated in the USA by 
the Department of Labor and are addressed by laws such 
as the Occupational Exposure to Hazardous Chemicals 
in Laboratories (29CFR1910.1450) and the Hazard 
Communication Standard (29CFR1910.1200). 

 There   also are special laws that address particularly dan-
gerous chemicals such as formaldehyde (the Formaldehyde 
Standard 29CFR1910.1048). This law has specific safety 
requirements for the preparation and use of formaldehyde. 

 While   laboratories outside the USA may be governed 
by separate regulations, the above US laws may provide 
aids in developing a chemical safety program. Also, mate-
rial safety data sheets are international and understanding 
such sheets is a great step in laboratory safety.  

    39.5.3       Electrical Safety 

 Electrical   injuries can be avoided by ensuring that all 
equipment is grounded and testing them when first pur-
chased and yearly thereafter. Electrical base plugs must be 
in good condition and grounded. Electrical work should be 
done with great care ensuring that all areas are protected by 
removal of fuses and with written warnings at the fuse box. 
Frequently, personal electrical appliances such as radios, 
hairdryers, etc., may be ignored when testing for grounding 
and represent significant dangers. Also, great care should 
be taken with electrical appliances/equipment around water 
sources, especially sinks and bathrooms/showers.  

    39.5.4       Fire Safety 

 Fire   safety can be evaluated by inviting an inspection by the 
local fire department. Prior to such inspections and at least 
yearly, fire drills should be practiced and emergency exit 
pathways should be posted at all room exits. Obviously, 
emergency exits should never be blocked, obstructed or 
locked and hallways must not be obstructed or cluttered. 
Similarly, access to fire blankets, showers, and fire equip-
ment must not be impeded. 

 Flammable   agents should be stored appropriately 
including storage of large amounts of flammable agents 
only in a fire cabinet. The amount per container and vol-
ume of flammable agents stored on site in laboratories may 
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be regulated at the local level as well as by accreditation 
agencies. Fire cabinets or areas where small amounts of 
flammable chemicals are stored should not be located near 
exits of rooms/areas. 

 Smoking   should be regulated carefully; similarly, fur-
niture, rugs, and equipment should be constructed of non-
flammable material. Regulations for types of doors to serve 
as fire barriers should be followed as should fire require-
ments for construction of buildings that house specific 
activities (e.g. laboratories).  

    39.5.5       Physical Safety 

 The   physical safety of employees is a consideration that 
must be considered in all organizations and for all employ-
ees. Physical safety ranges from preventing falls to ensur-
ing employees are not physically injured or intimidated 
by other individuals, either employees or non-employees. 
Much of a plan for ensuring physical safety involves care-
ful maintenance of the physical plant and facilities. Tears 
in rugs, broken steps and water, soap, paraffin and other 
slippery substances on floors, and inappropriate use of lad-
ders or chairs as ladders, all may lead to unnecessary falls. 
Similarly, unrestrained gas cylinders, unbalanced file cabi-
nets, and inadequately secured shelves all can lead to injuries 
via falling or moving agents or structures. Also, included in 
causes of physical injuries are repetitive action injuries and 
back injuries secondary to inappropriate lifting as well as 
temperature burns both cold (e.g. liquid nitrogen) and hot. 

 Great   care should be taken with the overall secu-
rity of the workplace; this includes limiting access to the 
workplace by unauthorized personnel. There should be 
no tolerance of threats to employees, especially by other 
employees. The protection of employee safety from others 

may extend outside the direct work environment to areas 
surrounding the workplace, including parking areas. 

 Physical   injuries that are more difficult to avoid include 
minor cuts (e.g. paper), bumps, and strains due to inat-
tentive actions. However, such minor injuries should not 
be compounded by exposure, for example of broken skin 
to biohazards. The other hazards that can be prevented 
or ameliorated (use of gloves to avoid burns) should be 
addressed in the overall safety program.  

    39.5.6       Radiological Safety 

 Laboratories   that purchase, store, and/or use radioactive 
material should have a radiological safety plan. For labora-
tories requiring a radiological safety plan, the personnel who 
utilize or come into contact with radioactive material require 
extensive training as well as the availability of specific 
equipment to monitor for the extent of radiation and radio-
active contamination. As with other areas of safety, the train-
ing must be periodically updated and should be appropriate 
for language and education of personnel. Everyone who has 
access to the areas where radiation is used or stored should 
have appropriate training. Depending on the danger of the 
radioisotopes used, some employees, usually those with pro-
fessional degrees, may hold a local  ‘  ‘ license ’  ’  to use specific 
isotopes and these licensed personnel are responsible for the 
direction and supervision of all employees who work under 
their supervision and all spaces to which they are assigned. 

 Although   radiological safety is a very specialized area, 
it can be generalized ( Table 39.5   ). Surveys of all laboratory 
areas which can detect types of radioactive material being 
used in the laboratory should be performed periodically. 
Gamma survey meters are an aid indicating contamination 
by strong  β - and  γ -emitters but periodic surveys of work, 

 TABLE 39.5          Essential elements of a radiological safety program.  

       1.      Train in radiological hazards all personnel who have access to areas where radioactivity is used and/or stored and update training 
periodically.    

       2.      Monitor usage of radioactivity and maintain accurate records as to the usage, disposal, and inventory of radioactive nucleides.    

       3.      Develop a plan to prevent and to minimize radioactive contamination.    

       4.      Develop a plan to survey periodically for radioactive contamination all areas of the laboratory.    

       5.      Monitor radiation exposure of all employees exposed to radiation.    

       6.      Develop a plan to minimize the exposure of all personnel to radiation using appropriate shielding, safety equipment, and optimal 
procedures.    

       7.      Develop a plan to ensure safe and secure storage of radioactive material.    

       8.      Develop a plan to contain and clean up major radioactive spills.    

       9.      Record and evaluate all incidents involving radioactivity.    

      10.      Maintain careful records of all aspects of radiological safety plan.    
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floor, and storage areas using swipes are critical to laboratory 
safety. Contamination is easily spread throughout a build-
ing and even to the homes of laboratory personnel. When 
occupying unsurveyed laboratory space or using unsurveyed 
equipment (e.g. refrigerators and freezers), these should be 
certified as radiation free before occupancy or use. 

 Personnel   should be shielded from exposure to radiation, 
particularly from  β - and  γ -emitters (e.g. P 32 , Co 60 ). Not only 
does this require shielding but also appropriate laboratory 
clothing and safety equipment. Contamination is avoided by 
quickly and effectively containing all radioactive spills/con-
tamination and cleaning up all spills or release of radioactivity.   

    39.6       CONCLUSIONS 

 The   safe operation of a laboratory depends upon all employ-
ees working to maintain a safe working environment. This 
requires establishing a safety infrastructure including devel-
oping and monitoring of an effective safety plan and training 
as to the safety hazards associated with special types of lab-
oratory work  –  biohazards,  chemical hazards, and radiation 
hazards. All laboratories should consider issues in physical, 
electrical, and fire safety. Laboratory safety can be main-
tained with the careful evaluation of all safety incidents and 
modification of the safety plan to prevent similar incidents.  
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 Chapter 40 

    40.1       INTRODUCTION 

 The   introduction of international standards for quality and 
competence in laboratories and a growing interest in the 
accreditation of medical laboratories throughout the world 
has led to an increasing need in medical laboratories for an 
understanding of quality management and quality manage-
ment systems. 

 The   International Organization for Standards (ISO) has 
defined  quality  as  ‘  ‘ the degree to which a set of inherent 
characteristics fulfils requirements ’  ’  (ISO 9000:2000). This 
sort of definition is almost impenetrable to those not famil-
iar with the world of standards, but relating it to a clinical 
situation can help bring it to life. For example, a patient in 
a hypoglycemic coma has a requirement for a blood glu-
cose measurement and the inherent characteristics of that 
measurement are that it be done on the correct specimen in 
an accurate and timely manner and be properly interpreted 
in order to provide a quality result or service. 

 Quality   management in the laboratory involves speci-
fying the requirements posed by differing clinical situa-
tions and ensuring that the inherent characteristics of the 
laboratory measurement or examination fulfill the specified 
requirements, or in other words, it is fit for its intended pur-
pose. A quality management system is the mechanism for 
quality management and aims to ensure quality. The pream-
ble to Standard A4 in the Clinical Pathology Accreditation 
(UK) Ltd  ‘  ‘ Standards for the Medical Laboratory ’  ’  ( http://
www.cpa-uk.co.uk;   Burnett  et al ., 2002 ) describes a qual-
ity management system as providing  ‘  ‘  …  the integration 
of organisational structure, processes, procedures and 
resources needed to fulfil a quality policy and thus meet the 
needs and requirements of users ’  ’ . It is this all-embracing 
concept of a quality management system that this chapter 
seeks to emphasize.  

