'%*CER

SECOND EDITION




This pageintentionallyleft blank
to matchpaginationof print book


admin
Typewritten Text
This page intentionally left blank
to match pagination of print book


the biology of

EEEEEEEEEEEEE



This pageintentionallyleft blank
to matchpaginationof print book


admin
Typewritten Text
This page intentionally left blank
to match pagination of print book


the biology of

CANCER

SECOND EDITION

Robert A. Weinberg

Garland Science
Taylor & Franci is Group

NEW YORK AND LONDON



Garland Science

Vice President: Denise Schanck

Assistant Editor: Allie Bochicchio

Production Editor and Layout: EJ Publishing Services
Text Editor: Elizabeth Zayatz

Copy Editor: Richard K. Mickey

Proofreader: Sally Huish

Illustrator: Nigel Orme

Designer: Matthew McClements, Blink Studio, Ltd.
Permissions Coordinator: Becky Hainz-Baxter
Indexer: Bill Johncocks

Director of Digital Publishing: Michael Morales
Editorial Assistant: Lamia Harik

© 2014 by Garland Science, Taylor & Francis Group, LLC

This book contains information obtained from authentic and highly
regarded sources. Every effort has been made to trace copyright holders
and to obtain their permission for the use of copyright material.
Reprinted material is quoted with permission, and sources are indicated.
A wide variety of references are listed. Reasonable efforts have been made
to publish reliable data and information, but the author and the publisher
cannot assume responsibility for the validity of all materials or for the
consequences of their use.

All rights reserved. No part of this book covered by the copyright hereon
may be reproduced or used in any format in any form or by any means—
graphic, electronic, or mechanical, including photocopying, recording,
taping, or information storage and retrieval systems—without permission
of the publisher.

ISBNs: 978-0-8153-4219-9 (hardcover); 978-0-8153-4220-5 (softcover).

Library of Congress Cataloging-in-Publication Data

Weinberg, Robert A. (Robert Allan), 1942-

The biology of cancer. -- Second edition.

pages cm

Includes bibliographical references.

ISBN 978-0-8153-4219-9 (hardback) -- ISBN 978-0-8153-4220-5 (pbk.) 1.
Cancer--Molecular aspects. 2. Cancer--Genetic aspects. 3. Cancer cells.
1. Title.

RC268.4.W45 2014

616.99'4--dc23

2013012335

Published by Garland Science, Taylor & Francis Group, LLC,
an informa business, 711 Third Avenue, New York, NY 10017,
USA, and 3 Park Square, Milton Park, Abingdon, OX14 4RN, UK.

Printed in the United States of America

151413121110987654321

Garland Science

Taylor & Francis Group

Visit our website at http://www.garlandscience.com

About the Author

Robert A. Weinberg is a founding member of the Whitehead Institute
for Biomedical Research. He is the Daniel K. Ludwig Professor

for Cancer Research and the American Cancer Society Research
Professor at the Massachusetts Institute of Technology (MIT).

Dr. Weinberg is an internationally recognized authority on the genetic
basis of human cancer and was awarded the U.S. National Medal of
Science in 1997.

Front Cover

A micrograph section of a human in situ ductal carcinoma with
o-smooth muscle actin stained in pink, cytokeratins 5 and 6 in red-
orange, and cytokeratins 8 and 18 in green. (Courtesy of Werner
Bdocker and Igor B. Buchwalow of the Institute for Hematopathology,
Hamburg, Germany.)



Dedication

dedicate this second edition, as the first one, to my dear wife, Amy Shulman

Weinberg, who endured long hours of inattention, hearing from me repeatedly the
claim that the writing of this edition was almost complete, when in fact years of work
lay ahead. She deserved much better! With much love.



This pageintentionallyleft blank
to matchpaginationof print book


admin
Typewritten Text
This page intentionally left blank
to match pagination of print book


Preface

C ompared with other areas of biological research, the science of molecular oncol-
ogy is a recent arrival; its beginning can be traced with some precision to a mile-
stone discovery in 1975. In that year, the laboratory of Harold Varmus and J. Michael
Bishop in San Francisco, California demonstrated that normal cell genomes carry a
gene—they called it a proto-oncogene—that has the potential, following alteration,
to incite cancer. Before that time, we knew essentially nothing about the molecular
mechanisms underlying cancer formation; since that time an abundance of informa-
tion has accumulated that now reveals in outline and fine detail how normal cells
become transformed into tumor cells, and how these neoplastic cells collaborate to
form life-threatening tumors.

The scientific literature on cancer pathogenesis has grown explosively and today
encompasses millions of research publications. So much information would seem to
be a pure blessing. After all, knowing more is always better than knowing less. In truth,
it represents an embarrassment of riches. By now, we seem to know too much, mak-
ing it difficult to conceptualize cancer research as a single coherent body of science
rather than a patchwork quilt of discoveries that bear only a vague relationship with
one another.

This book is written in a far more positive frame of mind, which holds that this patch-
work quiltis indeed a manifestation of a body of science that has some simple, under-
lying principles that unify these diverse discoveries. Cancer research is indeed a field
with conceptual integrity, much like other areas of biomedical research and even sci-
ences like physics and chemistry, and the bewildering diversity of the cancer research
literature can indeed be understood through these underlying principles.

Prior to the pioneering findings of 1975, we knew almost nothing about the molecular
and cellular mechanisms that create tumors. There were some intriguing clues lying
around: We knew that carcinogenic agents often, but not always, operate as mutagens;
this suggested that mutant genes are involved in some fashion in programming the
abnormal proliferation of cancer cells. We knew that the development of cancer is
often a long, protracted process. And we knew that individual cancer cells extracted
from tumors behave very differently than their counterparts in normal tissues.

Now, almost four decades later, we understand how mutant genes govern the diverse
traits of cancer cells and how the traits of these individual cells determine the behav-
ior of tumors. Many of these advances can be traced to the stunning improvements in
experimental tools. The techniques of genetic analysis, which were quite primitive at
the beginning of this period, have advanced to the stage where we can sequence entire
tumor cell genomes in several days. (This is in sharp contrast to the state of affairs in
1975, when the sequencing of oligonucleotides represented a formidable task!) Given
the critical role of genotype in determining phenotype, we now understand, as least in
outline, why cancer cells behave the way that they do. On the one hand, the molecular
differences among individual cancers suggest hundreds of distinct types of human
cancer. On the other, molecular and biochemical analyses reveal that this bewildering
diversity really manifests a small number of underlying common biochemical traits
and molecular processes.
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Amusingly, much of this unification was preordained by decisions made 600 million
years ago. Once the laws and mechanisms of organismic development were estab-
lished, they governed all that followed, including the behavior of both normal and
neoplastic cells. Modern cancer researchers continue to benefit from this rigid adher-
ence to the fundamental, evolutionarily conserved rules of life. As is evident repeat-
edly throughout this book, much of what we understand about cancer cells, and thus
about the disease of cancer, has been learned by studying the cells of worms and fruit
flies and frogs. These laws and principles are invoked repeatedly to explain the com-
plex behaviors of human tumors. By providing context and perspective, they can be
used to help us understand all types of human cancer.

While these basic principles are now in clear view, critical details continue to elude
us. This explains why modern cancer research is still in active ferment, and why new,
fascinating discoveries are being reported every month. While they create new per-
spectives, they do not threaten the solidity of the enduring truths, which this book
attempts to lay out. These principles were already apparent seven years ago when the
first edition of this book appeared and, reassuringly, their credibility has not been
undermined by all that has followed.

In part, this book has been written as a recruiting pamphlet, as new generations of
researchers are needed to move cancer research forward. They are so important
because the lessons about cancer’s origins, laid out extensively in this book, have not
yet been successfully applied to make major inroads into the prevention and cure of
this disease. This represents the major frustration of contemporary cancer research:
the lessons of disease causation have rarely been followed, as day follows night, by the
development of definitive cures.

And yes, there are still major questions that remain murky and poorly resolved. We
still do not understand how cancer cells create the metastases that are responsible
for 90% of cancer-associated mortality. We understand rather little of the role of the
immune system in preventing cancer development. And while we know much about
the individual signaling molecules operating inside individual human cells, we lack
a clear understanding of how the complex signaling circuitry formed by these mol-
ecules makes the life-and-death decisions that determine the fate of individual cells
within our body. Those decisions ultimately determine whether or not one of our cells
begins the journey down the long road leading to cancerous proliferation and, finally,
to a life-threatening tumor.

Contemporary cancer research has enriched numerous other areas of modern bio-
medical research. Consequently, much of what you will learn from this book will be
useful in understanding many aspects of immunology, neurobiology, developmental
biology, and a dozen other biomedical research fields. Enjoy the ride!

Robert A. Weinberg
Cambridge, Massachusetts
March 2013



A Note to the Reader

he second edition of this book is organized, like the first, into 16 chapters of quite

different lengths. The conceptual structure that was established in the first edition
still seemed to be highly appropriate for the second, and so it was retained. What has
changed are the contents of these chapters: some have changed substantially since
their first appearance seven years ago, while others—largely early chapters—have
changed little. The unchanging nature of the latter is actually reassuring, since these
chapters deal with early conceptual foundations of current molecular oncology; it
would be most unsettling if these foundational chapters had undergone radical revi-
sion, which would indicate that the earlier edition was a castle built on sand, with little
that could be embraced as well-established, unchanging certainties.

The chapters are meant to be read in the order that they appear, in that each builds on
the ideas that have been presented in the chapters before it. The first chapter is a con-
densed refresher course for undergraduate biology majors and pre-doctoral students;
itlays out many of the background concepts that are assumed in the subsequent chap-
ters.

The driving force of these two editions has been a belief that modern cancer research
represents a conceptually coherent field of science that can be presented as a clear,
logical progression. Embedded in these discussions is an anticipation that much of
this information will one day prove useful in devising novel diagnostic and therapeutic
strategies that can be deployed in oncology clinics. Some experiments are described
in detail to indicate the logic supporting many of these concepts. You will find numer-
ous schematic drawings, often coupled with micrographs, that will help you to appre-
ciate how experimental results have been assembled, piece-by-piece, generating the
syntheses that underlie molecular oncology.

Scattered about the text are “Sidebars,” which consist of commentaries that represent
detours from the main thrust of the discussion. Often these Sidebars contain anec-
dotes or elaborate on ideas presented in the main text. Read them if you are inter-
ested, or skip over them if you find them too distracting. They are presented to provide
additional interest—a bit of extra seasoning in the rich stew of ideas that constitutes
contemporary research in this area. The same can be said about the “Supplementary
Sidebars,” which have been relegated to the DVD-ROM that accompanies this book.
These also elaborate upon topics that are laid out in the main text and are cross-refer-
enced throughout the book. Space constraints dictated that the Supplementary Side-
bars could not be included in the hardcopy version of the textbook.

Throughout the main text you will find extensive cross-references whenever topics
under discussion have been introduced or described elsewhere. Many of these have
been inserted in the event that you read the chapters in an order different from their
presentation here. These cross-references should not provoke you to continually leaf
through other chapters in order to track down cited sections or figures. If you feel that
you will benefit from earlier introductions to a topic, use these cross-references; oth-
erwise, ignore them.

Each chapter ends with a forward-looking summary entitled “Synopsis and Pros-
pects”” This section synthesizes the main concepts of the chapter and often addresses



X

A note to the reader

ideas that remain matters of contention. It also considers where research might go in
the future. This overview is extended by a list of key concepts and a set of questions.
Some of the questions are deliberately challenging and we hope they will provoke you
to think more deeply about many of the issues and concepts developed. Finally, most
chapters have an extensive list of articles from research journals. These will be useful
if you wish to explore a particular topic in detail. Almost all of the cited references are
review articles, and many contain detailed discussions of various subfields of research
aswell as recent findings. In addition, there are occasional references to older publica-
tions that will clarify how certain lines of research developed.

Perhaps the most important goal of this book is to enable you to move beyond the text-
book and jump directly into the primary research literature. This explains why some of
the text is directed toward teaching the elaborate, specialized vocabulary of the cancer
research literature, and many of its terms are defined in the glossary. Boldface type
has been used throughout to highlight key terms that you should understand. Cancer
research, like most areas of contemporary biomedical research, is plagued by numer-
ous abbreviations and acronyms that pepper the text of many published reports. The
book provides a key to deciphering this alphabet soup by defining these acronyms.
You will find a list of such abbreviations in the back.

Also contained in the book is a newly compiled List of Key Techniques. This list will
assist you in locating techniques and experimental strategies used in contemporary
cancer research.