    40.2       INTERNATIONAL STANDARDS AND 
THEIR ROLE IN ACCREDITATION 

    40.2.1       Elements of Accreditation 

 The   author, in his book  A Practical Guide to Accreditation 
in Laboratory Medicine , recognizes four elements in 
accreditation systems ( Burnett, 2002 ): the  accreditation 
body , which oversees the assessments and grants accredita-
tion; the  standards , with which a laboratory has to comply 
in order to gain accreditation; the  assessors , who establish 
compliance with the standards by conducting an assess-
ment; and the  laboratory , which is required, or voluntarily 
seeks, to comply with the standards. Central to any effec-
tive system of accreditation are clearly written and objec-
tively verifiable standards.  

    40.2.2       International Standards for Quality 
and Competence 

 The   purpose of international standards is to  ‘  ‘ reflect the 
quest for quality and promote harmonisation of practice 
from laboratory to laboratory, from country to country ’  ’  
( http://www.iso.org ). There are three standards published 
by different groups within ISO that deal with quality and 
competence and are useful in different situations. These 
standards and their application are shown in  Table 40.1   . 

 ISO   9001:2000 is conceptually important in establishing 
a working quality management system but does not include 
competence requirements, whereas ISO/IEC 17025:2005 
does include competence requirements but does not address 
issues specific to medical laboratories. The standard of 
choice for medical laboratories is ISO 15189:2007. It takes 
into account the special constraints imposed by the medical 
environment, the pre- and post-examinations aspects of the 
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goal. In the European community, the principle of subsidi-
arity requires the community to act  ‘  ‘ only if and so far as 
the objectives of the proposed action cannot be sufficiently 
achieved by Member States, and can therefore, by reason 
of the scale or the effects of the proposed action, be better 
achieved by the Community ’  ’ . Subsidiarity in its original 
philosophical meaning      1    as being  ‘  ‘ concerned with fostering 
social responsibility ’  ’  can be translated as saying that archi-
tects of standards and of accreditation schemes must be wary 
of aggregating to themselves rights that may not be accept-
able to the  ‘  ‘ fourth element of accreditation ’  ’  ( Burnett and 
Blair, 2001 ;  Burnett, 2002 ), the laboratories to be accredited. 

 Different   situations require different solutions. After 
national accreditation bodies have decided to adopt a partic-
ular standard as a basis for accreditation they often develop 
secondary documents that facilitate the assessment proc-
ess and take into account local practice. A good example 
of these are the standards and guidelines developed by the 
National Pathology Advisory Council (NPACC) of Australia 
which include  ‘  ‘ Requirements for Quality Management 
in Medical Laboratories ’  ’  (2007) and  ‘  ‘ Laboratory 
Accreditation Standards and Guidelines for Nucleic Acid 
Detection and Analysis ’  ’  (2006), available free of charge 
from  http://www.health.gov.au/npaac . In countries with lim-
ited resources or where accreditation is voluntary, benefit 
can be gained from development of standards or guidelines 
for national use and this principle of subsidiarity can then 
be seen as promoting the long-term aim of harmonization.   

    40.3       A PROCESS-BASED APPROACH TO 
QUALITY MANAGEMENT SYSTEMS 

 The   starting point for developing a framework for process-
based quality management of a medical laboratory lies 
in the introduction to ISO 9001. It promotes the adoption 
of  ‘  ‘ a process approach when developing, implementing 
and improving the effectiveness of a quality management 
system ’  ’  in order  ‘  ‘  … to enhance customer satisfaction by 
meeting customer requirements ’  ’ . Process is described as 
 ‘  ‘ an activity using resources, managed in order to enable 

work, the role of diagnostic manufacturers, and emphasizes 
the essential contribution that medical laboratory services 
make to patient care through advisory, interpretative, and 
educational services. 

 A   third edition of ISO 15189 will be published in late 
2008/early 2009 and will set out the requirements for qual-
ity and competence in more accessible fashion than the cur-
rent standard. As with the first two editions of ISO 15189 it 
owes its origins to ISO 9001 and ISO 17025; however, this 
new edition aligns its quality requirements more closely to 
ISO 9001 and its technical competences are specifically 
related to the medical laboratory environment.  

    40.2.3       Accreditation Bodies and Standards 

 Until   the official publication of ISO 15189:2003, accredita-
tion bodies throughout the world were adopting ISO/IEC 
17025:1999 as the basis for assessing performance of test-
ing and calibration laboratories. It was seen as applicable 
to all laboratories whether they tested for pesticide residues 
in fresh fruit or examined a renal biopsy for the evidence 
of disease. Some accreditation bodies have been reluctant 
to adopt a standard specific for medical laboratories, but 
increasely throughout the world medical laboratories are 
using ISO 15189 as the standard of choice. The General 
Assembly of the International Laboratory Accreditation 
Cooperation ( http://www.ilac.org ) has stated that when ISO 
15189 is published,  ‘  ‘ medical laboratories may be accred-
ited to that standard as an alternative to ISO/IEC 17025 ’  ’ . 
The resolution is a compromise between those accrediting 
bodies that wanted a single generic standard for all labora-
tories and those who understand the desire of the medical 
laboratory community to be accredited to a standard spe-
cifically designed for medical laboratories.  

    40.2.4       The Principle of Subsidiarity and 
Guidelines to Standards 

 Although   harmonization of practice in medical laboratories is 
important there is more than one way to achieve a particular 

 TABLE 40.1          International standards for quality and competence.  

   Title of the standard  Application 

    ISO 9001:2000  Quality management systems  –  Requirements  For certification of quality management systems 

    ISO/IEC 17025:2005  General requirements for the competence of 
testing and calibration laboratories 

 For accreditation of the quality and competence of testing and 
calibration laboratories 

    ISO 15189:2007  Medical laboratories  –  Particular requirements for 
quality and competence 

 For accreditation of the quality and competence of medical 
laboratories 

   1   The principle of subsidiarity in its original philosophical meaning was expressed by Pope Pius XI in his Encyclical letter in 1931: “It is an injustice, a grave 
evil and disturbance of right order for a larger and higher association to arrogate to itself functions which can be performed effi ciently by smaller and lower 
sections”.   
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the transformation of inputs into outputs ’  ’ . In the context 
of a medical laboratory this translates into consultation 
with users, receiving a request for an examination, carrying 
out the work, and reporting the results, with interpretation 
where appropriate. 

 Within   any organization (e.g. a medical laboratory) there 
are numerous interrelated or interacting processes, and it is 
 ‘  ‘ the identification and interactions of these processes and 
their management ’  ’  that is referred to as a process approach. 
It is the adoption of this approach that creates a process-
based quality management system.  Figure 40.1   , adapted 
from ISO 9001, represents a model of such a system. 

 It   is helpful to translate some of the terms used in this 
model into language more familiar to medical laboratory 
professionals. It can be viewed in two different ways. First, 
the user ( customer ) has requirements that are formulated in 
consultation with laboratory management ( 5. Management 
responsibility ) and the laboratory responds by carrying out 
preexamination, examination, and post-examination processes 
( 7. Product realization ) to produce a report ( product ) for the 
user. Depending on whether their requirements have been met 
or not, users may be defined as satisfied or dissatisfied. 

 The   second view is that of a process model in which 
laboratory management ( 5. Management responsibility ) 
creates a quality system ( 4. Quality management system ) 
and uses resources, staff, equipment, and so on ( 6. Resource 
management ) to carry out preexamination, examination, 
and post-examination processes ( 7. Product realization ) to 
fulfill the requirements of the user. The preexamination, 
examination, and post-examination processes are evaluated 

continually and improvements made as appropriate ( 8. 
Measurement, analysis and improvement ). Evaluation and 
continual improvement activities include, for example, 
assessment of users ’  needs and requirements, internal audit 
of the examination processes, and review of participation in 
external quality assessment schemes. 

 One   of the unsatisfactory aspects of ISO 15189 is that 
the management (quality management system) and tech-
nical (competence) requirements of the standard are pre-
sented in two separate sections. This has the unfortunate 
effect that it is very difficult for laboratories to discover 
the dynamic relationships between quality and competence 
requirements.  Figure 40.2    resolves this dilemma by plac-
ing the appropriate clauses of the standard into a simplified 
version of the process-based model presented in  Fig. 40.1 .  

    40.4       BUILDING A QUALITY 
MANAGEMENT SYSTEM 

 In   defining a  management system  as a  ‘  ‘ system to 
establish policies and objectives and to achieve those 
objectives ’  ’ , ISO 9000:2000  ‘  ‘ Quality management system  –  
Fundamentals and vocabulary ’  ’  draws attention to the fact 
that the overall management system of an organization can 
include different management systems, for example sys-
tems for quality, environmental, or financial management. 
Thus it defines a  quality management system  as a  ‘  ‘ man-
agement system to direct and control an organization with 
regard to quality ’  ’ . This section discusses the steps to be 
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Value-adding activities

Product

Satisfaction

Information flow

 FIGURE 40.1          The ISO 9001:2000 model for a process-based quality management system. The numbers 4 – 8 in the figure correspond to the main 
clauses of ISO 9001:2000.    
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taken to establish, control, review, and improve a quality 
management system (QMS). 

 The   National Pathology Accreditation Advisory Council 
(NPAAC) has published a valuable document,  ‘  ‘ Guidelines 
for quality systems in medical laboratories ’  ’  (available at 
 http://www.health.gov.au/npaac ).  Figure 40.3    is adapted 
from the quality system flowchart illustrated in the docu-
ment and shows a structured approach to the establishment, 
control, review, and improvement of a QMS. 

 Although   the NPAAC document was designed as a 
practical guide to ISO 17025:1999 it is equally applicable 
to ISO 15189. The figure shows four elements of build-
ing a quality management system  –  establishment, control, 
review, and improvement  –  as a cycle. In each element, a 
distinction is drawn between management responsibility, 
which focuses on the establishment and review elements; 
and organizational responsibility, which focuses on the 

control and improvement elements. In a medical laboratory, 
management responsibility would equate with  laboratory 
management, the equivalent term in ISO 9001 being top 
management. This responsibility is executive in character, 
in contrast to organizational responsibility, which is cor-
porate and is the responsibility of an organization such as 
the medical laboratory. In the next two sections the differ-
ent elements of building a quality management system are 
establishment, control, review, and improvement.  

    40.5       ESTABLISHMENT AND CONTROL 

    40.5.1       Action in Quality Management 

 As   has been seen within the establishment and control stages 
of creating a QMS, there is a sequence of action in qual-
ity management. This sequence is illustrated in a pyramidal 

PRE EXAMINATION PROCESSES

4.5 Examination by referral  laboratories
4.7 Advisory services
5.4 Pre examination procedures

EXAMINATION PROCESS

5.5 Examination procedures
5.6 Assuring the quality of  examinations

POST EXAMINATION PROCESSES

5.7 Post examination procedures
5.8 Reporting results

ORGANIZATION & QUALITY

MANAGEMENT SYSTEM

4.1 Organization and management
4.2 Quality management system
4.3 Document control
4.4 Review of  contracts
4.13 Quality and technical records
4.15 Management review

RESOURCE MANAGEMENT

4.6 External supplies and
      services
5.1 Personnel
5.2 Accommodation and
      environmental conditions
5.3 Laboratory equipment

User

Satisfaction or
dissatisfaction

User

Requirements

EVALUATION & QUALITY

ASSURANCE

4.8 Resolution of Complaints
4.9 Identification and control of
      non conformities
4.10 Corrective action
4.11 Preventative action
4.12 Continual improvement
4.14 Internal audits
5.6 Assuring the quality of  examinations

 FIGURE 40.2          The requirements of ISO 15189:2003 placed in a process-based quality management system. The numbers 4.1 – 4.14 and 5.1 – 5.8 in the 
figure correspond to the main clauses of ISO 15189:2003.    
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form on the left-hand side of  Fig. 40.4   . The first step in the 
sequence is the creation of policies that can be defined as 
the overall intentions and direction of an  organization. The 
second step, objectives and plans, involves making plans 
and setting objectives to enable the fulfillment of the inten-
tions expressed in the policies. The third step, processes, 
involves the definition of the activities needed to carry out 
the intentions, and the fourth step,  procedures, is the practi-
cal way in which intentions are translated into action. The 
fifth and final step, records (made on forms), provide evi-
dence, on a day-to-day basis, that procedures have been car-
ried out correctly and that intentions have been fulfilled. 

 In   terms of a medical laboratory, this sequence would 
translate as follows. The quality policy of the laboratory 
includes a commitment to the reporting of results of exami-
nations in a timely manner. The supplier of the laboratory 
computer system announces the release of a module for 
reporting of results. Laboratory management establishes the 

installation of this module as a quality objective for the next 
financial year. Planning for this development requires the 
inclusion of the resource implications in the business plan. 
Its impact on postexamination processes is defined, and pro-
cedures and forms reviewed and where necessary revised.  

    40.5.2       Documentation and the Need for 
Evidence 

 Evidence   of action in quality management is adduced from 
the documentation that is produced and illustrated on the 
right-hand side of  Fig. 40.4 . The primary requirement for 
evidence is to enable the laboratory to reconstruct its exam-
ination and other processes as a result of questions asked 
by users of the laboratory concerning its performance. The 
other side of the evidence coin is the need of assessors to 
obtain evidence to enable them to assess a laboratory’s 
compliance with standards.  

ESTABLISHMENT  of a quality management system is a 
management responsibility and evidence is provided by:

setting quality objectives and plans
defining responsibilities and authorities (including the appointment
of a quality manager) and establishing good internal communication

a commitment to the needs and requirements of  the users
establishing a quality policy

IMPROVEMENT  of the quality
management system is carried out in the
organization by:

taking corrective  and preventative action
and having a commitment to continual
improvement

REVIEW  of the quality management system is a management

responsibility and takes place through:

conducting management reviews using the results of internal audit
(customer satisfaction, quality management and examination
processes) and external assessment (external quality assessment
schemes and external reviews)

CONTROL of the quality management
system is maintained in an organization by:

identifying all processes in the
organization(including examination processes)
determining their sequence and interaction
defining the mechanisms for their validation,
operation and control

managing resources

creating a Quality Manual
controlling:

–all documentation, including  procedures,
instructions and forms
–process and quality records
–clinical material

 FIGURE 40.3          Building a quality management system.    
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    40.5.3       The Hierarchy of Documentation 

    Figure 40.4  shows that at the top of this hierarchy is the 
 quality manual , the road map to the whole documenta-
tion of the laboratory. In practical terms, it should be no 
more than 25 pages in length. It should contain the  quality 
policy(s) , and describe the  processes  that take place in the 
laboratory in order to fulfill the requirements of particular 
standards. Examples of such processes are the procure-
ment of equipment, the examination of specimens, and the 
reporting of results. A policy can be defined as  ‘  ‘ setting out 
the commitment of an organization to follow a particular 
course of action ’  ’ . A pathology laboratory can have a sin-
gle policy statement, which is inclusive of all aspects of its 
work, or there can be a number of separate policies relating 
to different aspects of the way in which a laboratory works. 

 The   quality policy itself will be subject to periodic review 
but is unlikely to change significantly unless the primary 
purpose of the laboratory were to change. However, in order 
to pursue and maintain a particular course of action,  objec-
tives  have to be set and  plans  executed. In contradistinction 
to the quality policy, objectives and plans are constantly 
changing in response to the changing needs and require-
ments of the users. The processes involved should be set out 
in the quality manual, particularly in relation to the annual 
management review. Throughout the quality manual there 
should be references to  procedures , which form the second 
level in the hierarchy of documentation. Procedures are the 
practical way in which policies are translated into action and 
are often called SOPs, or standard operating procedures. The 
quality policy should refer to management, quality evalua-
tion, health and safety, laboratory methods, and so on, and 
procedures are needed that relate to the same areas. 

 In   the same way that the quality manual refers to 
 procedures, so procedures can contain references to 

 (working) instructions . This third level of documentation 
involves the practical day-to-day work instructions that 
are needed near the work situation for easy reference. For 
example, they might describe starting up or closing down 
a hematology analyzer, a microbiology plate- pouring 
machine, or a recipe for staining a slide. Instructions can be 
part of a procedure or referenced in a procedure and pub-
lished separately or both in the procedure and separately. 
  The advantage of having them separate is that any changes 
to instructions do not require a change to the procedure. 

 The   final level in the hierarchy of documentation are 
the  forms . These forms (and the records created using 
them) are a crucial part of quality management; they are 
the evidence that a procedure and/or related instructions 
have been carried out. 

 If   the procedure or instructions require something to 
be recorded on a form, the form should be referred to in 
the procedure. The forms or records do not necessarily 
have to be created as hard copy (a paper record). An elec-
tronic record can be created by completing a form on a 
computer screen in the laboratory or a consultant’s office, 
by anybody who has the correct authorization identity. 
Records, whether hard copy or electronic, have to be 
readily accessible for inspection. In a medical laboratory, 
request forms and test reports are an example of such 
documentation. Records of any information or data, such 
as patients, results, minutes of meetings, quality control 
data, or the result of an audit, should be made on forms of 
an approved format and not on the backs of envelopes or 
the cuffs of laboratory coats! 