The DVD-ROM that accompanies the book also contains a PowerPoint® presentation
for each chapter, as well as a companion folder that contains individual JPEG files of
the book images including figures, tables, and micrographs. In addition, you will find
on this disc a variety of media for students and instructors: movies and audio record-
ings. There is a selection of movies that will aid in understanding some of the processes
discussed; these movies are referenced on the first page of the corresponding chapter
in a blue box. The movies are available in QuickTime and WMV formats, and can be
used on a computer or transferred to a mobile device. The author has also recorded
mini-lectures on the following topics for students and instructors: Mutations and the
Origin of Cancer, Growth Factors, p53 and Apoptosis, Metastasis, Immunology and
Cancer, and Cancer Therapies. These are available in MP3 format and, like the mov-
ies, are easy to transfer to other devices. These media items, as well as future media
updates, are available to students and instructors at: http://www.garlandscience.com.
On the website, qualified instructors will be able to access a newly created Question
Bank. The questions are written to test various levels of understanding within each
chapter. The instructor’s website also offers access to instructional resources from all
of the Garland Science textbooks. For access to instructor’s resources please contact
your Garland Science sales representative or e-mail science@garland.com.

The poster entitled “The Pathways of Human Cancer” summarizes many of the intra-
cellular signaling pathways implicated in tumor development. This poster has been
produced and updated for the Second Edition by Cell Signaling Technology.

Because this book describes an area of research in which new and exciting findings
are being announced all the time, some of the details and interpretations presented
here may become outdated (or, equally likely, proven to be wrong) once this book is
in print. Still, the primary concepts presented here will remain, as they rest on solid
foundations of experimental results.

The author and the publisher would greatly appreciate your feedback. Every effort has
been made to minimize errors. Nonetheless, you may find them here and there, and
it would be of great benefit if you took the trouble to communicate them. Even more
importantly, much of the science described herein will require reinterpretation in
coming years as new discoveries are made. Please email us at science@garland.com
with your suggestions, which will be considered for incorporation into future editions.

PowerPoint is a registered trademark of the Microsoft Corporation in the United States
and/or other countries.
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Chapter 1

'The Biology and Genetics of
Cells and Organisms

Protoplasm, simple or nucleated, is the formal basis of all life... Thus
it becomes clear that all living powers are cognate, and that all living
forms are fundamentally of one character. The researches of the chem-
ist have revealed a no less striking uniformity of material composition
in living matter.

Thomas Henry Huxley, evolutionary biologist, 1868

Anything found to be true of E. coli must also be true of elephants.
Jacques Monod, pioneer molecular biologist, 1954

he biological revolution of the twentieth century totally reshaped all fields of bio-

medical study, cancer research being only one of them. The fruits of this revo-
lution were revelations of both the outlines and the minute details of genetics and
heredity, of how cells grow and divide, how they assemble to form tissues, and how the
tissues develop under the control of specific genes. Everything that follows in this text
draws directly or indirectly on this new knowledge.

This revolution, which began in mid-century and was triggered by Watson and Crick’s
discovery of the DNA double helix, continues to this day. Indeed, we are still too close
to this breakthrough to properly understand its true importance and its long-term
ramifications. The discipline of molecular biology, which grew from this discovery,
delivered solutions to the most profound problem of twentieth-century biology—how
does the genetic constitution of a cell or organism determine its appearance and func-
tion?

Without this molecular foundation, modern cancer research, like many other biologi-
cal disciplines, would have remained a descriptive science that cataloged diverse bio-
logical phenomena without being able to explain the mechanics of how they occur.

Movies in this chapter

1.1 Replication I
1.2 Replication II
1.3 Translation I
1.4 Transcription
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Figure 1.1 Darwin and Mendel

(A) Charles Darwin’s 1859 publication
of On the Origin of Species by Means
of Natural Selection exerted a profound
effect on thinking about the origin

of life, the evolution of organismic
complexity, and the relatedness of
species. (B) Darwin’s theory of evolution
lacked a genetic rationale until the
work of Gregor Mendel. The synthesis
of Darwinian evolution and Mendelian
genetics is the foundation for much of
modern biological thinking. (A, from the
Grace K. Babson Collection, the Henry
E. Huntington Library, San Marino,
California. Reproduced by permission

of The Huntington Library, San

Marino, California. B, courtesy of the
Mendelianum Museum Moraviae, Brno, (A)

®)

Czech Republic.)

Today, our understanding of how cancers arise is being continually enriched by dis-
coveries in diverse fields of biological research, most of which draw on the sciences of
molecular biology and genetics. Perhaps unexpectedly, many of our insights into the
origins of malignant disease are not coming from the laboratory benches of cancer
researchers. Instead, the study of diverse organisms, ranging from yeast to worms to
flies, provides us with much of the intellectual capital that fuels the forward thrust of
the rapidly moving field of cancer research.

Those who fired up this biological revolution stood on the shoulders of nineteenth-
century giants, specifically, Darwin and Mendel (Figure 1.1). Without the concepts
established by these two, which influence all aspects of modern biological thinking,
molecular biology and contemporary cancer research would be inconceivable. So,
throughout this chapter, we frequently make reference to evolutionary processes as
proposed by Charles Darwin and genetic systems as conceived by Gregor Mendel.

1.1 Mendel establishes the basic rules of genetics

Many of the basic rules of genetics that govern how genes are passed from one com-
plex organism to the next were discovered in the 1860s by Gregor Mendel and have
come to us basically unchanged. Mendel’s work, which tracked the breeding of pea
plants, was soon forgotten, only to be rediscovered independently by three research-
ers in 1900. During the decade that followed, it became clear that these rules—we
now call them Mendelian genetics—apply to virtually all sexual organisms, including
metazoa (multicellular animals), as well as metaphyta (multicellular plants).

Mendel’s most fundamental insight came from his realization that genetic informa-
tion is passed in particulate form from an organism to its offspring. This implied that
the entire repertoire of an organism’s genetic information—its genome, in today’s
terminology—is organized as a collection of discrete, separable information packets,
now called genes. Only in recent years have we begun to know with any precision how
many distinct genes are present in the genomes of mammals; many current analyses
of the human genome—the best studied of these—place the number in the range of
21,000, somewhat more than the 14,500 genes identified in the genome of the fruit fly,
Drosophila melanogaster.

Mendel’s work also implied that the constitution of an organism, including its physi-
cal and chemical makeup, could be divided into a series of discrete, separable enti-
ties. Mendel went further by showing that distinct anatomical parts are controlled
by distinct genes. He found that the heritable material controlling the smoothness of
peas behaved independently of the material governing plant height or flower color. In
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Seed Seed Flower Flower Pod Pod Plant
shape color color position shape color height
round yellow violet-red axial inflated green tall

One form
of trait

(dominant) O

wrinkled green white pinched yellow

A second
form

of trait
(recessive) O O

Figure 1.2 A particulate theory of inheritance One of Gregor Mendel’s principal insights was that the genetic content
of an organism consists of discrete parcels of information, each responsible for a distinct observable trait. Shown are the
seven pea-plant traits that Mendel studied through breeding experiments. Each trait had two observable (phenotypic)
manifestations, which we now know to be specified by the alternative versions of genes that we call alleles. When

the two alternative alleles coexisted within a single plant, the “dominant” trait (above) was always observed while the
“recessive” trait (below) was never observed. (Courtesy of J. Postlethwait and J. Hopson.)

effect, each observable trait of an individual might be traceable to a separate gene that
served as its blueprint. Thus, Mendel’s research implied that the genetic constitution
of an organism (its genotype) could be divided into hundreds, perhaps thousands
of discrete information packets; in parallel, its observable, outward appearance (its
phenotype) could be subdivided into a large number of discrete physical or chemical
traits (Figure 1.2).

Mendel’s thinking launched a century-long research project among geneticists, who
applied his principles to studying thousands of traits in a variety of experimental ani-
mals, including flies (Drosophila melanogaster), worms (Caenorhabditis elegans), and
mice (Mus musculus). In the mid-twentieth century, geneticists also began to apply
Mendelian principles to study the genetic behavior of single-celled organisms, such as
the bacterium Escherichia coli and baker’s yeast, Saccharomyces cerevisiae. The princi-
ple of genotype governing phenotype was directly transferable to these simpler organ-
isms and their genetic systems.

While Mendelian genetics represents the foundation of contemporary genetics, it has
been adapted and extended in myriad ways since its embodiments of 1865 and 1900.
For example, the fact that single-celled organisms often reproduce asexually, that is,
without mating, created the need for adaptations of Mendel’s original rules. Moreover,
the notion that each attribute of an organism could be traced to instructions carried
in a single gene was realized to be simplistic. The great majority of observable traits of
an organism are traceable to the cooperative interactions of a number of genes. Con-
versely, almost all the genes carried in the genome of a complex organism play roles in
the development and maintenance of multiple organs, tissues, and physiologic proc-
esses.
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Mendelian genetics revealed for the first time that genetic information is carried
redundantly in the genomes of complex plants and animals. Mendel deduced that
there were two copies of a gene for flower color and two for pea shape. Today we know
that this twofold redundancy applies to the entire genome with the exception of the
genes carried in the sex chromosomes. Hence, the genomes of higher organisms are
termed diploid.

Mendel’s observations also indicated that the two copies of a gene could convey dif-
ferent, possibly conflicting information. Thus, one gene copy might specify rough-
surfaced and the other smooth-surfaced peas. In the twentieth century, these differ-
ent versions of a gene came to be called alleles. An organism may carry two identical
alleles of a gene, in which case, with respect to this gene, it is said to be homozygous.
Conversely, the presence of two different alleles of a gene in an organism’s genome
renders this organism heterozygous with respect to this gene.

Because the two alleles of a gene may carry conflicting instructions, our views of how
genotype determines phenotype become more complicated. Mendel found that in
many instances, the voice of one allele may dominate over that of the other in deciding
the ultimate appearance of a trait. For example, a pea genome may be heterozygous
for the gene that determines the shape of peas, carrying one round and one wrin-
kled allele. However, the pea plant carrying this pair of alleles will invariably produce
round peas. This indicates that the round allele is dominant, and that it will invariably
overrule its recessive counterpart allele (wrinkled) in determining phenotype (see
Figure 1.2). (Strictly speaking, using proper genetic parlance, we would say that the
phenotype encoded by one allele of a gene is dominant with respect to the phenotype
encoded by another allele, the latter phenotype being recessive.)

In fact, classifying alleles as being either dominant or recessive oversimplifies biologi-
cal realities. The alleles of some genes may be co-dominant, in that an expressed phe-
notype may represent a blend of the actions of the two alleles. Equally common are
examples of incomplete penetrance, in which case a dominant allele may be present
but its phenotype is not manifested because of the actions of other genes within the
organism’s genome. Therefore, the dominance of an allele is gauged by its interactions
with other allelic versions of its gene, rather than its ability to dictate phenotype.

With such distinctions in mind, we note that the development of tumors also pro-
vides us with examples of dominance and recessiveness. For instance, one class of
alleles that predispose cells to develop cancer encode defective versions of enzymes
involved in DNA repair and thus in the maintenance of genomic integrity (discussed
again in Chapter 12). These defective alleles are relatively rare in the general popula-
tion and function recessively. Consequently, their presence in the genomes of many
heterozygotes (of a wild-type/mutant genotype) is not apparent. However, two het-
erozygotes carrying recessive defective alleles of the same DNA repair gene may mate.
One-fourth of the offspring of such mating pairs, on average, will inherit two defective
alleles, exhibit a specific DNA repair defect in their cells, and develop certain types of
cancer at greatly increased rates (Figure 1.3).

1.2 Mendelian genetics helps to explain Darwinian
evolution

In the early twentieth century, it was not apparent how the distinct allelic versions
of a gene arise. At first, this variability in information content seemed to have been
present in the collective gene pool of a species from its earliest evolutionary begin-
nings. This perception changed only later, beginning in the 1920s and 1930s, when it
became apparent that genetic information is corruptible; the information content in
genetic texts, like that in all texts, can be altered. Mutations were found to be respon-
sible for changing the information content of a gene, thereby converting one allele
into another or creating a new allele from one previously widespread within a species.
An allele that is present in the great majority of individuals within a species is usually
termed wild type, the term implying that such an allele, being naturally present in
large numbers of apparently healthy organisms, is compatible with normal structure
and function.
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allele: function of allele product:
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mutant DNA unrepaired
T < B
|
DNA repair normal normal normal defective
phenotype

Mutations alter genomes continually throughout the evolutionary life span of a spe-
cies, which usually extends over millions of years. They strike the genome and its con-
stituent genes randomly. Mutations provide a species with a method for continually
tinkering with its genome, for trying out new versions of genes that offer the prospect
of novel, possibly improved phenotypes. The result of the continuing mutations on the
genome is a progressive increase during the evolutionary history of a species in the
genetic diversity of its members. Thus, the collection of alleles present in the genomes
of all members of a species—the gene pool of this species—becomes progressively
more heterogeneous as the species grows older.

This means that older species carry more distinct alleles in their genomes than younger
ones. Humans, belonging to a relatively young species (<150,000 years old), have one-
third as many alleles and genetic diversity as chimpanzees, allowing us to infer that
they have been around as a species three times longer than we have.