 A   practical example of this hierarchy of  documentation 
would be a statement in a quality policy requiring  ‘  ‘ the 
use of examination procedures that will ensure the high-
est achievable quality of all tests performed ’  ’ . A procedure 
produced as a result of such a policy statement might be 

policies

objectives &  plans

processes

procedures

records

FORMS

INSTRUCTIONS

PROCEDURES

QUALITY

MANUAL

(including

Quality policy)

 FIGURE 40.4          Hierarchy of documentation.    
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a procedure for measuring hemoglobin (Hb) A1c. In the 
quality manual, reference would be made to where a list of 
examination procedures can be found. The procedure might 
refer to working instructions for starting the HbA1c analyzer 
and for closing it down and these could be published sepa-
rately and displayed near the analyzer for easy reference. If 
the analyzer is interfaced to a laboratory computer, then an 
example of a form would be a computer-generated work-
sheet to assist with checking in samples. Additionally, a 
computer file that holds the patient details and results should 
be regarded as a record. Such computer-held data need to be 
as easily accessible on demand as any paper record. 

 All   the documents referred to in this hierarchy must be sub-
ject to control, as described next. The concept of  documents can 
be extended to include specifications,  calibration tables, charts, 
text books, posters, notices, memoranda, software, drawings, and 
so on. They can be on various media, whether hard copy or elec-
tronic, and they may be digital, analog, photographic, or written. 

 The   preparation of required documentation might 
appear to be a daunting task for a medical laboratory, but 
if approached in a practical manner it provides the basis of 
effective quality management of the laboratory.  

    40.5.4       Document Control 

 Control   of documents requires that they are approved for ade-
quacy prior to issue, are reviewed and updated as required, 
are available at point of use, remain legible and uniquely 
identifiable, and that unintended use of obsolete documents 
is prevented. The purpose of regularly reviewing documents 
is to ensure that they remain fit for their intended purpose. 

 An   inherent part of document control is a document 
register or master index of documentation. It is important 
to decide at an early stage whether the document register 
should be a manual paper record, a homemade spread sheet 
or database, or an off-the-shelf (albeit customizable) com-
mercial product. This is perhaps the most important deci-
sion that any laboratory can make in building a QMS. The 
author has experience of all three approaches but would 
unequivocally opt for the off-the-shelf commercial product 
providing it was well tested and a reasonable price. One 
such product is Q-Pulse produced by Gael Quality, which 
in the author’s experience is robust, reasonably priced, user 
friendly, and is being progressively developed. It can be 
downloaded and used on a 30-day trial basis from the Gael 
Quality ( http://www.gaelquality.com ).  

    40.5.5       Control of Records and Clinical 
Material 

 A   major feature of all quality management systems is the 
need to control process and quality records and, in the case 
of medical laboratories, clinical material. ISO 9001 says 
 ‘  ‘ records shall be established and maintained to provide 

evidence of conformity to requirements and of the effec-
tive running of the QMS ’  ’ . It further stipulates that they 
shall remain legible, readily identifiable, and retrievable, 
and that a procedure be established to define the controls 
necessary for identification, storage, protection, retrieval, 
retention time, and disposition of records. ISO 9001, being 
a quality standard, simply refers to retention and storage of 
quality records, whereas the laboratory focused standards 
ISO 17025 and ISO 15189 refer to the retention and con-
trol of quality and process records, and in the case of ISO 
15189, clinical material as well. Whether the requirement 
is for control of clinical material or records, there are three 
distinct issues to be considered: 

    1.     Are the records being retained going to serve a useful 
purpose, for example to reconstruct an examination, or 
to audit corrective action?  

    2.     What are the relevant retention times?  
    3.     How should the material be kept?      

    40.6       REVIEW AND IMPROVEMENT 

    40.6.1       Evaluation and Continual 
Improvement 

 Inspection   of the review and improvement sections of build-
ing a QMS ( Fig. 40.3 ) indicate that any laboratory should be 
evaluating its activities constantly and seeking to continu-
ally maintain and improve quality. Evaluation and continual 
improvement could be regarded as synonymous with quality 
assurance, but it seems increasingly uncertain what is meant 
by the term  ‘  ‘ quality assurance ’  ’ . The difficulty seems to 
arise from the meanings of the words assure and ensure. To 
try to ensure the quality of something is  ‘  ‘ to make sure or 
certain ’  ’  of its quality, whereas to assure,  ‘  ‘ to give confidence 
to oneself or others ’  ’ , seems a relatively impotent activity if 
it is seen from the point of view of the user clinician.  

    40.6.2       Internal Audit and External 
Assessment 

 ISO   defines audit as a  ‘  ‘ systematic independent and doc-
umented process for obtaining evidence and evaluating it 
objectively to determine the extent to which audit criteria 
are fulfilled ’  ’ . 

 Three   different types of audit can be distinguished. The 
first is an  internal audit  conducted by the laboratory itself 
(or occasionally on behalf of a laboratory by an outside 
auditor) on some aspect of laboratory activity such as the 
accuracy of transcription of data from a request form into 
the laboratory information system, or whether all mem-
bers of staff have up-to-date job descriptions. The second is 
 external audit  (sometimes termed assessments), conducted 
by some person or bodies interested in the organization 
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such as a purchasing authority, or by external independent 
organizations such as CPA(UK) Ltd or a regulatory authority. 
A third type of audit, not shown in orthodox classifications, 
is  cooperative audit  conducted between the laboratory and 
another party for mutual benefit. Examples of cooperative 
audit are clinical audit or customer satisfaction surveys and 
benchmarking activities. Schemes for external quality assess-
ment that are run on a primarily educational basis can in some 
senses be regarded as cooperative audit or equally well clas-
sified as external audit. Audits provide an important mecha-
nism for the detection and investigation of nonconformity.  

    40.6.3       Nonconformities/Potential 
Nonconformities and Remedial/Corrective 
Action or Preventive Action 

  Nonconformities    can be identified in two distinct ways. 
First, from a (reactive ) audit  that takes place in response to 
a problem occurring in the conduct of an established proc-
ess and leading to the need for  remedial  and/or  corrective 
action  and thus contributing to the maintenance of quality 
or to  continual improvement ; and second ,  a proactive  audit  
that identifies a  nonconformity  that again requires  reme-
dial  or  corrective action.  Proactive audit or evaluation can 
also identify  potential nonconformities  that require  preven-
tive  action, that is action that removes the root cause of the 
potential nonconformity. 

 An   example of the first situation might be as follows. 
An inspection of the first results from a new batch of quality 

control material being introduced on an analyzer showed that 
results at all three levels for each analyte were approximately 
20% lower than expected ( a nonconformity ). Investigation 
( an audit ) revealed that although the freeze-dried mate-
rial had been reconstituted with 5 ml of reconstituting fluid 
as per the documented procedure, the manufacturer had 
changed the reconstitution volume from 5 ml to 4 ml with-
out sending out a notice to this effect. All vials wrongly 
reconstituted were immediately removed ( remedial action ). 
Following this incident all personnel involved had the matter 
drawn to their attention and the procedure was altered and 
an adverse incident report dispatched to the Medical Devices 
Agency UK, with a copy to the manufacturer ( corrective 
action ). These actions contribute to ensuring the quality of 
examinations ( continual improvement ). 

 An   example of a proactive audit producing a  potential 
nonconformity  would be a review of the rotation of staff 
through work sections. If this system were found not to be 
working this could result in a  potential nonconformity  in 
that staff absences would have the potential to make sec-
tions of the laboratory vulnerable.  Preventive action  would 
be required to ensure that this did not happen.  

    40.6.4       Continual Improvement 

 Both   corrective and preventive actions are at the core of 
continual improvement. Examples of approaches to contin-
ual improvement are shown in  Fig. 40.5    as what the author 
has termed cycles of continual improvement. The intention 
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 FIGURE 40.5          Cycles of continual improvement.    
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of the diagram is to represent at the center the manage-
ment review as the core focus of all continual improvement 
activity. The circles around the central circle represent indi-
vidual circles of continual improvement focused on spe-
cific topics; for example, with  personnel , the activity is the 
annual joint review of staff, with  internal audit of examina-
tion processes , the vertical audit of examinations and with 
 equipment and diagnostic systems , the procurement of  in 
vitro  diagnostic devices (IVDs). 

 An   important question to answer at this point is when 
and how often should these activities take place. These cir-
cles of continual improvement should carry on throughout 
the year and most of the nonconformities discovered have 
to be resolved in a reasonably short time span for the proc-
ess to be effective. 

 The   nonconformities that are thrown up during the day-
to-day activities of quality management are the  ‘  ‘ grist to the 
mill ’  ’  (defined in common English usage as  ‘  ‘ anything that 
can be turned to profit or advantage ’  ’ ) of continual improve-
ment, or the cogs in the cycles of continual improvement. 

 However  , during the course of a year, issues that require 
the formal setting of new objectives and detailed planning 
will be identified and these properly go forward as items 
for consideration at the (annual)  management review . If the 
results from an  external audit   –  Quality Assessment Scheme 
(or Proficiency Testing Scheme)  –  indicate a problem with 
an examination, it is no good waiting until the management 
review for its resolution, whereas the requirement for new 
service provision may have to wait for the capital purchase 
of the appropriate IVD or the recruitment of new staff.  

    40.6.5       Management Review 

 All   the standards referred to in  Table 40.1  have clauses enti-
tled  management review(s) . In ISO 9001, the  responsibility 
for its conduct is defined as being with top management, 
in ISO 17025 with the laboratory’s executive management, 
and in ISO 15189 with laboratory management. The time 
interval for this activity is not defined in ISO 9001, but 
notes in the other standards suggest that a typical period for 
conducting a management review is once every 12 months. 
It is important that the review should be seen as having 
inputs and outputs and the CPA(UK)Ltd, Standard A11 
 ‘  ‘ Management review ’  ’ , has specific information regarding 
required inputs;  Table 40.2    is based on these requirements. 

 The   management review is a crucial part of a quality 
management system of a laboratory. It sets overall objec-
tives for the following year and within the laboratory they 
are translated into objectives for the staff and thus into the 
staff joint reviews that identify the training needs of those 
staff. Continual improvement underpins the continuing pro-
vision of a quality service that aims to meet the needs and 
requirements of the user.      
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 TABLE 40.2          Inputs to a management review.  

        ●      Assessment of user satisfaction and complaints    

        ●      Internal audit of quality management system    

        ●      Internal audit of examination processes    

        ●      External quality assessment reports    

        ●      Reports of assessments by outside bodies    

        ●       Status of preventive, corrective, and improvement actions    

        ●       Major changes in organization and management, resource 
(including staff), or process    
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        5 �  nucleotidase  :    A structure-dependent single-stranded nuclease, 
used for genotyping and sequence copy-number determina-
tion reactions, generally related to the fl ap endonucleases, 
such as FEN-1.  

   Acrylamide  :    A material that is polymerized to make electro-
phoretic gels for separation of mixtures of macromolecules.  

   Allele drop-out  :    Failure of amplifi cation of one allele when per-
forming PCR on a single cell, which can be detected only in 
heterozygous cells.  

   Allele  :    A version of a gene or any DNA sequence that differs from 
the corresponding normal gene or DNA sequence by one or 
more base change(s), brought about by a mutation.  

   Allele-specifi c oligoprimer  :    A pair of oligonucleotide primers 
that contain basically the same sequence, but one part of the 
pair differs from the other in that one bears the normal allele 
sequence and the other bears the DNA change that specifi es 
a mutated allele.  

   Amplicon  :    Fragment of DNA fl anked by PCR primers, thus 
amplifi ed by the PCR.  

   Amplifi cation refractory mutation system (ARMS)  :    A PCR-
based mutation detection method, which allows amplifi cation 
of a single allele, depending on the primer used.  

   Amplimer  :    One of a pair of primers needed to amplify DNA by 
the PCR.  

   Aneuploid cell  :    A cell, whose number of chromosomes differs 
from the normal chromosome number for the species by one 
or more chromosomes.  

   Aneuploidy  :    An irregular number of chromosomes or chromo-
somal regions that are not an exact multiple of the haploid 
chromosome number for a cell or organism, which can be 
higher or lower compared to the wild-type situation.  

   Annealing  :    Spontaneous alignment of two single DNA strands, 
resulting in the formation of a double-stranded DNA 
molecule.  

   Autoradiography  :    A process in which a pattern is formed onto a 
fi lm, which corresponds to the location of radioactive materi-
als incorporated into cell structures or DNA molecules, when 
these cell structures or DNA molecules are placed next to a 
fi lm.  

   Autosome  :    Any chromosome other than a sex chromosome.  

   Base pair (bp)  :    A pair of complementary nucleotide bases in a 
duplex DNA or RNA molecule.  

   Bioactive  :    A substance in food that confers specifi c health ben-
efi ts. Bioactives may be recognized macro-nutrients (e.g. 
fi ber) or micro-nutrients (e.g. vitamin C), but, increasingly, 

bioactive substances are being identifi ed with no previously 
known role in nutrition.  

   Biomarker  :    A substance found in the body (ideally in an easily 
sampled tissue) or characteristic that is objectively measured 
and evaluated as an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses to a thera-
peutic intervention.  

   Bisulfi te treatment  :    A chemical reaction involving hydrolytic 
deamination of non-methylated cytosines to uracils  –  while 
methylated cytosines are resistant to conversion  –  and result-
ing in uracils being replaced by their DNA analog thymine fol-
lowing PCR amplifi cation, hence allowing assessment of the 
methylation status at a given position, manifested in the ratio 
C (former methylated cytosine) to T (former non-methylated 
cytosine) that can be analyzed as a virtual C/T polymorphism 
in the bisulfi te-treated DNA.  

   Blunt ends  :    Ends of duplex DNA molecules with no overhangs due 
to restriction or removal by single-strand specifi c nucleases.  

   Broad spectrum PCR  :    Pivotal PCR tests that aim at amplifi ca-
tion of DNA sequences that are universally conserved among 
a variety of bacterial species for the characterization of micro-
bial communities or the identifi cation of novel microbial 
species.  

   Cap  :    A 7-methylguanosine molecule, which is added 5 �  to the 
pre-mRNA.    

   CELI nuclease  :    A mismatch-specifi c nuclease isolated from cel-
ery, representative of a family of plant bifunctional DNase/
RNase, induced during senescence.  

   Cell separation and concentration methods  :    Methods allowing 
the arrest of selective cell subpopulations from the complex 
sample matrix through the use of electric, magnetic, or acous-
tic fi elds.  

   Centromere  :    The constricted region of the chromosome where 
the sister chromatids are joined and where the spindle fi bers 
are associated for chromosome movement during mitosis and 
meiosis.  

   Charge-coupled device (CCD) camera  :    A camera whose silicon 
chip is divided into light-sensitive pixels that can be counted 
upon photon exposure.  

   Chlamydia trachomatis  :    Intracellular bacterial species best known 
as a sexually transmitted agent, which can cause infertility in 
women due to pelvic infl ammatory disease, one of the most 
prevalent sexually transmitted diseases.  

   Chorionic villus sampling (CVS)  :    A placental sampling pro-
cedure for obtaining fetal tissue for chromosome and DNA 
analysis to assist in prenatal diagnosis of genetic disorders.  

Glossary
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   Cis-acting element  :    A DNA (or RNA) sequence, on which 
sequence-specifi c DNA (or RNA) binding proteins are bound.  

   Cleavage stage embryo  :    Stage in between the fertilized egg and 
the morula stage (day 1 – day 3 after fertilization). The divi-
sions of the cells are characterized by the lack of the G-phase, 
so that the cells become smaller and the total volume of the 
embryo does not increase.  

   Cloning vector  :    The DNA vehicle (plasmid, cosmid, or phage 
chromosome) used to carry the cloned DNA fragment.  

   COBAS Amplicor  :    Completely automated system suited for the 
detection of bacterial pathogens, such as  C. trachomatis , by 
PCR.  

   Codon  :    A specifi c DNA or corresponding RNA sequence of three 
base pairs, which encode for a particular amino acid, start, or 
termination signal.  

   Comparative genomic hybridization (CGH)  :    Molecular 
cytogenetic whole genome scanning technique based on the 
cohybridization of labeled test- and control-DNA to normal 
metaphase spreads, followed by the computer-assisted quan-
tifi cation of fl uorescence intensities over the entire length of 
each chromosome, resulting in a  “ copy-number karyotype ”  
refl ecting chromosomal imbalances.  

   Competitive oligoprimers  :    A pair of allele-specifi c oligonucleo-
tides that are both used in a polymerase chain reaction so that, 
by the resulting competition between them for annealing to 
the substrate, amplifi cation of only (or mainly) the  “ correct ”  
(that is, the fully matching) sequence is promoted by each 
competitive oligoprimer.  

   Composite exoninc regulatory elements of splicing (CERES)  : 
   Exonic sequences with overlapping splicing enhancer and 
silencer function.  

   Copy-number variation (CNV)  :     A  copy-number change involv-
ing a DNA fragment that is approximately 1       kb or larger, 
excluding changes involving the insertion or deletion of trans-
posable elements.  

   Core database  :    A collection of published mutations from all 
genomic loci.  

   Cystic fi brosis  :    A potentially lethal autosomal recessive genetic 
disorder, affecting the secretory glands.  

   Degenerate genetic code  :    A genetic code in which some amino 
acids are encoded by more than one codon each.  

   Deletion  :    Removal of a DNA fragment, from a single nucleotide 
to a chromosomal segment or even an entire chromosome.  

   Denaturation  :    The separation of two DNA strands in a DNA dou-
ble helix, using heat, chemicals, or extremes of pH.  