The continuing diversification of alleles in a species’ genome, occurring over millions
of years, is countered to some extent by the forces of natural selection that Charles
Darwin first described. Some alleles of a gene may confer more advantageous phe-
notypes than others, so individuals carrying these alleles have a greater probability
of leaving numerous descendants than do those members of the same species that
lack them. Consequently, natural selection results in a continual discarding of many of
the alleles that have been generated by random mutations. In the long run, all things
being equal, disadvantageous alleles are lost from the pool of alleles carried by the
members of a species, advantageous alleles increase in number, and the overall fitness
of the species improves incrementally.

Now, more than a century after Mendel was rediscovered and Mendelian genetics
revived, we have come to realize that the great bulk of the genetic information in our
own genome—indeed, in the genomes of all mammals—does not seem to specify
phenotype and is often not associated with specific genes. Reflecting the discovery
in 1944 that genetic information is encoded in DNA molecules, these “noncoding”
stretches in the genome are often called junk DNA (Figure 1.4). Only about 1.5% of
a mammal’s genomic DNA carries sequence information that encodes the structures
of proteins. Recent sequence comparisons of human, mouse, and dog genomes sug-
gest that another ~2% encodes important information regulating gene expression and
mediating other, still-poorly understood functions.

Because mutations act randomly on a genome, altering true genes and junk DNA
indiscriminately, the great majority of mutations alter genetic information—nucle-
otide sequences in the DNA—that have no effect on cellular or organismic pheno-
type. These mutations remain silent phenotypically and are said, from the point of
view of natural selection, to be neutral mutations, being neither advantageous nor

Figure 1.3 Discrepancy between
genotype and phenotype The
phenotype of an individual often does
not indicate genotype. For example,
individuals who are phenotypically
normal for a trait may nevertheless,

at the level of genotype, carry one
wild-type (normal) and one mutant
(defective) allele of the gene that
specifies this trait; this mutant allele will
be recessive to the wild-type allele, the
latter being dominant. Such individuals
are heterozygotes with respect to this
gene. In the example shown here, two
individuals mate, both of whom are
phenotypically normal but heterozygous
for a gene specifying a DNA repair
function. On average, of their four
children, three will be phenotypically
normal and their cells will exhibit normal
DNA repair function: one of these
children will receive two wild-type alleles
(be a homozygote) and two will be
heterozygotes like their parents. A fourth
child, however, will receive two mutant
alleles (i.e., be a homozygote) and will be
phenotypically mutant, in that this child’s
cells will lack the DNA repair function
specified by this gene. Individuals whose
cells lack proper DNA repair function

are often cancer-prone, as described in
Chapter 12.
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Figure 1.4 Biologically important sequences in the human
genome The human genome can be characterized as a collection of
relatively small islands of biologically important sequences (~3.5% of
the total genome; red) floating amid a sea of “junk” DNA (yellow). The
proportion of sequences carrying biological information has been greatly
exaggerated for the sake of illustration. (With the passage of time, genes
that appear to play important roles in cell and organismic physiology
and specify certain noncoding RNA species have been localized to

these intergenic regions; hence the blanket classification of all genomic
sequences localized between a human cell’s ~21,000 protein-coding
genes as useless junk is simplistic.)

disadvantageous (Figure 1.5). Since the alleles created by these mutations are silent,
their existence could not be discerned by early geneticists whose work depended
on gauging phenotypes. However, with the advent of DNA sequencing techniques,
it became apparent that hundreds of thousands, even a million functionally silent

(A)
selected mutation neutral mutation
“junk” DNA coding “junk” DNA coding
sequence \ sequence
MUTATION
1MUTATION
defective allele
2 Z,
=7 Z
defective phenotype no effect on phenotype
inability of organism carrying no reduction in ability
mutant allele to compete to compete
loss of allele from gene pool retention in gene pool
(B)
112.92 Mb 112.93 Mb 112.94 Mb 112.95 Mb 112.96 Mb 112.97 Mb 112.98 Mb 112.99 Mb 113.00 Mb 113.
length along 100.00 Kb
genome o |
human cDNAs
exon intron

Figure 1.5 Neutral mutations and evolution (A) The coding
sequences (red) of most genes were optimized in the distant
evolutionary past. Hence, many mutations affecting amino acid
sequence and thus protein structure (left) create alleles that
compromise the organism’s ability to survive. For this reason, these
mutant alleles are likely to be eliminated from the species’ gene
pool. In contrast, mutations striking “junk” DNA (yellow) have

no effect on phenotype and are therefore often preserved in the
species’ gene pool (right). This explains why, over extended periods
of evolutionary time, coding DNA sequences change slowly, while

noncoding DNA sequences change far more rapidly. (B) Depicted

is a physical map of a randomly chosen 0.1-megabase segment of
human Chromosome 1 (from base pair 112,912,286 to base pair
113,012,285) containing four genes. Each consists of a few islands
(solid rectangles) that are known or likely to specify segments of
mMRNA molecules (i.e., exons) and large stretches of intervening
sequences (i.e., introns) that do not appear to specify biological
information (see Figure 1.16). The large stretches of DNA sequence
between genes have not been associated with any biological
function. (B, courtesy of The Wellcome Trust Sanger Institute.)
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Figure 1.6 Polymorphic diversity in the human gene pool Because maternal paternal
the great majority of human genomic DNA does not encode biologically chromosome chromosome
important information (yellow), it has evolved relatively rapidly and has

accumulated many subtle differences in sequences—polymorphisms—

that are phenotypically silent (see Figure 1.5). Such polymorphisms are

transmitted like Mendelian alleles, but their presence in a genome can \ \

be ascertained only by molecular techniques such as DNA sequencing.

The dots (green) indicate where the sequence on this chromosome differs o
from the sequence that is most common in the human gene pool. For
example, the prevalent sequence in one stretch may be TAACTGG, while
the variant sequence TTACTGG may be carried by a minority of humans
and constitute a polymorphism. The presence of a polymorphism in one
chromosome but not the other represents a region of heterozygosity,
even though a nearby gene (red) may be present in the identical allelic
version on both chromosomes and therefore be in a homozygous
configuration.

—_— O
—
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mutations can be found scattered throughout the genomes of organisms such as
humans. The genome of each human carries its own unique array of these function-
ally silent genetic alterations. The term polymorphism was originally used to describe
variations in shape and form that distinguish normal individuals within a species from
each other. These days, geneticists use the term genetic polymorphisms to describe
the inter-individual, functionally silent differences in DNA sequence that make each
human genome unique (Figure 1.6).

0@

During the course of evolution, the approximately 3.5% of the genome that does
encode biological function behaves much differently from the junk DNA. Junk DNA
sequences suffer mutations that have no effect on the viability of an organism. Conse-
quently, countless mutations in the noncoding sequences of a species’ genome survive
in its gene pool and accumulate progressively during its evolutionary history. In con-
trast, mutations affecting the coding sequences usually lead to loss of function and, as
a consequence, loss of organismic viability; hence, these mutations are weeded out of
the gene pool by the hand of natural selection, explaining why genetic sequences that
do specify biological phenotypes generally change very slowly over long evolutionary
time periods (Sidebar 1.1).

1.3 Mendelian genetics governs how both genes and
chromosomes behave

In the first decade of the twentieth century, Mendel’s rules of genetics were found
to have a striking parallel in the behavior of the chromosomes that were then being
visualized under the light microscope. Both Mendel’s genes and the chromosomes
were found to be present in pairs. Soon it became clear that an identical set of chro-
mosomes is present in almost all the cells of a complex organism. This chromosomal
array, often termed the karyotype, was found to be duplicated each time a cell went
through a cycle of growth and division.

The parallels between the behaviors of genes and chromosomes led to the specula-
tion, soon validated in hundreds of different ways, that the mysterious information
packets called genes were carried by the chromosomes. Each chromosome was real-
ized to carry its own unique set of genes in a linear array. Today, we know that as many
as several thousand genes may be arrayed along a mammalian chromosome. (Human
Chromosome 1—the largest of the set—holds at least 3148 distinct genes.) Indeed, the
length of a chromosome, as viewed under the microscope, is roughly proportional to
the number of genes that it carries.

Each gene was found to be localized to a specific site along the length of a specific
chromosome. This site is often termed a genetic locus. Much effort was expended by
geneticists throughout the twentieth century to map the sites of genes—genetic loci—
along the chromosomes of a species (Figure 1.8).
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Sidebar 1.1 Evolutionary forces dictate that
certain genes are highly conserved Many genes
encode cellular traits that are essential for the
continued viability of the cell. These genes, like all
others in the genome, are susceptible to the ever-
tinkering hand of mutation, which is continually
creating new gene sequences by altering existing
ones. Natural selection tests these novel sequences
and determines whether they specify phenotypes
that are more advantageous than the preexisting
ones.

Almost invariably, the sequences in genes
required for cell and therefore organismic viabil-
ity were already optimized hundreds of millions of
years ago. Consequently, almost all subsequently
occurring changes in the sequence information
of these genes would have been deleterious and
would have compromised the viability of the cell
and, in turn, the organism. These mutant alleles
were soon lost, because the mutant organisms
carrying them failed to leave descendants. This
dynamic explains why the sequences of many
genes have been highly conserved over vast evo-
lutionary time periods. Stated more accurately,
the structures of their encoded proteins have been
highly conserved.

In fact, the great majority of the proteins that
are present in our own cells and are required for
cell viability were first developed during the evolu-
tion of single-cell eukaryotes. This is indicated by
numerous observations showing that many of our
proteins have clearly recognizable counterparts
in single-cell eukaryotes, such as baker’s yeast.
Another large repertoire of highly conserved genes
and proteins is traceable to the appearance of the
first multicellular animals (metazoa); these genes
enabled the development of distinct organs and of
organismic physiology. Hence, another large group
of our own genes and proteins is present in coun-
terpart form in worms and flies (Figure 1.7).

By the time the ancestor of all mammals first
appeared more than 150 million years ago, virtually
all the biochemical and molecular features present
in contemporary mammals had already been devel-
oped. The fact that they have changed little in the
intervening time points to their optimization long
before the appearance of the various mammalian
orders. This explains why the embryogenesis, physi-
ology, and biochemistry of all mammals is very sim-
ilar, indeed, so similar that lessons learned through
the study of laboratory mice are almost always
transferable to an understanding of human biology.
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Figure 1.7 Extraordinary conservation of gene function

The last common ancestor of flies and mammals lived more than

600 million years ago. Moreover, fly (i.e., arthropod) eyes and mammalian
eyes show totally different architectures. Nevertheless, the genes that
orchestrate their development (eyeless in the fly, Pax-6/small eye in

the mouse) are interchangeable—the gene from one organism can
replace the corresponding mutant gene from the other and restore
wild-type function. (A) Thus, the genes encoding components of the
signal transduction cascades that operate downstream of these master
regulators to trigger eye development (black for flies, pink for mice)

are also highly conserved and interchangeable. (B) The expression of

the mouse Pax-6/small eye gene, like the Drosophila eyeless gene, in

an inappropriate (ectopic) location in a fly embryo results in the fly
developing a fly eye on its leg, demonstrating the interchangeability of the
two genes. (C) The conservation of genetic function over vast evolutionary
distances is often manifested in the amino acid sequences of homologous
proteins. Here, the amino acid sequence of a human protein is given
together with the sequences of the corresponding proteins from two
yeast species, S. pombe and S. cerevisiae. (A, courtesy of |. Rebay.

B, courtesy of Walter Gehring. C, adapted from B. Alberts et al., Essential
Cell Biology, 3rd edition New York: Garland Science, 2010.)

The diploid genetic state that reigns in most cells throughout the body was found to
be violated in the germ cells, sperm and egg. These cells carry only a single copy of
each chromosome and gene and thus are said to be haploid. During the formation of
germ cells in the testes and ovaries, each pair of chromosomes is separated and one
of the pair (and thus associated genes) is chosen at random for incorporation into
the sperm or egg. When sperm and egg combine subsequently during fertilization,
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the two haploid genomes fuse to yield the new diploid genome of the fertilized egg.
All cells in the organism descend directly from this diploid cell and, if all goes well,
inherit precise replicas of its diploid genome. In a large multicellular organism like the
human, this means that a complete copy of the genome is present in almost all of the
approximately 3 x 10" cells throughout the body!

With the realization that genes reside in chromosomes, and that a complete set of
chromosomes is present in almost all cell types in the body, came yet another conclu-
sion that was rarely noted: genes create the phenotypes of an organism through their
ability to act locally by influencing the behavior of its individual cells. The alternative—
that a single set of genes residing at some unique anatomical site in the organism con-
trols the entire organism’s development and physiology—was now discredited.

The rule of paired, similarly appearing chromosomes was found to be violated by
some of the sex chromosomes. In the cells of female placental mammals, there are
two similarly appearing X chromosomes, and these behave like the autosomes (the
nonsex chromosomes). But in males, an X chromosome is paired with a Y chromo-
some, which is smaller and carries a much smaller repertoire of genes. In humans,
the X chromosome is thought to carry about 900 genes, compared with the 78 distinct
genes on the Y chromosome, which, because of redundancy, specify only 27 distinct
proteins (Figure 1.9).

This asymmetry in the configuration of the sex chromosomes puts males at a biologi-
cal disadvantage. Many of the 900 or so genes on the X chromosome are vital to nor-
mal organismic development and function. The twofold redundancy created by the
paired X chromosomes guarantees more robust biology. If a gene copy on one of the
X chromosomes is defective (that is, a nonfunctional mutant allele), chances are that
the second copy of the gene on the other X chromosome can continue to carry out the
task of the gene, ensuring normal biological function. Males lack this genetic fail-safe
system in their sex chromosomes. One of the more benign consequences of this is
color blindness, which strikes males frequently and females infrequently, due to the
localization on the X chromosome of the genes encoding the color-sensing proteins
of the retina.

This disparity between the genders is mitigated somewhat by the mechanism of
X-inactivation. Early in embryogenesis, one of the two X chromosomes is randomly

Figure 1.8 Localization of genes
along chromosomes (A) The physical
structure of Drosophila chromosomes
was mapped by using the fly’s salivary
gland chromosomes, which exhibit
banding patterns resulting from
alternating light (sparse) and dark
(condensed) chromosomal regions
(bottom). Independently, genetic
crosses yielded linear maps (top) of
various genetic loci arrayed along the
chromosomes. These loci were then
aligned with physical banding maps, like
the one shown here for the beginning of
the left arm of Drosophila chromosome
1. (B) The availability of DNA probes that
hybridize specifically to various genes
now makes it possible to localize genes
along a chromosome by tagging each
probe with a specific fluorescent dye

or combination of dyes. Shown are six
genes that were localized to various sites
along human Chromosome 5 by using
fluorescence in situ hybridization (FISH)
during metaphase. (There are two dots
for each gene because chromosomes
are present in duplicate form during
metaphase of mitosis.) (A, from

M. Singer and P. Berg, Genes and
Genomes. Mill Valley, CA: University
Science Books, 1991, as taken from

C.B. Bridges, J. Hered. 26:60, 1935.

B, courtesy of David C. Ward.)
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Y chromosome

(A)

X chromosome

Figure 1.9 Physical maps of human
sex chromosomes (A) Shown is a
scanning electron micrograph of human
X and'Y chromosomes. Like the 22
autosomes (nonsex chromosomes),
they have been sequenced. (B) This
has allowed the cytologic maps of
these chromosomes (determined by
microscopically examining stained
chromosomes at the metaphase of
mitosis) to be matched with their DNA
sequence. Note that the short arm of
a human chromosome is the “p” arm,
while the long arm is the “q” arm. Each
chromosome has been divided into
regions on the basis of the observed
banding pattern, and distinct genes
have been assigned on the basis of the
sequence analyses (histograms to right
of each chromosome). |dentified genes
are filled bars (red), while sequences
that appear to encode still-to-be-
identified genes are in open bars; in
most chromosomal regions the latter
represent a small minority. The human
Y chromosome is ~57 megabases
(Mb) long, compared with the X
chromosome’s ~155 Mb. (A, courtesy
of Indigo® Instruments. B, courtesy

of The Wellcome Trust Sanger
Institute. Ensembl genome browser
http://www.ensembl.org.)
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inactivated in each of the cells of a female embryo. This inactivation silences almost all
of the genes on this chromosome and causes it to shrink into a small particle termed
the Barr body. Subsequently, all descendants of that cell will inherit this pattern of
chromosomal inactivation and will therefore continue to carry the same inactivated
X chromosome. Accordingly, the female advantage of carrying redundant copies of
X chromosome-associated genes is only a partial one (Supplementary Sidebar 1.1).

Color blindness reveals the virtues of having two redundant gene copies around to
ensure that biological function is maintained. If one copy is lost through mutational
inactivation, the surviving gene copy is often capable of specifying a wild-type phe-
notype. Such functional redundancy operates for the great majority of genes carried
by the autosomes. As we will see later, this dynamic plays an important role in cancer
development, since virtually all of the genes that operate to prevent runaway prolifera-
tion of cells are present in two redundant copies, both of which must be inactivated in
a cell before their growth-suppressing functions are lost and malignant cell prolifera-
tion can occur.

1.4 Chromosomes are altered in most types of cancer cells

Individual genes are far too small to be seen with a light microscope, and subtle muta-
tions within a gene are smaller still. Consequently, the great majority of the muta-
tions that play a part in cancer cannot be visualized through microscopy. However,
the examination of chromosomes through the light microscope can give evidence of
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large-scale alterations of the cell genome. Indeed, such alterations were noted as early
as 1892, specifically in cancer cells.

Today, we know that cancer cells often exhibit aberrantly structured chromosomes of
various sorts, the loss of entire chromosomes, the presence of extra copies of others,
and the fusion of the arm of one chromosome with part of another. These changes
in overall chromosomal configuration expand our conception of how mutations can
affect the genome: since alterations of overall chromosomal structure and number
also constitute types of genetic change, these changes must be considered to be the
consequences of mutations (Sidebar 1.2). And importantly, the abnormal chromo-
somes seen initially in cancer cells provided the first clue that these cells might be
genetically aberrant, that is, that they were mutants (see Figure 1.11).

The normal configuration of chromosomes is often termed the euploid karyotypic
state. Euploidy implies that each of the autosomes is present in normally structured
pairs and that the X and Y chromosomes are present in the numbers appropriate for
the sex of the individual carrying them. Deviation from the euploid karyotype—the
state termed aneuploidy—is seen, as mentioned above, in many cancer cells. Often
this aneuploidy is merely a consequence of the general chaos that reigns within a can-
cer cell. However, this connection between aneuploidy and malignant cell prolifera-
tion also hints at a theme that we will return to repeatedly in this book: the acquisition
of extra copies of one chromosome or the loss of another can create a genetic configu-
ration that somehow benefits the cancer cell and its agenda of runaway proliferation.

1.5 Mutations causing cancer occur in both the germ line
and the soma

Mutations alter the information content of genes, and the resulting mutant alleles of
a gene can be passed from parent to offspring. This transmission from one generation
to the next, made possible by the germ cells (sperm and egg), is said to occur via the
germ line (Figure 1.10). Importantly, the germ-line transmission of a recently created
mutant allele from one organism to its offspring can occur only if a precondition has
been met: the responsible mutation must strike a gene carried in the genome of sperm
or egg or in the genome of one of the cell types that are immediate precursors of the
sperm or egg within the gonads. Mutations affecting the genomes of cells everywhere
else in the body—which constitute the soma—may well affect the particular cells in
which such mutations strike but will have no prospect of being transmitted to the off-
spring of an organism. Such somatic mutations cannot become incorporated into
the vehicles of generation-to-generation genetic transmission—the chromosomes of
sperm or eggs.

1st 2nd 3rd
generation generation generation
W gamete w

f germ-line cells\ f germ-line cells
ga?ete;..‘..._..’_‘.()..a 0-0-0-0@—2 e
zygote \ >m zygote \
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Figure 1.10 Germ-line versus somatic
mutations Mutation A, which occurs
in the genome of a germ-line cell

in the gonads, can be passed from
parent (above left) to offspring via
gametes—sperm or egg (half circles).
Once incorporated into the fertilized
egg (zygote), the mutant alleles can
then be transmitted to all of the cells

in the body of the offspring (middle)
outside of the gonads, i.e., its soma, as
well as being transmitted via germ-line
cells and gametes to a third generation
(not shown). However, mutation B (left),
which strikes the genome of a somatic
cell in the parent, can be passed only to
the lineal descendants of that mutant
cell within the body of the parent and
cannot be transmitted to offspring.
(Adapted from B. Alberts et al., Essential
Cell Biology, 3rd ed. New York: Garland
Science, 2010.)
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Sidebar 1.2 Cancer cells are often aneuploid The presence
of abnormally structured chromosomes and changes in chro-
mosome number provided the first clue, early in the twentieth
century, that changes in cell genotype often accompany and
perhaps cause the uncontrolled proliferation of malignant
cells. These deviations from the normal euploid karyotype

-

20
50 million
nucleotide
pairs

Figure 1.11 Normal and abnormal chromosomal complements
(A) Staining of metaphase chromosomes reveals a characteristic

light and dark banding pattern for each. The full array of human
chromosomes is depicted; their centromeres are aligned (pink line).
(B) The techniques of spectral karyotype (SKY) analysis and multicolor
fluorescence in situ hybridization (mFISH) allow an experimenter

to “paint” each metaphase chromosome with a distinct color (by
hybridizing chromosome-specific DNA probes labeled with various
fluorescing dyes to the chromosomes). The actual colors in images
such as these are generated by computer. The diploid karyotype of

a normal human male cell is presented. (The small regions in certain
chromosomes that differ from the bulk of these chromosomes
represent hybridization artifacts.) (C) The aneuploid karyotype

of a human pancreatic cancer cell, in which some chromosomes

are present in inappropriate numbers and in which numerous
translocations (exchanges of segments between chromosomes)

are apparent. (D) Here, mFISH was used to label intrachromosomal
subregions with specific fluorescent dyes, revealing that a large
portion of an arm of normal human Chromosome 5 (right) has been
inverted (feft) in cells of a worker who had been exposed to plutonium
in the nuclear weapons industry of the former Soviet Union.

(A, adapted from U. Francke, Cytogenet. Cell Genet. 31:24-32, 1981.
B and C, courtesy of M. Grigorova, J.M. Staines and PA.W. Edwards.
D, from M.P. Hande et al., Am. J. Hum. Genet. 72:1162-1170, 2003.)

can be placed into a number of categories. Chromosomes
that seem to be structurally normal may accumulate in extra
copies, leading to three, four, or even more copies of these
chromosomes per cancer cell nucleus (Figure 1.11); such
deviations from normal chromosome number are manifesta-

tions of aneuploidy.

)J )

£l

(D)

Alternatively, chromosomes may undergo changes in
their structure. A segment may be broken off one chromo-
somal arm and become fused to the arm of another chro-
mosome, resulting in a chromosomal translocation (Figure
1.11C). Moreover, chromosomal segments may be exchanged
between chromosomes from different chromosome pairs,
resulting in reciprocal translocations. A chromosomal seg-
ment may also become inverted, which may affect the regu-
lation of genes that are located near the breakage-and-fusion
points (Figure 1.11D).

A segment of a chromosome may be copied many times
over, and the resulting extra copies may be fused head-to-tail
in long arrays within a chromosomal segment that is termed
an HSR (homogeneously staining region; Figure 1.12A). A
segment may also be cleaved out of a chromosome, replicate
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Figure 1.12 Increases and decreases in copy number of
chromosomal segments (A) The amplification in the copy
number of the myc oncogene (see Section 8.9) in a human

neuroendocrinal tumor has caused an entire stretch of

chromosome to stain white (rectangle), creating a homogeneously

staining region (HSR). (B) Double-minute chromosomes (DMs)
derive from chromosomal segments that have broken loose
from their original sites and have been replicated repeatedly as
extrachromosomal genetic elements; like normal chromatids,
these structures are doubled during metaphase of mitosis.

FISH reveals the presence of amplified copies of the HER2/neu
oncogene borne on DMs (yellow dots) in @ mouse breast cancer
cell. (C) Occasionally, an amplified gene may be found both in an
HSR (nested within a chromosome) and in DMs. Here, analysis
of COLO320 cells reveals multiple copies of the myc oncogene
(yellow), amid the chromosomes (red). One HSR is indicated by

the arrow, while many dozens of DMs are apparent. (D) The use
of multicolor FISH (mFISH) revealed that a segment within normal
human Chromosome 5 (paired arrows, left) has been deleted (an
interstitial deletion, right) following extensive exposure to radiation
from plutonium. (E) A survey of nine different types of pediatric
cancer indicates that each cancer type has characteristic gene
amplification and deletion patterns with corresponding changes in
the expression of the altered genes. For example, neuroblastomas
(pink) often have changes in the copy numbers of genes on
chromosomes 1 and 17 and corresponding changes in the levels
of the transcripts expressed by these genes. (A, from J.-M. Wen

et al., Cancer Genet. Cytogenet. 135:91-95, 2002. B, from

C. Montagna et al., Oncogene 21:890-898, 2002. C, from

N. Shimizu et al., J. Cell Biol. 140:1307-1320, 1998. D, from

M.P. Hande et al., Am. J. Hum. Genet. 72:1162-1170, 2003.