   Deoxyribonucleotide (dNTP)  :    A, C, T, or G triphosphates, used 
as building blocks by DNA polymerase to make a new DNA 
strand copied from a template.  

   Diploid  :    A cell or organism with two complete sets of homolo-
gous chromosomes.  

   DNA cloning  :    Insertion of a DNA fragment into a vector mol-
ecule, such as a plasmid, cosmid, and so on, which is then 
replicated to generate many copies.  

   DNA ligases  :    A group of enzymes that catalyze the formation of 
a phosphodiester linkage between the 3 � - and 5 � -ends of two 
DNA fragments.  

   DNA polymerases  :    Several enzymes that can synthesize new 
DNA strands from a DNA template, by adding nucleotides to 
the growing DNA chain in a 5 �  to 3 �  direction.  

   DNA sequencing  :    A technique for determining the array of nucle-
otides in a fragment of DNA.  

   Electrochemical detection  :    Method to quantitate an analyte by 
measuring the electrical current or voltage generated as a 
result of a chemical reaction involving the analyte.  

   Electrophoresis  :    Migration of charged molecules in an electric 
fi eld and the separation of the components of a mixture of pro-
teins, DNA, or RNA within an agarose or polyacrylamide gel.  

   Endonuclease  :    An enzyme that catalyses the hydrolysis (cleav-
age) of phosphodiester bonds between nucleotides in a 
sequence of DNA or RNA.  

   Engraftment  :    Time-point when transplanted hematopoietic stem 
cells grow and develop a suffi cient number of hematopietic 
cells (leucocytes, erythrocytes, thrombocytes).  

   Enzyme-linked immunosorbent assay (ELISA)  :    A variety of 
assays in which an enzyme is attached to the antigen (sub-
stance of interest) or to the antibody, and the enzyme converts 
a substrate into a colored or fl uorescent product to demon-
strate that the antigen-antibody binding has occurred in the 
reaction.  

   Epigenetics  :    The study of mitotically (and in some cases mei-
otically) heritable changes of a phenotype, such as the gene 
expression of specifi c cell types that are not due to changes in 
the genetic code.  

   Ethidium bromide  :    A molecule that intercalates into the DNA 
double helix, which mostly serves to visualize DNA frag-
ments under ultraviolet (UV) light transillumination.  

   Exon  :    The coding sequence of a gene, which is transcribed into 
mRNA and translated into protein.  

   Expressed sequence tag (EST)  :    A sequence-tagged site, derived 
from a cDNA clone, used to identify genes in genomic 
analysis.  

   Expression profi ling  :    Identifi cation of transcriptional differences 
between two different RNA samples, usually providing a 
unique pattern, also known as expression signature, for cer-
tain disease types, such as tumors.  

   Familial adenomatous polyposis (FAP)  :    An autosomal domi-
nant human disease, caused by germ-line mutations in the 
adenomatous polyposis coli (APC) gene.  

   Fluorescence in situ hybridization (FISH)  :    Molecular cytoge-
netic approach based on the duplex formation of comple-
mentary, single-stranded, and fl uorescence-labeled nucleic 
acid probes with target material (interphase cell; metaphase 
spread) allowing the exploration of the presence, number, and 
distinct location of genetic material  in situ.   

   Fluorescence resonance energy transfer (FRET)  :    A detection 
method, based on a distance-dependent interaction between 
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the electronic excited states of two dye molecules, in which 
the energy of an excited fl uorophore (the donor) is passed to 
a nearby fl uorophore (the acceptor) through resonance, then 
released as a photon that is detected by a fl uorimeter.  

   Forensic science  :    The application of science in the investigation 
of legal matters.  

   Frameshift mutation  :    The insertion or deletion of nucleotide(s), 
resulting in a disruption of the translational reading frame.  

   Gene therapy  :    The insertion of genetically corrected or wild-
type genes into cells especially to replace defective genes in 
the treatment of genetic disorders or to provide a specialized 
 disease-fi ghting function.  

   Gene  :    The fundamental physical and functional unit of heredity, 
which carries information from one generation to the next, 
consisting of the coding region and a regulatory sequence that 
make its transcription possible.  

   Genetic locus  :    A gene or gene family, or a non-coding DNA 
sequence that resides at a specifi c position of a specifi c chro-
mosome of an organism.  

   Genetic test  :    A test that is capable of revealing the zygosity of the 
specifi c allelic constitution at a genetic locus in the diploid 
cells of an organism.  

   Genetically modifi ed organism (GMO)  :    An organism contain-
ing an additional trait encoded by an introduced gene or 
genes, which generally produces a protein that confers the 
trait of interest.  

   Genotype  :    The genetic composition of the entire cell or, more 
commonly, of a set of genes.  

   Gradient  :    A gradual change in a quantitative property over a spe-
cifi c distance.  

   Haploid  :    A state in which only one chromosome or chromosome 
set resides in a cell, such as the Y-chromosome in human 
males.  

   Haplotype  :    Group of polymorphic changes closely linked on one 
chromosome that are inherited as a unit.  

   Hemizygous gene  :    A gene that is present in only one copy in 
a diploid organism, such as the X-linked genes in a male 
organism.  

   Hemoglobin (Hb)  :    The oxygen-transporting protein in the blood 
of most animals.  

   Hereditary hemochromatosis  :    A human autosomal recessive 
disease, resulting in iron overload and irreversible tissue dam-
age, due to increased iron absorption.  

   Hereditary non-polyposis colorectal cancer (HNPCC)  :    One of 
the most common predispositions to cancer.  

   Heteroduplex  :    A double-stranded DNA molecule that contains 
one or more nucleotides that are not in the correct base pair-
ing conformation, formed by annealing of single strands from 
different sources, which can show abnormalities such as loops 
or buckles.  

   Heterozygosity  :    A measure of the genetic variation in a population, 
indicated as the frequency of heterozygotes for a specifi c gene.  

   Heterozygote  :    An individual with a heterozygous gene pair.  

   High-throughput PCR  :    A PCR system that can be applied simul-
taneously in a large number of samples (large-scale) for the 
amplifi cation of a normal or mutant genetic locus.  

   Homologous chromosomes  :    Chromosomes that pair with each 
other at meiosis.  

   Homozygote  :    An individual with a homozygous gene pair.  

   Huntington disease  :    A lethal autosomal dominant human disease, 
characterized by nerve degeneration, with late-age onset.  

   Hybrid minigene  :    A simplifi ed version of a gene that contains 
the sequences to be studied (i.e. exon and fl anking intron 
sequences) placed in a heterologous context.  

   Hybridization  :    The annealing of complementary, single-stranded 
nucleic acids (DNA, RNA).  

   Insertional translocation  :    The insertion of a segment from one 
chromosome into another non-homologous one.  

   Interphase  :    The cell cycle stage between nuclear divisions, con-
sisting of the G1, S, and G2 phases, when chromosomes are 
extended and functionally active.  

   Intracytoplasmic sperm injection  :    A procedure that involves 
sperm injection into the oocyte’s cytoplasm to obtain fertili-
zation, developed to treat severe male infertility and used to 
prevent contamination during preimplantation genetic diag-
nosis and failure of fertilization.  

   Intron or intervening sequence  :    A DNA fragment within a gene, 
which is initially transcribed, but not included in the mRNA, 
due to its removal by splicing.  

   In situ proximity ligation assay (in situ PLA)  :    The proximity 
ligation assay adapted for localized detection of proteins, pro-
tein complexes, and post-translational modifi cations of pro-
teins in fi xed cells and tissues.  

   Karyotype  :    The entire chromosome complement of an individual 
or cell, as can be seen during mitotic metaphase.  

   Kilobase (kb)  :    1,000 nucleotides.  

   Linkage  :    The association of genes on the same chromosome, 
tending due to their close physical proximity to be inherited 
together.  

   Linkage disequilibrium (LD)  :    The non-random associations of 
alleles at two or more loci, meaning alleles that are located 
close to each other on the same chromosome have the ten-
dency to occur and be inherited together.  

   Locus-specifi c database  :    A collection of all published and unpub-
lished mutations from a specifi c gene.  

   Loss of heterozygosity (LOH)  :    Loss of one allele at a chromo-
somal locus, which may imply the presence of a tumor sup-
pressor gene at that site.  

   Melting curve  :    Originally used to denote the hypochromic shift 
between double-stranded and single-stranded nucleic acids, 
caused by greater electron delocalization in the double-
strand state accounted for by stacking forces, a surrogate 
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 measurement now commonly obtained being a thermal  profi le 
of SybrGreen (A-T intercalation) fl uorescence differences 
between the double- and single-stranded states.  

   Melting temperature (Tm)  :    The temperature in which a double-
stranded DNA fragment is denatured.  

   Messenger RNA (mRNA)  :    A mature RNA molecule, resulting 
from gene transcription by RNA polymerase, which specifi es 
the order of amino acids during its translation to protein.  