E, from G. Neale et al., Clin. Cancer Res. 14:4572-4583, 2008.)
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as an autonomous, extrachromosomal entity, and increase
to many copies per nucleus, resulting in the appearance of
subchromosomal fragments termed DMs (double minutes;
Figure 1.12B). These latter two changes cause increases in the
copy number of genes carried in such segments, resulting in
gene amplification. Sometimes, both types of amplification
coexist in the same cell (Figure 1.12C). Gene amplification can
favor the growth of cancer cells by increasing the copy number
of growth-promoting genes.

On some occasions, certain growth-inhibiting genes may
be discarded by cancer cells during their development. For
example, when a segment in the middle of a chromosomal
arm is discarded and the flanking chromosomal regions are
joined, this results in an interstitial deletion (Figure 1.12D).

These descriptions of copy-number changes in genes,
involving both amplifications and deletions, might suggest
widespread chaos in the genomes of cancer cells, with gene
amplifications and deletions occurring randomly. However,
as the karyotypes and genomes of human tumors have been
examined more intensively, it has become clear that certain
regions of the genome tend to be lost characteristically in
certain tumor types but not in others (Figure 1.12E). This sug-
gests a theme that we will pursue in great detail throughout
this book—that the gains and losses of particular genes favor
the proliferation of specific types of tumors. This indicates that
different tumor types undergo different genetic changes as
they develop progressively from the precursor cells in normal
tissues.

Somatic mutations are of central importance to the process of cancer formation. As
described repeatedly throughout this book, a somatic mutation can affect the behavior
of the cell in which it occurs and, through repeated rounds of cell growth and division,
can be passed on to all descendant cells within a tissue. These direct descendants of a
single progenitor cell, which may ultimately number in the millions or even billions,
are said to constitute a cell clone, in that all members of this group of cells trace their
ancestry directly back to the single cell in which the mutation originally occurred.

An elaborate repair apparatus within each cell continuously monitors the cell's genome
and, with great efficiency, eradicates mutant sequences, replacing them with appro-
priate wild-type sequences. We will examine this repair apparatus in depth in Chapter
12. This apparatus maintains genomic integrity by minimizing the number of muta-
tions that strike the genome and are then perpetuated by transmission to descend-
ant cells. One stunning indication of the efficiency of genome repair comes from the
successes of organismic cloning: the ability to generate an entire organism from the
nucleus of a differentiated cell (prepared from an adult) indicates that this adult cell
genome is essentially a faithful replica of the genome of a fertilized egg, which existed
many years and many cell generations earlier (Supplementary Sidebar 1.2).

However, no system of damage detection and repair is infallible. Some mistakes in
genetic sequence survive its scrutiny, become fixed in the cell genome, are copied
into new DNA molecules, and are then passed on as mutations to progeny cells. In
this sense, many of the mutations that accumulate in the genome represent the con-
sequences of occasional oversights made by the repair apparatus. Yet others are the
results of catastrophic damage to the genome that exceeds the capacities of the repair
apparatus.

1.6 Genotype embodied in DNA sequences creates
phenotype through proteins

The genes studied in Mendelian genetics are essentially mathematical abstractions.
Mendelian genetics explains their transmission, but it sheds no light on how genes
create cellular and organismic phenotypes. Phenotypic attributes can range from
complex, genetically templated behavioral traits to the morphology (shape, form)
of cells and subcellular organelles to the biochemistry of cell metabolism. This mys-
tery of how genotype creates phenotype represented the major problem of twentieth-
century biology. Indeed, attempts at forging a connection between these two became
the obsession of many molecular biologists during the second half of the twentieth
century and continue as such into the twenty-first, if only because we still possess an
incomplete understanding of how genotype influences phenotype.

Molecular biology has provided the basic conceptual scaffold for understanding the
connection between genotype and phenotype. In 1944, DNA was proven to be the
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chemical entity in which the genetic information of cells is carried. Nine years later,
Watson and Crick elucidated the double-helical structure of DNA. A dozen years after
that, in 1964, it became clear that the sequences in the bases of the DNA double helix
determine precisely the sequence of amino acids in proteins. The unique structure
and function of each type of protein in the cell is determined by its sequence of amino
acids. Therefore, the specification of amino acid sequence, which is accomplished by
base sequences in the DNA, provides almost all the information that is required to
construct a protein.

Once synthesized within cells, proteins proceed to create phenotype, doing so in a
variety of ways. Proteins can assemble within the cell to create the components of the
cytoarchitecture, or more specifically, the cytoskeleton (Figure 1.13A and B). When
secreted into the space between cells, such proteins form the extracellular matrix
(ECM); it ties cells together, enabling them to form complex tissues (Figure 1.13C and
D). As we will see later, the structure of the ECM is often disturbed by malignant can-
cer cells, enabling them to migrate to sites within a tissue and organism that are usu-
ally forbidden to them.

Many proteins function as enzymes that catalyze the thousands of biochemical reac-
tions that together are termed intermediary metabolism; without the active inter-
vention of enzymes, few of these reactions would occur spontaneously. Proteins can
also contract and create cellular movement (metility; Figure 1.14) as well as muscle
contraction. Cellular motility plays a role in cancer development by allowing cancer
cells to spread through tissues and migrate to distant organs.

And most important for the process of cancer formation, proteins can convey signals
between cells, thereby enabling complex tissues to maintain the appropriate num-
bers of constituent cell types. Within individual cells, certain proteins receive signals

Figure 1.13 Intracellular and
extracellular scaffolding The
cytoskeleton is assembled from complex
networks of intermediate filaments,
actin microfilaments, and microtubules.
Together, they generate the shape

of a cell and enable its motion.

(A) In this cultured cell, microfilaments
composed of actin (orange) form
bundles that lie parallel to the cell
surface while microtubules composed
of tubulin (green) radiate outward

from the nucleus (blue). Both types

of fibers are involved in the formation
of protrusions from the cell surface.

(B) Here, an important intermediate
filament of epithelial cells—keratin—is
detected using an anti-keratin-specific
antibody (green). The boundaries of
cells are labeled with a second antibody
that reacts with a plasma membrane
protein (blue). (C) Cells secrete a diverse
array of proteins that are assembled
into the extracellular matrix (ECM). A
scanning electron micrograph reveals
the complex meshwork of collagen
fibers, glycoproteins, hyaluronan, and
proteoglycans, in which fibroblasts
(connective tissue cells) are embedded.
(D) A cell of the NIH 3T3 cell line, which
is used extensively in cancer cell biology,
is shown amid an ECM network of
fibronectin fibers (green). The points of
cellular attachment to the fibronectin are
mediated by integrin receptors on the
cell surface (orange, yellow). (A, courtesy
of Albert Tousson, High-Resolution
Imaging Facility, University of Alabama
at Birmingham. B, courtesy of Kathleen
Green and Evangeline Amargo.

C, courtesy of T. Nishida. D, from

E. Cukierman et al., Curr. Opin. Cell Biol.
14:633-639, 2002.)
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Figure 1.14 Cell motility (A) The
movement of individual cells in a culture
dish can be plotted at intervals and
scored electronically. This image traces
the movement of a human vascular
endothelial cell (the cell type that forms
the lining of blood vessels) toward two
attractants located at the bottom—
vascular endothelial growth factor (VEGF)
and sphingosine-1-phosphate (S1P). Such
locomotion is presumed to be critical

to the formation of new blood vessels
within a tumor. Each point represents a
position plotted at 10-minute intervals.
This motility is made possible by complex
networks of proteins that form the cells’
cytoskeletons. (B) The advancing cell is a
fish keratocyte; its leading edge (green)
is pushed forward by an actin filament
network, such as the one shown in

C. (C) Seen here is the network of actin
filaments that is assembled at the
leading edge of a motile cell.

(A, courtesy of C. Furman and F. Gertler.
B and C, from T. Svitkina and G. Borisy,
J. Cell Biol. 145:1009-1026, 1999.
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from an extracellular source, process these signals, and pass them on to other proteins
within the cell; such signal-processing functions, often termed intracellular signal
transduction, are also central to the creation of cancers, since many of the abnormal-
growth phenotypes of cancer cells are the result of aberrantly functioning intracellular
signal-transducing molecules.

The functional versatility of proteins makes it apparent that almost all aspects of cell
and organismic phenotype can be created by their actions. Once we realize this, we
can depict genotype and phenotype in the simplest of molecular terms: genotype
resides in the sequences of bases in DNA, while phenotype derives from the actions of
proteins. (In fact, this depiction is simplistic, because it ignores the important role of
RNA molecules as intermediaries between DNA sequences and protein structure and
the recently discovered abilities of some RNA molecules to function as enzymes and
others to act as regulators of the expression of certain genes.)

In the complex eukaryotic (nucleated) cells of animals, as in the simpler prokaryotic
cells of bacteria, DNA sequences are copied into RNA molecules in the process termed
transcription; a gene thatis being transcribed is said to be actively expressed, while a
gene that is not being transcribed is often considered to be repressed. In its simplest
version, the transcription of a gene yields an RNA molecule of length comparable to
the gene itself. Once synthesized, the base sequences in the RNA molecule are trans-
lated by the protein-synthesizing factories in the cell, its ribosomes, into a sequence
of amino acids. The resulting macromolecule, which may be hundreds, even thou-
sands of amino acids long, folds up into a unique three-dimensional configuration
and becomes a functional protein (Figure 1.15).

Post-translational modification of the initially synthesized protein may result in the
covalent attachment of certain chemical groups to specific amino acid residues in the
protein chain; included among these modifications are, notably, phosphates, complex
sugar chains, and methyl, acetyl, and lipid groups (Sidebar 1.3). Thus, the extracel-
lular domains of most cell-surface proteins and almost all secreted proteins are glyco-
sylated, having one or more covalently attached sugar side chains; proteins of the Ras
family, which are located in the cytoplasm and play important roles in cancer devel-
opment, contain lipid groups attached to their carboxy termini. An equally important
post-translational modification involves the cleavage of one protein by a second pro-
tein termed a protease, which has the ability to cut amino acid chains at certain sites.
Accordingly, the final, mature form of a protein chain may include far fewer amino
acid residues than were present in the initially synthesized protein. Following their
synthesis, many proteins are dispatched to specific sites within the cell or are exported
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actin molecules Figure 1.15 Structures of proteins
and multiprotein assemblies (A) The
three-dimensional structure of part of
fibronectin, an important extracellular
matrix protein (see Figure 1.13D), is
depicted as a ribbon diagram (left),
which illustrates the path taken by its
amino acid chain; alternatively, the
space-filling model (right) shows the
positions of the individual atoms. One
portion of fibronectin is composed

of four distinct, similarly structured
domains, which are shown here with
different colors. (B) The actin fibers

- (left), which constitute an important
component of the cytoskeleton (see
Figures 1.13 and 1.14), are composed
of assemblies of individual protein
molecules, each of which is illustrated
here as a distinct two-lobed body (right).
(A, adapted from D.J. Leahy, I. Aukhil
and H.P. Erickson, Cell 84:155-164,
1996. B, left, courtesy of Roger Craig;
right, from B. Alberts et al., Molecular
Biology of the Cell, 5th ed. New York:
Garland Science, 2008.)
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from the cell through the process of secretion; these alternative destinations are speci-
fied in the newly synthesized proteins by short amino acid (oligopeptide) sequences
that function, much like postal addresses, to ensure the diversion of these proteins to

specific intracellular sites.

In eukaryotic cells—the main subject of this book—the synthesis of RNA is itself a
complex process. An RNA molecule transcribed from its parent gene may initially be
almost as long as that gene. However, while it is being elongated, segments of the RNA

Sidebar 1.3 How many distinct proteins can be found in the
human body? While some have ventured to provide estimates
of the total number of human genes (a bit more than 21,000), it
is difficult to extrapolate from this number to the total number
of distinct proteins encoded in the human genome. The sim-
plest estimate comes from the assumption that each gene
encodes the structure of a single protein. But this assumption
is naive, because it ignores the fact that the pre-mRNA tran-
script deriving from a single gene may be subjected to several
alternative splicing patterns, yielding multiple, distinctly struc-
tured mRNAs, many of which may in turn encode distinct pro-
teins (see Figure 1.16). Thus, in some cells, splicing may include
certain exons in the final mRNA molecule made from a gene,
while in other cells, these exons may be absent. Such alternative
splicing patterns can generate mRNAs having greatly differing
structures and protein-encoding sequences. In one, admittedly
extreme case, a single Drosophila gene has been found to be
capable of generating 38,016 distinct mRNAs and thus proteins
through various alternative splices of its pre-mRNA; genes hav-
ing similarly complex alternative splicing patterns are likely to
reside in our own genome.

An additional dimension of complexity derives from the
post-translational modifications of proteins. The proteins that
are exported to the cell surface or released in soluble form into
the extracellular space are usually modified by the attachment

of complex trees of sugar molecules during the process of gly-
cosylation. Intracellular proteins often undergo other types of
chemical modifications. Proteins involved in transducing the
signals that govern cell proliferation often undergo phosphor-
ylation through the covalent attachment of phosphate groups
to serine, threonine, or tyrosine amino acid residues. Many
of these phosphorylations affect some aspect of the function-
ing of these proteins. Similarly, the histone proteins that wrap
around DNA and control its access by the RNA polymerases that
synthesize hnRNA are subject to methylation, acetylation, and
phosphorylation, as well as more complex post-translational
modifications.

The polypeptide chains that form proteins may also undergo
cleavage at specific sites following their initial assembly, often
yielding small proteins showing functions that were not appar-
ent in the uncleaved precursor proteins. Later, we will describe
how certain signals may be transmitted through the cell via a
cascade of the protein-cleaving enzymes termed proteases. In
these cases, protein A may cleave protein B, activating its pre-
viously latent protease activity; thus activated, protein B may
cleave protein C, and so forth. Taken together, alternative splic-
ing and post-translational modifications of proteins generate
vastly more distinct protein molecules than are apparent from
counting the number of genes in the human genome.
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Figure 1.16 Processing of pre-mRNA
(A) By synthesizing a complementary
RNA copy of one of the two DNA strands
of a gene, RNA polymerase Il creates

a molecule of heterogeneous nuclear
RNA (hnRNA) (red and blue). Those
hnRNA molecules that are processed
into mRNAs are termed pre-mRNA. The
progressive removal of the introns (red)
leads to a processed mRNA containing
only exons (blue). (B) A given pre-mRNA
molecule may be spliced in a number

of alternative ways, yielding distinct
mRNAs that may encode distinct protein
molecules. lllustrated here are the tissue-
specific alternative splicing patterns of
the a-tropomyosin pre-mRNA molecule,
whose mRNA products specify important
components of cell (and thus muscle)
contractility. In this case, the introns are
indicated as black carets while the exons
are indicated as blue rectangles.

(B, adapted from B. Alberts et al.,
Molecular Biology of the Cell, 5th ed.
New York: Garland Science, 2008.)

molecule, some very small and others enormous, will be cleaved out of the growing
RNA molecule. These segments, termed introns, are soon discarded and consequently
have no impact on the subsequent coding ability of the RNA molecule (Figure 1.16).

Flanking each intron are two retained sequences, the exons, which are fused together
during this process of splicing. The initially synthesized RNA molecule and its deriva-
tives found at various stages of splicing, together with nuclear RNA transcripts being
processed from other genes, collectively constitute the hnRNA (heterogeneous

(A) RNA polymerase Il

process of N

transcription

growing
(nascent) RNA

hnRNA transcript
r 3'
5 end
end . .
exon intron exon intron exon

FIRST SPLICE }\ . N It

exon exon intron exon
SECOND SPLICE (_, ™ "

W e

exon exon exon

EXPORT TO
CYTOPLASM

V A

newly synthesized
protein released
into cytoplasm

ASSOCIATION WITH
RIBOSOMES FOR
TRANSLATION

31

reading frame

(B)
5’ -/\-/W%?

5’ MW\?

brain mRNA

striated muscle mRNA

5 W—s’ smooth muscle mRNA
5’ Mm/\—a’ fibroblast mRNA
5 -/\-W\—s’ fibroblast mRNA

DNA



DNA sequences create phenotype through proteins

nuclear RNA). The end product of these post-transcriptional modifications may be
an RNA molecule that is only a small fraction of the length of its initially synthesized,
hnRNA precursor. This final, mature RNA molecule is likely to be exported into the
cytoplasm, where, as an mRNA (messenger RNA) molecule, it serves as the tem-
plate on which ribosomes assemble the amino acids that form the proteins. (The term
pre-mRNAs is often used to designate those hnRNAs that are known precursors of
cytoplasmic mRNAs.) Some mature mRNAs may be less than 1% of the length of their
pre-mRNA precursor. The complexity of post-transcriptional modification of RNA and
post-translational modification of proteins yields an enormous array of distinct pro-
tein species within the cell (see Sidebar 1.3).

Of note, an initially transcribed pre-mRNA may be processed through alternative
splicing into a series of distinct mRNA molecules that retain different combinations
of exons (see Figure 1.16B). Indeed, the pre-mRNAs arising from more than 95% of
the genes in our genome are subject to alternative splicing. The resulting alternatively
spliced mRNAs may carry altered reading frames, explaining, for example, the dis-
tinct isoforms of certain proteins that are found in cancer cells but not in their normal
counterparts. Alternatively, these splicing events may affect untranslated regions of
mRNAs, such as those targeted by microRNAs (miRNAs; Section 1.10); these interac-
tions with miRNAs can alter the function of an mRNA, by regulating either its transla-
tion or its stability. Interestingly, a protein that specifies an alternative splicing pattern
of pre-mRNAs has been reported, when expressed in excessively high levels in cells,
to favor their transformation (conversion) from a normal to a cancerous growth state.
Such an effect is surprising, since one might imagine that proteins that regulate splic-
ing would mediate the processing of many or all pre-mRNAs within the cell rather
than affecting only a subset of genes involved in a specific cell-biological function,
such as cell transformation. Moreover, a 2008 survey of alternatively spliced mRNAs
found 41 that showed a distinct pattern of alternative splicing in human breast can-
cer cells compared with normal mammary cells; indeed, these alternatively spliced
mRNAs could be used as diagnostic markers of the cancerous state of these cells. Even
more dramatic, in 2010 as many as 1000 pre-mRNAs were found to undergo alterna-
tive splicing as cells passed through an epithelial-mesenchymal transition (EMT),
an important transdifferentiation step that carcinoma cells utilize to acquire traits of
high-grade malignancy, as will be discussed in Chapter 14.

1.7 Gene expression patterns also control phenotype

The 21,000 or so genes in the mammalian genome, acting combinatorially within indi-
vidual cells, are able to create the extraordinarily complex organismic phenotypes of
the mammalian body. A central goal of twenty-first-century biology is to relate the
functioning of this large repertoire of genes to organismic physiology, developmental
biology, and disease development. The complexity of this problem is illustrated by the
fact that there are at least several hundred distinct cell types within the mammalian
body, each with its own behavior, its own distinct metabolism, and its own physiology.

This complexity is acquired during the process of organismic development, and its
study is the purview of developmental biologists. They wrestle with a problem that is
inherent in the organization of all multicellular organisms. All of the cells in the body
of an animal are the lineal descendants of a fertilized egg. Moreover, almost all of these
cells carry genomes that are reasonably accurate copies of the genome that was ini-
tially present in this fertilized egg (see Supplementary Sidebar 1.2). The fact that cells
throughout the body are phenotypically quite distinct from one another (e.g., a skin
cell versus a brain cell) while being genetically identical creates this central problem
of developmental biology: how do these various cell types acquire distinct phenotypes
if they all carry identical genetic templates? The answer, documented in thousands of
ways over the past three decades, lies in the selective reading of the genome by differ-
ent cell types (Figure 1.17).

As cells in the early embryo pass through repeated cycles of growth and division, the
cells located in different parts of the embryo begin to assume distinct phenotypes, this
being the process of differentiation. Differentiating cells become committed to form
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Figure 1.17 Global surveys of gene ~— type of cancer ———

expression arrays GeneT expression unknown leukemia stomach

microarrays make it possible to survey

the expression levels of thousands of prostate lung  brain renal ovarian breast liver
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T

genes within a given type of cell. In this ! r ' ' '

image, higher-than-average levels of
expression are indicated as red pixels,
while lower-than-average levels are
indicated by green pixels. Average-level
expression is indicated by black pixels.
The mRNAs from 142 different human
tumors (arrayed left to right) were
analyzed. In each case, the expression
levels of 1800 human genes were
measured (top to bottom). Each class of
tumors has its characteristic spectrum of
expressed genes. In this case, a tumor
of unknown type (yellow label) was
judged to be a lung cancer because its
pattern of gene expression was similar
to those of a series of already-identified
lung cancers. (Courtesy of PO. Brown,
D. Botstein and The Stanford Expression
Collaboration.)
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one type of tissue rather than another, for example, gut as opposed to nervous system.
All the while, they retain the same set of genes. This discrepancy leads to a simplifying
conclusion: sooner or later, differentiation must be understood in terms of the sets of
genes that are expressed (that is, transcribed) in some cells but not in others.

By being expressed in a particular cell type, a suite of genes dictates the synthesis
of a cohort of proteins and RNA molecules that collaborate to create a specific cell
phenotype. Accordingly, the phenotype of each kind of differentiated cell in the body
should, in principle, be understandable in terms of the specific subset of genes that is
expressed in that cell type.

The genes within mammalian cells can be grouped into two broad functional classes—
the housekeeping and the tissue-specific genes. Many genes encode proteins that
are required universally to maintain viability of all cell types throughout the body or
to carry out certain biological functions common to all cell types. These commonly
expressed genes are classified as housekeeping genes. Within a given differentiated
cell type, housekeeping genes represent the great majority of expressed genes.

A minority of genes within a differentiated cell—the tissue-specific genes—are dedi-
cated to the production of proteins and thus phenotypes that are associated specifi-
cally with this cell type. It may be, for example, that 3000-5000 housekeeping genes
are expressed by the cell while far fewer than 1000 tissue-specific genes are respon-
sible for the distinguishing, differentiated characteristics of the cell. By implication,
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in each type of differentiated cell, a significant proportion of the 21,000 or so genes in
the genome are unexpressed, since they are not required either for the cell’s specific
differentiation program or for general housekeeping purposes.

1.8 Histone modification and transcription factors control
gene expression

The foregoing description of differentiation makes it clear that large groups of genes
must be coordinately expressed while other genes must be repressed in order for cells
to display complex, tissue-specific phenotypes. Such coordination of expression is the
job of transcription factors (TFs; Figure 1.18). Many of these proteins bind to specific
DNA sequences in the control region of each gene and determine whether or not the
gene will be transcribed. The specific stretch of nucleotide sequence to which the TFs
bind, often called a sequence motif, is usually quite short, typically 5-10 nucleotides
long. In ways that are still incompletely understood at the molecular level, some TFs
provide the RNA polymerase enzyme (RNA polymerase II in the case of pre-mRNAs)
with access to a gene. Yet other TFs may block such access and thereby ensure that a
gene is transcriptionally repressed.

Transcription factors can exercise great power, since a single type of TF can simultane-
ously affect the expression of a large cohort of downstream responder genes, each of
which carries the recognition sequence that allows this TF to bind its promoter (see
Figure 1.18). This ability of a single TF (or a single gene that specifies this TF) to elicit
multiple changes within a cell or organism is often termed pleiotropy. In the case
of cancer cells, a single malfunctioning, pleiotropically acting TF may simultaneously
orchestrate the expression of a large cohort of responder genes that together proceed
to create major components of the cancer cell phenotype. One enumeration of the
genes in the human genome that are likely to encode TFs listed 1445 distinct genes
(about 7% of the genes carried in the human genome). Not included in this list were
variant versions of these proteins arising through alternative splicing of pre-mRNAs.

The transcription of most genes is dependent upon the actions of several distinct TFs
that must sit down together, each at its appropriate sequence site (that is, enhancer)
in or near the gene promoter, and collaborate to activate gene expression. This means
that the expression of a gene is most often the result of the combinatorial actions of
several TFs. Therefore, the coordinated expression of multiple genes within a cell,
often called its gene expression program, is dependent on the actions of multiple TFs
acting in combination on large numbers of gene promoters.