   Metabolomics  :    The study of all the small molecules produced in 
a cell or organism as a result of metabolism.  

   Metaphase  :    The intermediate stage of nuclear division in the 
cell cycle in which the highly condensed chromosomes align 
along the equatorial plane between the two poles of the divid-
ing cell, a feature that is exploited for the identifi cation of 
chromosome aberrations.  

   Methylation-specifi c PCR (MSP)  :    A technique allowing the ampli-
fi cation of virtually any CpG sites after bisulfi te treatment.  

   Microarrays  :    An orderly arrangement of usually thousands of 
defi ned DNA molecules, immobilized onto a solid surface, 
such as glass or membrane.  

   Microfl uidics  :    Networks of interconnected channels and cham-
bers equipped with isolation valves and fl uid pumps and fab-
ricated in polymer, glass, silicon, or ceramic substrates, devel-
oped for miniaturized chemical analysis and fi eld-deployable 
sensor applications.  

   Micro-PCR  :    Performing DNA amplifi cation in miniature micro-
fl uidic chambers (chips) using polymerase chain reaction 
leading to the reduction of the sample volume and accelera-
tion of thermal cycling, and integration of the amplifi cation 
stage with subsequent detection platforms.  

   Microsatellite instability (MSI)  :    A frequent, if not obligatory, 
surrogate marker of underlying functional inactivation of one 
of the human DNA mismatch repair genes, characterized be 
length alterations of oligonucleotide repeat sequences that 
occur somatically in human tumors.  

   Minimal residual disease (MRD)  :    Remnant of a tumor or can-
cer after primary, potentially curative therapy, which can be 
detected by PCR with a sensitivity of one in 104 to 105 cells.  

   Minisatellite DNA  :    Repetitive DNA sequence, based on a 
repeated sequence core, used for DNA fi ngerprinting.  

   Mismatch  :    A position within a double-stranded DNA molecule, 
in which the two bases found opposite each other do not com-
ply with the DNA pairing rule of AG and C-T.  

   Missense mutation  :    A mutation that alters a codon, resulting in a 
different amino acid.  

   Mitochondrial DNA  :    A closed circular, extranuclear chromo-
some, approximately 16,569 base pairs in size in humans, 
residing in the mitochondrion, and containing genes for two 
ribosomal RNAs, 22 transfer RNAs, and 13 proteins, predom-
inately for oxidative phosphorylation.  

   Molecular cytogenetics  :    Application of molecular biology tech-
niques to cytogenetic preparations as metaphase spreads and 

interphase nuclei for the identifi cation of chromosome abnor-
malities and RNA expression.  

   Molecular diagnostics  :    The identifi cation of a genetic disor-
der at the molecular (DNA) level, using molecular biology 
techniques.  

   Molecular genetics  :    The study of the molecular processes, which 
govern gene structure and function.  

   Mosaicism  :    The presence of two or more genetically different cell 
populations in one organism.  

   Multilocus sequence typing (MLST)  :    A method of bacte-
rial genetic polymorphism identifi cation by comparative 
sequence analysis of several housekeeping genes, in which 
point mutations can be used to calculate precise genetic dis-
tances between isolates of any given bacterial species.  

   Multiplex amplifi cation  :    Coamplifi cation of multiple target 
sequences in one single amplifi cation reaction.  

   Multiplex PCR  :    A PCR containing sets of forward and reverse 
amplifi cation primers for more than one allele of a genetic 
locus or for different genetic loci.  

   Mutagenesis  :    The process that produces a gene or a chromosome 
set differing from the wild type.  

   Mutant allele  :    An allele differing from the wild-type one.  

   Mutation  :    A transmittable change in the DNA sequence of a 
gene or anywhere in the genome, with relation to a reference 
sequence, with or without consequences for the phenotype of 
the organism.  

   MutHLS nuclease  :    An evolutionally conserved enzyme complex 
of  Escherichia coli  used in DNA replication linked mismatch 
repair.  

   Nitrocellulose fi lter  :    A type of fi lter used to attach DNA frag-
ments for hybridization.  

   Nonsense mutation  :    A mutation that produces a stop codon, 
resulting in the premature termination of the protein chain.  

   Northern blot  :    Transfer of electrophoretically separated RNA 
molecules from a gel onto a fi lter, which is then immersed 
in a solution containing a labeled probe that will bind to the 
RNA of interest.  

   Nucleotide  :    The basic building block of nucleic acids, composed 
of a nitrogen base, a sugar, and a phosphate group, joined in 
pairs by hydrogen bonds.  

   Nutrigenomics  :    The study of the interaction between an indi-
vidual’s genetic makeup and their diet, often achieved using 
genomics technologies.  

   Oligonucleotide ligation assay (OLA)  :    An assay in which 
genetic variants are analyzed by utilizing the covalent joining 
of oligonucleotide probes by DNA ligase and the detection of 
ligation by specifi c labels attached to the probes.  

   Oligonucleotide  :    Short linear sequence of nucleotides, often used 
as probes to hybridize to the target DNA in genetic tests or 
as primers to promote DNA synthesis in a polymerase chain 
reaction.  
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   On-chip sample preparation  :    An integrated sample process-
ing within microfl uidic channels and chambers, consisting 
of cell concentration, lysing, nucleic acid purifi cation, and 
amplifi cation, leading to the process automation and assay 
miniaturization.  

   Open reading frame (ORF)  :    A DNA segment, beginning with a 
start codon and ending with a stop codon, which is presumed 
to be the coding sequence of a gene.  

   Perpendicular electrophoresis  :    The fi rst step of the optimiza-
tion process of a TGGE or DGGE analysis, in order to verify 
the reversible melting behavior of the DNA fragment and to 
determine its  T  m  under the experimental conditions.  

   Pharmacogenetics  :    The assessment of clinical effi cacy, safety, 
and tolerability profi le of a drug in groups of individuals that 
differ with regard to certain DNA-encoded characteristics, 
which if indeed associated with a differential response or phe-
notype may allow prediction of individual drug response.  

   Pharmacogenomics  :    The evaluation of the differential effects of a 
number of drugs or chemical compounds in the process of drug 
discovery, with regard to inducing or suppressing the expres-
sion of transcription of genes in an experimental setting.  

   Phenotype  :    The observed outward manifestations of a specifi c 
genotype.  

   Phenylketonuria (PKU)  :    An autosomal recessive human meta-
bolic disease, caused by a mutation in a gene encoding a 
 phenylalanine-processing enzyme, which leads to mental 
retardation if not treated.  

   Philadelphia chromosome  :    A translocation between the long 
arms of chromosomes 9 and 22, often found in the white 
blood cells of patients with chronic myeloid leukemia.  

   Phosphodiester bond  :    The bond between a sugar group and a 
phosphate group, resulting in the sugar phosphate backbone 
of DNA.  

   Photolithography  :    A method for etching silicon wafers using 
a LASER (light amplifi cation through stimulated emission 
of radiation) in conjunction with a mask to perform feature 
addressing.  

   Physical mapping  :    The identifi cation of the positions of cloned 
genomic fragments.  

   Plasmid  :    Autonomously replicating extrachromosomal DNA 
molecule, which serves as DNA cloning vehicles.  

   Polar bodies  :    By-products of the female meiosis. The fi rst is 
extruded at maturation of the oocyte, leaving the oocyte hap-
loid, and the second is extruded after fertilization and con-
tains chromatids.  

   Polymerase chain reaction (PCR)  :    A method for the exponential 
amplifi cation of a specifi c DNA fragment from a template by 
multiple rounds of DNA synthesis.  

   Polymerase Chain Reaction-Restriction Fragments Length 
Polymorphism (PCR-RFLP)  :    A two-primer polymerase 
chain reaction followed by digestion with a class II restric-
tion enzyme (one lacking restriction modifi cation activity), 

allowing for variant visualization through sizing on an elec-
trophoretic gel.  

   Polymorphism  :    A gene or any DNA sequence that appears with 
more than one allele in a population of an organism, namely 
the normal allele, or reference sequence, and one or more 
mutated alleles, provided that the least frequent allele is found 
with an incidence of at least 1% in this population.  

   Primer extension  :    Method of using a short deoxynucleotide primer 
precisely complementary to genomic or mRNA sequence, in 
the presence of an enzyme with 3 �       �      5 �  polymerase activity, 
cofactors and deoxynucleoside triphosphates, to extend the 
oligonucleotide to a 5 �  template terminus, in which successful 
polymerization can be used to discern sequence variants from 
each other, since extension generally fails if the primer does 
not precisely match the 3 �  base in the initial template.  

   Primer  :    A short single-stranded RNA or DNA that is used as the 
starting point for chain elongation by the DNA polymerase, 
when bound to a single-stranded template.  