Figure 1.18 implies that modulation of gene expression is achieved by controlling ini-
tiation of transcription by RNA polymerase II (pol IT) and that transcription proceeds
in one direction. In fact, for many genes, possibly the majority, pol II molecules sit
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Figure 1.18 Regulation of gene
expression The control region of a gene
includes specific segments of DNA to
which gene regulatory proteins known as
transcription factors (TFs) bind, often as
multiprotein complexes; in this case TFs,
functioning as activators (light brown),
bind to enhancer sequences (orange)
located some distance upstream of the
promoter. In addition, the promoter of
the gene (dark, light green) contains
sequences to which RNA polymerase I
(pol 1) can bind, together with associated
general transcription factors. The bound
TFs, interacting with the transcription
initiation complex via mediator proteins,
influence the structure of chromatin
(notably the histone proteins that package
DNA,; see Figures 1.19 and 1.20), creating
a localized chromatin environment that
enables pol Il to produce an RNA transcript
(orange-red arrow). (The general TFs are
involved in initiating the transcription of
many genes throughout the genome,
while the specialized ones regulate the
expression of subsets of genes.) Although
in general a gene can be separated into
two functionally significant regions—the
nontranscribed control sequences and the
transcribed sequences represented in pre-
mRNA and mRNA molecules—some of the
regulatory sequences (enhancers) may be
located within the transcribed region of a
gene, often in introns. (From B. Alberts et
al., Molecular Biology of the Cell, 5th ed.
New York: Garland Science, 2008.)
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Figure 1.19 Organization of
chromatin structure Examination

of chromatin under the electron
microscope (above right) reveals that
DNA is associated with small globes of
proteins termed nucleosomes, giving
the appearance of beads on a string.
The DNA double-helix (above left, red)

is wrapped ~1.7 times around each
nucleosome, which consists of a core
(vellow) formed as an octamer of four
different histone molecules (each present
in two copies); often an additional
histone, H1 (green), is located on the
outside. X-ray crystallography has
revealed (below) that the core of the
nucleosome (yellow) is disc-shaped and
that the N-terminal tail (green) of each
of the four histones extends beyond

this core. (Upper schematic, from

W.K. Purves et al., Life: The Science

of Biology, 5th ed. Sunderland, MA:
Sinauer, 1998. Lower schematic from

B. Alberts et al., Molecular Biology of the
Cell, 5th ed. New York: Garland Science,
2008. Micrograph from F. Thoma,

T. Koller and A. Klug, J. Cell Biol.
83:403-427, 1979.)

core of eight
histone molecules

histone H1

nucleosome

side view bottom view

down on the promoter of a gene and proceed to transcribe the DNA in both directions.
After extending nascent RNA transcripts for 60-80 nucleotides, pol IT halts—the proc-
ess termed transcriptional pausing. A subset of the stalled polymerase complexes
that have initiated in the appropriate transcriptional direction are then induced by
physiologic signals to resume elongation, resulting in full-length pre-mRNA tran-
scripts, while other pol II complexes remain stalled and never resume transcription.
The factors that permit stalled pol II to proceed with elongation of transcripts are
incompletely understood but would seem to be as important as the conventionally
defined TFs in regulating gene expression. One important cancer-causing protein,
termed Myc, has been found to act as an anti-pausing protein whose actions permit
thousands of cellular genes to be fully transcribed.

Figure 1.18 also implies that both TFs and RNA polymerase interact only with DNA.
In fact, in eukaryotic cells, DNA is packaged in a complex mixture of proteins that,
together with the DNA, form the chromatin (Figure 1.19). These chromatin proteins
are responsible for controlling the interactions of TFs and RNA polymerases with DNA
and therefore play critical roles in governing gene expression.

The core of chromatin is formed by DNA bound to nucleosomes, the latter being
octamers consisting of two copies of each of four distinct histone species (H2A, H2B,
H3, and H4) with a fifth histone species—H1—bound to some but not all nucleosome
octamers. This basic organization of chromatin structure, which resembles beads on a
string, is found throughout the chromosomes.

The globular core of the nucleosome represents the basic scaffold of chromatin that
is modified in two ways. First, some of the standard histones, such as histones H2A
and H3, may be replaced in a minority of nucleosomes by variant forms, for example,
histones H2AZ and H3.3 (specified by genes distinct from those encoding the stand-
ard histones). Indeed, a number of such variant histones can be found scattered here
and there throughout the chromatin; their precise contributions to the regulation of
chromatin structure and transcription remain poorly understood.

Second, chromatin structure and transcription is strongly affected by post-transla-
tion modifications of the standard four histones. These modifications do not directly
alter the globular core of the nucleosome. Instead, they affect the N-terminal tails of
the core histones (Figure 1.20A), which extend outward from the globular core and
undergo a variety of covalent modifications, prominent among these being methyla-
tion, acetylation, phosphorylation, and ubiquitylation. For example, one type of his-
tone phosphorylation is associated with the condensation of chromatin that occurs
during mitosis and the related global shutdown of gene expression. At other times
in the cell cycle, acetylation of core histones is generally associated with active gene
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expression, while methylation is generally correlated with gene repression. However,
as is seen in Figure 1.20B, which presents only one example of a bewildering variety of
histone modifications, methylation of histone H3 is correlated with both gene repres-
sion and expression, depending on the position of the affected lysine residue.

Rapidly growing evidence indicates that these various histone modifications are func-
tionally important in permitting or preventing transcription by RNA polymerases of
specific regions of chromosomal DNA (see Figure 1.20C). Moreover, the modification

Figure 1.20 Post-translational
modification of histone tails (A) Each
of these N-terminal histone tails can be
modified by the covalent attachment of a
variety of chemical groups, most commonly
methyl, acetyl, phosphate, and ubiquitin
groups. These modifications are attached
by histone “writers,” which thereby alter
the structure and the function of the
chromatin, and are removed by histone
“erasers.” (B) One example of histone
modification is provided by three of the
lysine (K) residues in the amino-terminal
domain of histone H3. (Amino terminus

is at left; numbers below each K indicate
residue number.) Each of these can be
trimethylated (indicated by “me3") through
the actions of histone methyltransferase
writers (HMTs). Trimethylation at the K4
residue is carried out by the MLL1 HMT,
the resulting methyl mark is recognized by
a NURF (nucleosome remodeling factor)
“reader” complex, which contributes

to gene activation (green). Conversely,
trimethylation of the K9 and K27 residues
by the SUV39H1 and EZH2 HMT writers,
respectively, results in gene repression
(red). The methylation marks made by
the latter two HMTs are recognized by
the HP1 and Pc readers, respectively.
Once bound, the HP1 reader can trigger
the formation of heterochromatin and
thereby block transcription. Not shown are
other methyltransferase writers that make
mono- and dimethyl marks, and histone
demethylase erasers that remove the
marks made by HMTs on these residues.
(C) The locations of various modified
histones can be mapped across a gene

by using an antibody that specifically
immunoprecipitates a modified histone
species followed by DNA sequencing of the
precipitate. In this fashion, the locations of
the nucleosomes containing trimethylated
lysine 4 of histone H3 (H3K4me3, green)
and H3K36me3 (blue) have been mapped
relative to the transcription start site

(TSS) of this gene. Correlations like these
indicate that nucleosomes containing
H3K4me3 are associated with TSSs, while
those containing H3K36me3 are found
along the lengths of actively transcribed
genes. When the RNA molecules are
analyzed (red), those that map to known
exons of the gene are found in greater
abundance, consistent with their long
lifetime relative to the short lifetimes of
rapidly degraded intron sequences. The
function of the gene studied here is not
known. (A, from H. Santos-Rosa and

C. Caldas, Eur. J. Cancer 41:2381-2402,
2005. B, from S.B. Hake, A. Xiao and
C.D. Allis, Brit. J. Cancer 90:761-769,
2007. C, from M. Guttman et al., Nature
458:223-227, 2009.)
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Figure 1.21 Maintenance of DNA
methylation following replication
When a DNA double helix that is
methylated (green Me groups, left) at
complementary CpG sites undergoes
replication, the newly synthesized
daughter helices will initially lack
methyl groups attached to CpGs in the
recently synthesized daughter strands
(purple, red) and will therefore be
hemi-methylated. Shortly after their
synthesis, however, a maintenance
DNA methyltransferase will detect the
hemi-methylated DNA and attach methyl
groups (green) to these CpGs, thereby
regenerating the same configuration of
methyl groups that existed in the parental
helix prior to replication. CpG sites that
are unmethylated in the parental helix
(not shown) will be ignored by the
maintenance methyltransferase and will
therefore remain so in the

newly synthesized strands.

state of chromatin can be passed from mother to daughter cells through mechanisms
that are still unresolved. This area of research is in great flux: as many as 60 distinct
histone-modifying enzymes have been discovered, whose roles in transcriptional reg-
ulation and cell biology are largely obscure, and there are likely an even larger number
of proteins that form complexes with these enzymes and direct them toward distinct
substrates within the chromatin. As more effective sequencing techniques are applied
to cancer cell genomes, mutant alleles of the genes encoding these enzymes are being
uncovered with ever-increasing frequency.

1.9 Heritable gene expression is controlled through
additional mechanisms

The descriptions above of the mechanisms controlling gene expression provide only
a partial explanation of how gene expression programs that are established in one
human cell are transmitted to its lineal descendants. For example, the specific gene
expression program of a fibroblast grown in culture will continue to be expressed by
its lineal descendants 10 and 20 cell generations later. Since decisions to express or
repress a gene within a fibroblast are not imprinted in the gene’s DNA sequence, this
implies alternative means of maintaining such decisions in a stable fashion and trans-
mitting them faithfully from one cell generation to the next via biochemical mecha-
nisms that mediate epigenetic inheritance.

In addition to the transmission of histone modifications described above, the other
key mechanism that enables epigenetic inheritance of gene expression depends on
covalent modification of DNA, specifically by DNA methyltransferases—enzymes that
attach methyl groups directly to cytosine bases of CpG dinucleotides in the DNA dou-
ble helix. (The designation CpG indicates that the sequence is a cytidine positioned 5’
immediately before a guanosine.) The affected CpG dinucleotides are often located
near transcriptional promoters, and the resulting methylation generally causes repres-
sion of nearby genes. The biochemical mechanism of maintenance methylation is well
understood: maintenance DNA methyltransferase enzymes recognize hemi-methyl-
ated segments of recently replicated DNA and proceed to methylate any unmethyl-
ated CpG dinucleotides that are complementary to already methylated CpGs in the
other DNA strand (Figure 1.21).

The mechanism(s) that lead to de novo methylation of previously unmethylated CpGs
are still elusive. However, recent research reveals how the reverse process occurs: The
Tet (ten eleven translocation) enzymes oxidize the methyl group of 5-methyl-cytidine
to hydoxymethyl, formyl, and carboxy groups. The altered nucleotides may then be
excised by DNA repair enzymes (Chapter 12) and replaced by cytidine; alternatively,
when DNA bearing an oxidized cytidine is replicated, the maintenance methylase
may fail to methylate the complementary strand. This research has not yet identified
how the Tet enzymes are controlled.

The methyl CpG groups do not, on their own, directly block transcription. Instead,
they appear to affect the structure of the chromatin proteins that are responsible for
packaging chromosomal DNA and presenting it to RNA polymerases for transcription,
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as described above. In particular, methyl-CpG-binding proteins associate specifically
with methylated dinucleotides and influence the structure of the nearby chromatin in
still-poorly understood ways. There is also evidence that the modification of certain
histones can operate in the opposite direction to influence the state of DNA methyla-
tion.

1.10 Unconventional RNA molecules also affect the
expression of genes

The Central Dogma of molecular biology, developed in the decade after the 1953 dis-
covery of the DNA double helix, proposed that information flows in cells from DNA via
mRNA to proteins. In addition, non-informational RNA molecules—ribosomal and
transfer RNAs—were implicated as components of the translational machinery, and
small nuclear RNAs were found to play key roles in the splicing and maturation of pre-
mRNAs. In the 1980s, the view of RNA’s functions was expanded through the discovery
that certain RNA species can act as enzymes, thereby taking their place alongside pro-
teins as catalysts of certain biochemical reactions.

The 1990s revealed an entirely new type of RNA molecule that functions to control
either the levels of certain mRNAs in the cytoplasm, the efficiency of translating these
mRNAs, or both. These microRNAs (miRNAs) are only 21 to 25 nucleotides long and
are generated as cleavage products of far larger nuclear RNA precursors. As outlined in
Figure 1.22, the post-transcriptional processing of a primary miRNA transcript results
in the formation in the cytoplasm of a miRNA that is part of a RISC (RNA-induced
silencing complex) nucleoprotein. This complex associates with a spectrum of mRNA
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Figure 1.22 MicroRNAs and gene regulation A primary
microRNA (pri-miRNA) is transcribed from a gene, and an enzyme
complex involving the Drosha protein excises a small segment of the
pri-miRNA that has formed a double-stranded RNA hairpin because
of the self-complementarity of nucleotide sequences. The resulting
pre-miRNA is exported to the cytoplasm, where it is further
processed by the Dicer enzyme to generate a mature miRNA of

21 to 25 nucleotides. This miRNA binds to a nucleoprotein complex
termed RISC (RNA-induced silencing complex) and associates

with mRNAs in the cytoplasm with which it has precise or partial
sequence complementarity, resulting in either degradation of the
mRNA or inhibition of its translation. Several dozen miRNAs have
been found to regulate various steps of tumor formation, either
favoring or blocking critical steps of this process. Loss of the Dicer
enzyme has been associated with cancer progression, and analyses
of miRNA expression patterns, much like expression array analyses
of mRNAs (see Figure 1.17), have proved useful in classifying
various types of cancer. (Courtesy of PA. Sharp.)
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targets that contain, usually in their untranslated region, a sequence that is partially or
completely complementary to the miRNA in the complex. Such association can result
in either the inhibition of translation of the mRNA or its degradation, or both.

More than 650 distinct miRNA species have been found in human cells, and this ros-
ter continues to grow. Although it is unclear how many of these miRNAs are actu-
ally involved in regulating the translation and stability of mRNAs, those that do affect
mRNA function are thought to regulate expression of at least one-third of all genes in
the human genome. Moreover, a single miRNA species can target and thus regulate
the expression of dozens of distinct mRNA species, enabling it to act pleiotropically on
a variety of cellular processes.

The potential importance of miRNAs in regulating gene expression is suggested by
one survey of mRNAs and corresponding proteins in a group of 76 lung cancers. Only
about 20% of the genes studied showed a close correlation between mRNA expression
and protein expression levels. Hence, in the remaining 80%, the rate of protein synthe-
sis (which can be strongly influenced by miRNAs) and the post-translational lifetime
of proteins (see Supplementary Sidebar 7.4) strongly influenced actual protein levels.
Since proteins, rather than mRNA, are responsible for creating cell phenotypes, this
also reveals the limitations of studying mRNA levels as indicators of gene activity.

Let-7, an miRNA expressed by the C. elegans worm, was one of two initially charac-
terized miRNAs. It was found to suppress expression of the ras gene in worms and
later in mammals. As we will read later (Chapters 4 through 6), the Ras proteins play
critical roles in the development of many types of common human cancers. Since this
pioneering work, the overexpression or loss of more than a dozen miRNA species has
been associated with the formation of a variety of human cancers and the acquisi-
tion by tumors of malignant traits. The list of these miRNAs, which have garnered the
term “oncoMiRs,” continues to lengthen (see Supplementary Sidebar 1.3). In addition,
loss of the Dicer processing enzyme (see Figure 1.22), which is involved in creating
mature miRNA, has been found to facilitate the formation of tumors in mice, doing so
through still-unknown mechanisms. Interestingly, inheritance of a variant of the K-ras
gene, which causes a single nucleotide change in the 3" untranslated region (3’ UTR)
of its mRNA, prevents recognition by Let-7 and is associated with higher levels of the
growth-promoting K-Ras protein and as much as a twofold increased risk of certain
forms of lung and ovarian cancers.

A decade after the discovery of microRNAs, yet another unusual class of RNAs
appeared on the scene: a diverse assay of IncRNA molecules (long non-coding RNAs)
were found in the nucleus and cytoplasm to be involved in still-poorly understood
ways in regulating gene expression. The discovery of these came from the realization
that 4 to 9% of the human genome is transcribed into relatively long (>200 nucleotide)
RNA molecules that have no identifiable protein-coding sequences and thus no read-
ily ascertainable functions. Some IncRNAs are polyadenylated while others are not.
The few IncRNAs that have been characterized seem to function by associating with
proteins that are involved in one fashion or another in regulating transcription, often
by serving as scaffolds to hold certain chromatin-modifying proteins together. There
may be several thousand distinct IncRNA species encoded by the human genome and
they are increasingly viewed as key molecular components of the cell’s regulatory
machinery.

The role of IncRNAs in cancer development is only beginning to be uncovered. For
example, elevated expression of the HOTAIR IncRNA has been found to be correlated
with metastatic behavior of human breast and colorectal carcinomas. More impor-
tantly, forced expression of HOTAIR in carcinoma cells causes localization of a tran-
scription-repressing protein complex, termed PRC2, to certain chromosomal sites,
altered methylation of histone H3 lysine 27 (see Figure 1.20), and increased cancer
invasiveness and metastasis.

The actions of miRNAs and IncRNAs provide a glimpse of the complexity of gene
expression and its regulation in mammalian cells. Thus, after the transcription of
a gene is permitted, a number of mechanisms may then intervene to control the
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accumulation of its ultimate product—a protein that does the actual work of the gene.
Among these mechanisms are (1) post-transcriptional processing of pre-mRNA tran-
scripts, including alternative splicing patterns; (2) stabilization or degradation of the
mRNA product; (3) regulation of mRNA translation; and (4) post-translational modi-
fication, stabilization, or degradation of the protein product. These mechanisms rein-
force the notion, cited above, that the rate of transcription of a gene often provides
little insight into the levels of its protein product within a cell. Hence, as we will see,
distinct patterns of mRNA expression may help us to distinguish various neoplastic
cells from one another but, on their own, tell us rather little about how these cells are
likely to behave.

1.11 Metazoa are formed from components conserved over
vast evolutionary time periods

These descriptions of cell biology, genetics, and evolution are informed in part by our
knowledge of the history of life on Earth. Metazoa probably arose only once during
the evolution of life on this planet, perhaps 700 million years ago. Once the princi-
pal mechanisms governing their genetics, biochemistry, and embryonic development
were developed, these mechanisms remained largely unchanged in the descendant
organisms up to the present (Figure 1.23; see also Figure 1.7). This sharing of con-
served traits among various animal phyla has profound consequences for cancer
research, since many lessons learned from the study of more primitive but genetically
tractable organisms, such as flies and worms, have proven to be directly transferable
to our understanding of how mammalian tissues, including those of humans, develop
and function.

Upon surveying the diverse organisms grouped within the mammalian class, one
finds that the differences in biochemistry and cell biology are minimal. For this rea-
son, throughout this book we will move effortlessly back and forth between mouse
biology and human biology, treating them as if they are essentially identical. On occa-
sion, where species-specific differences are important, these will be pointed out.

The complex signaling circuits operating within cells seem to be organized in virtually
identical fashion in all types of mammals. Even more stunning is the interchangeabil-
ity of the component parts. It is rare that a human protein cannot function in place of
its counterpart orthologous protein (Sidebar 1.4) in mouse cells. In the case of many
types of proteins, this conservation of both function and structure is so profound that
proteins can be swapped between organisms that are separated by far greater evo-
lutionary distances. A striking example of this, noted earlier (see Figure 1.7), is pro-
vided by the gene and thus protein that specifies eye formation in mammals and in
flies. Extending even further back in our evolutionary history are the histones and the
mechanisms of chromatin remodeling discussed earlier. In fact, the counterparts of
many molecules and biochemical mechanisms that operate in mammalian cells are
already apparent in protozoa.

Figure 1.23 Visual evidence of the
conservation of metazoan biological
traits A stunning visual demonstration
that contemporary metazoa develop
through pathways that have changed
little since the Cambrian era has come
from the use of synchrotron-generated
X-rays to visualize microscopic fossils

at sub-micron resolution, yielding this
image of an early Cambrian (~530
million years ago) blastula related either
to the modern cnidarian or arthropod
phylum. Its resemblance to the blastulas
of contemporary metazoa indicates that,
in addition to conserved molecular and
biochemical mechanisms, certain features
of embryonic development have changed
relatively little since the emergence of
modern metazoan phyla during the
Cambrian era. Both the surface (left) and
the interior cleavage pattern (right) are
shown. (From P.C.J. Donoghue et al.,
Nature 442:680-683, 2006.)
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Sidebar 1.4 Orthologs and homologs All higher vertebrates
(birds and mammals) seem to have comparable numbers of
genes—in the range of 21,000. Moreover, almost every gene
presentin the bird genome seems to have a closely related coun-
terpart in the human genome. The correspondence between
mouse and human genes is even stronger, given the closer evo-
lutionary relatedness of these two mammalian species.

Within the genome of any single species, there are genes
that are clearly related to one another in their information con-
tent and in the related structures of the proteins they specitfy.
Such genes form a gene family. For example, the group of
genes in the human genome encoding globins constitutes such
agroup. Itis clear that these related genes arose at some point in
the evolutionary past through repeated cycles of the process in
which an existing gene is duplicated followed by the divergence
of the two duplicated nucleotide sequences from one another
(Figure 1.24). More directly related to cancer development
are the more than 500 protein kinases encoded by the human
genome. Kinases attach phosphate groups to their protein sub-
strates, and almost all of these enzymes are specified by mem-
bers of a single gene family that underwent hundreds of cycles
of gene duplication and divergence during the course of evolu-
tion (see Supplementary Figure 16.5).

Figure 1.24 Evolutionary development of gene families
The evolution of organismic complexity has been enabled, in
part, by the development of increasingly specialized proteins.
New proteins are “invented” largely through a process of gene
duplication followed by diverging evolution of the two resulting
genes. Repeated cycles of such gene duplications followed by
divergence have led to the development of large numbers of
multi-gene families. During vertebrate evolution, an ancestral
globin gene, shown here, which encoded the protein component
of hemoglobin, was duplicated repeatedly, leading to the large
number of distinct globin genes in the modern mammalian
genome that are present on two human chromosomes. Because
these globins have distinct amino acid sequences, each can serve
a specific physiologic function. (From B. Alberts et al., Molecular
Biology of the Cell, 5th ed. New York: Garland Science, 2008.)

Genes that are related to one another within a single spe-
cies’ genome or genes that are related to one another in the
genomes of two distinct species are said to be homologous to
one another. Often the precise counterpart of a gene in a human
can be found in the genome of another species. These two
closely related genes are said to be orthologs of one another.
Thus, the precise counterpart—the ortholog—of the c-myc gene
in humans is the c-myc gene in chickens. To the extent that
there are other myc-like genes harbored by the human genome
(that is, N-myc and L-myc), the latter are members of the same
gene family as c-myc but are not orthologs of one another or of
the c-myc gene in chickens.

Throughout this book we will often refer to genes without
making reference to the species from which they were isolated.
This is done consciously, since in the great majority of cases, the
functioning of a mouse gene (and encoded protein) is indistin-
guishable from that of its human or chicken ortholog.

chromosome chromosome
16 11
\ | \
various
o genes ¢ ye yA 5 P
\o S )
100 adult
<X p
©
S 300
>
=
9]
2
2
= 500 chromosome
S breakage event | single-chain
separating globin
700 ® and 3 genes

1.12 Gene cloning techniques revolutionized the study of
normal and malignant cells

Until the mid-1970s, the molecular analysis of mammalian genes was confined largely
to the genomes of DNA tumor viruses, indeed the viruses described later in Chap-
ter 3. These viruses have relatively simple genomes that accumulate to a high copy
number (that is, number of molecules) per cell. This made it possible for biologists
to readily purify and study the detailed structure and functioning of viral genes that
operate much like the genes of the host cells in which these viruses multiplied. In con-
trast, molecular analysis of cellular genes was essentially impossible, since there are
so many of them (tens of thousands per haploid genome) and they are embedded in
a genome of daunting complexity (~3.2 billion base pairs of DNA per haploid cellular
genome).

All this changed with the advent of gene cloning. Thereafter, cellular genomes could
be fragmented and used to create the collections of DNA fragments known as genomic
libraries. Various DNA hybridization techniques could then be used to identify the
genomic fragments within these libraries that were of special interest to the experi-
menter, in particular the DNA fragment that carried part or all of a gene under
study. The retrieval of such a fragment from the library and the amplification of this



retrieved fragment into millions of identical copies yielded a purified, cloned frag-
ment of DNA and thus a cloned gene (see Supplementary Sidebar 1.4). Yet other tech-
niques were used to generate DNA copies of the mRNAs that are synthesized in the
nucleus and exported to the cytoplasm, where they serve as the templates for protein
synthesis. Discovery of the enzyme reverse transcriptase (RT; see Figure 3.18) was
of central importance here. Use of this enzyme made it possible to synthesize in vitro
(that is, in the test tube) complementary DNA copies of mRNA molecules. These DNA
molecules, termed cDNAs, carry the sequence information that is present in an mRNA
molecule after the process of splicing has removed all introns. While we will refer fre-
quently throughout this book to DNA clones of the genomic (that is, chromosomal)
versions of genes and to cDNAs generated from the mRNA transcripts of such genes,
space limitations preclude any detailed descriptions of the cloning procedures per se.

For cancer researchers, gene cloning arrived just at the right time. As we will see in the
next chapters, research in the 1970s diminished the candidacy of tumor viruses as the
cause of most human cancers. As these viruses moved off center stage, cellular genes
took their place as the most important agents responsible for the formation of human
tumors. Study of these genes would have been impossible without the newly devel-
oped gene cloning technology, which became widely available in the late 1970s, just
when it was needed by the community of scientists intent on finding the root causes
of cancer.
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Chapter 2
The Nature of Cancer

When I published the results of my experiments on the development of
double-fertilized sea-urchin eggs in 1902, I added the suggestion that
malignant tumors might be the result of a certain abnormal condition
of the chromosomes, which may arise from multipolar mitosis. ... So
I have carried on for a long time the kind of experiments I suggested,
which are so far without success, but my conviction remains unshaken.

Theodor Boveri, pathologist, 1914

Tumors destroy man in a unique and appalling way, as flesh of his own
flesh which has somehow been rendered proliferative, rampant, preda-
tory and ungovernable. They are the most concrete and formidable of
human maladies, yet despite more than 70 years of experimental study
they remain the least understood.

Francis Peyton Rous, tumor virologist, Nobel lecture, 1966

he cellular organization of metazoan tissues has made possible the evolution of

an extraordinary diversity of anatomical designs. Much of this plasticity in design
can be traced to the fact that the building blocks of tissue and organ construction—
individual cells—are endowed with great autonomy and versatility. Most type