   Probe  :    Defi ned nucleic acid fragments that can be used to iden-
tify specifi c DNA molecules bearing the complementary 
sequence, usually through autoradiography.  

   Promoter  :    A regulator region in short distance from the 5 �  end of 
a gene that acts as the binding site for RNA polymerase and 
other transcription factors.  

   Proteome  :    The complete set of proteins in an organism.  

   Proteomics  :    The analysis of the protein complement present in a 
cell, organ, or organism at any given time.  

   Proto-oncogene  :    A normal gene that can become an oncogene 
(a potentially cancer-inducing gene) due to mutations or 
increased expression.  

   Proximity ligation assay (PLA)  :    A technique for quantifying 
proteins and protein complexes by converting a multiple tar-
get recognition event, for instance by two antibodies, into a 
DNA-based signal that can be read out using, e.g., quantita-
tive PCR.  

   Pulsed-fi eld gel electrophoresis (PFGE)  :    An electrophoretic 
technique in which the gel is subjected to electrical fi elds 
alternating between different angles, allowing effi cient sepa-
ration of very large DNA fragments through the gel.  

   Pyrosequencing  :    A real-time sequencing method that uses light 
release as the detection signal for nucleotide incorporation 
into a target DNA strand, allowing for the direct assessment 
of DNA sequence.  

   Quality control management  :    A process involving the identifi -
cation of the requirements posed by differing clinical situa-
tions and ensuring that the inherent characteristics required 
for a laboratory measurement or examination are fulfi lled.  

   Real-time PCR  :    A PCR assay in which the PCR product is meas-
ured continuously throughout the amplifi cation process, for 
example the TaqMan assay.  

   Recessive allele  :    An allele whose phenotypic effect is expressed 
only in the homozygous state.  
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   Reciprocal translocation  :    The situation when parts of chromo-
somes are exchanged.  

   Reference material  :    A standardized material to compare the 
quality and performance of testing regimen.  

   Rehybridization  :    The anti-parallel realignment of two comple-
mentary DNA single strands to form the double helix.  

   Resolvase  :    An enzyme that hydrolyzes phosphodiester bonds in a 
DNA strand crossover complex undergoing DNA recombina-
tion to separate the DNA strands.  

   Restriction endonucleases  :    A variety of enzymes, extensively 
used in genetic engineering, that recognize specifi c target 
DNA sequences and hydrolyzes the phosphodiester bond at 
these points.  

   Restriction fragment length polymorphism (RFLP) analysis  : 
   Detection of different sizes or numbers of restriction frag-
ments, often as a result of presence or absence of restriction 
sites, which can be used as markers in chromosome mapping.  

   Retroviral integration site analysis  :    Analysis of the junction 
between the retroviral vector sequence and the genomic 
sequence to identify the retrovirus integration site in  retroviral-
mediated gene transfer.  

   Retroviral vector  :    An artifi cial DNA construct derived from 
a retrovirus, used to insert sequences into an organism’s 
chromosomes.  

   Retrovirus  :    An RNA virus that replicates by fi rst being converted 
into double-stranded DNA.  

   Reverse dot-blots  :    Allele-specifi c oligonucleotide hybridization 
matricies involving covalent or hydrogen bonding attachment 
of interrogator sequences to a solid support, such as a nylon- 
or plastic-backed membrane. In general, muliplexed PCR 
products are incubated with the prepared matrix after dena-
turation, permitted to hybridize, and visualized using radioac-
tive, chemiluminescent, or chromogenic techniques.  

   Reverse transcription-PCR (RT-PCR)  :    RNA amplifi cation by 
PCR, following copying of the RNA to cDNA by reverse 
transcription.  

   RNA interference (RNAi)  :    A general mechanism for inhibiting 
gene expression, by small antisense RNA molecules, also 
known as small interfering RNAs (siRNA).  

   Robertsonian translocation  :    The situation when two acrocentric 
chromosomes translocate to become one large chromosome.  

   Rolling circle amplifi cation (RCA)  :    A method of amplifying a 
circular DNA template into tandemly linked copies of the DNA 
circle, using a polymerase such as the phi29-polymerase.  

   Sampling  :    A statistical method to collect samples containing the 
desired organisms.  

   Satellite DNA  :    Any type of highly repetitive DNA.  

   Short tandem repeat (STR) loci  :    Also known as microsatellites, 
STR loci are highly repetitive DNA elements of individual 
repeat motifs, each motif ranging from two to seven base pairs 
in length, whose difference among individuals is the basis for 
the population variation of these loci.  

   Sickle cell anemia  :    A potentially lethal autosomal recessive 
human inherited disorder, caused by a mutation in the gene 
encoding for the oxygen transporting hemoglobin molecule, 
resulting in sickle-shaped red blood cells.  

   Single nucleotide polymorphism (SNP)  :    Any polymorphic vari-
ation at a single base pair position between individuals of the 
same species, including restriction fragment length polymor-
phisms and transitions or transversions that reach a frequency 
of greater than 1% in any given population.  

   Solid phase  :    Attachment of DNA to solid support, such as silica 
beads, which remains intact during reactions and purifi cation 
steps.  

   Southern blot  :    Transfer of electrophoretically separated DNA 
fragments from a gel to a fi lter, which is then immersed in a 
solution containing a labeled probe that will bind to a frag-
ment of interest.  

   Splicing enhancer and silencer  :    Short RNA nucleotide sequences, 
generally six to eight base pairs in length, located in the exon 
or in the intron that enhance or inhibit splicing, respectively.  

   Splicing  :    The reaction that removes introns and joins exons 
together, resulting in the mature mRNA.  

   SR proteins  :    Regulatory splicing factors that contain a serine-
arginine-rich region.  

   Staphylococcus aureus  :    A bacterial species, known for its capac-
ity to colonize the human nostrils, that in case of immune 
compromisation is the best-known opportunistic pathogen, 
also well known for its capacity to collect a variety of anti-
microbial resistance traits. Methicillin resistant  S. aureus  or 
MRSA is the best-known hospital pathogen worldwide.  

   Stop codons  :    The terminating signals for translation of an mRNA 
into protein.  

   Telomere  :    Specialized DNA structure [(TTAGGG)n], capping the 
end of a chromosome involved in replication and stability of 
linear DNA molecules.  

   Tool Command Language (Tcl) and Toolkit (Tk)  :    An inter-
preted software script syntax commonly used to instruct 
automata movements; Tk for graphical user interfaces pro-
vides a complementary graphical user interface to widgets 
being instructed.  

   Transcription  :    A process by which a DNA template is copied to 
RNA by RNA polymerase.  

   Transcriptome  :    A set of all messenger RNA (mRNA) mole-
cules, or transcripts, produced in one or a population of cells, 
refl ecting the genes that are being actively expressed at any 
given time.  

   Transduction  :    The process whereby foreign DNA is introduced 
into another cell via a viral vector.  

   Transgene  :    A gene that has been transferred by any of a number of 
genetic engineering techniques from one organism to another.  

   Transition  :    A type of nucleotide substitution involving the 
replacement of a purine with another purine or of a pyrimi-
dine with another pyrimidine, for example G Æ A or C Æ T.  
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   Translocation  :    Relocation and interchange of a chromosomal 
segment after breakage and attachment to a different non-
homologous chromosome in the genome.  

   Transversion  :    A type of nucleotide substitution involving the 
replacement of a purine with a pyrimidine or vice versa, for 
example, G Æ T or C Æ A.  

   Tumor suppressor gene  :    A gene encoding for a protein that sup-
presses tumor formation, speculated to function as negative 
regulators of cell proliferation.  

   Variable number tandem repeats (VNTR)  :    Variations in the 
number of tandem repeats of DNA sequences found at  specifi c 
loci in different populations, often used as markers.  

   Vector FISH  :    Chromosomal mapping of proviral sequences by 
FISH, using a retroviral vector plasmid DNA as a probe.  

   Western blot  :    Transfer of protein molecules, separated by elec-
trophoresis, from a gel to a fi lter, which can be probed with a 
labeled antibody to detect a specifi c protein.  

   Wild type  :    The genotype or phenotype that is found in nature or 
in the standard laboratory stock for a given organism.  

   Y-chromosome  :    The smallest of the human chromosomes, 
approximately 60 million base pairs including the gene con-
veying the male gender, parentally transmitted from father to 
son.  

   Zona pellucida  :    Transparent protein structure surrounding the 
cleavage stage embryo.  

   Zygosity  :    The state of genetic identity, that is, normal versus 
mutant, of the two alleles of a gene or DNA sequence, in the 
somatic cells of a diploid organism, specifi ed as either nor-
mal, heterozygous, or homozygous mutant.  

   Zygote  :    The unique diploid cell, formed by the fusion of an oocyte 
and a sperm cell, that will divide mitotically to create a dif-
ferentiated diploid organism.     
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