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Foreword

According to mortality data from the National Center
for Health Statistics, approximately 1,334,100 new cases
of cancer will have been diagnosed and 556,500 people
will have died from cancer in the United States by the
end of 2003. Although the number of cancer-related
deaths has been on the decline since 1992, the incidence
has increased over the same period. This increase is
largely the result of implementation of improved screen-
ing techniques that have been made possible by advances
in immunochemical diagnostic testing. As immuno-
chemical techniques, such as in situ hybridization (ISH)
and immunohistochemisty (IHC), continue to be refined,
their use in improving patient care through research
and improved methods of diagnosis is becoming ever
more valuable.

The ISH technique is a well-established approach for
identifying the organization and physical position of a
specific nucleic acid within the cellular environment,
by means of hybridizing a complementary nucleotide
probe to the sequence of interest. The use of deoxyri-
bonucleic acid (DNA) and ribonucleic acid (RNA) as
probes to assay biological material has been the custom
for approximately 30 years. However, advances in ISH
have led to the replacement of radioactive detection
by more adaptable colorimetric and fluorescence in situ
hybridization methods for the interrogation of nuclei;
metaphase chromosomes; DNA fibers; patient tissue;
and, most recently, deriving information from patient
samples using DNA microarrays. Technologic advances,
including array comparative genomic hybridization,
spectral karyotyping, and multicolor banding, have pro-
vided a refinement in the study of genome organization
and chromosomal rearrangements. In addition, ISH using
RNA has allowed for a determination of the expression
pattern and the abundance of specific transcripts on a
cell-to-cell basis. Advances in DNA and RNA ISH have
migrated from the research setting and are becoming
routine tests in the clinical setting, permitting exami-
nation of the steps involved in tumorigenesis, which
would not have been possible by the use of classical
cytogenetic analysis.

XXiX

Since the introduction of monoclonal antibodies, IHC
has developed into a vital tool that is now extensively
used in many research laboratories, as well as for clin-
ical diagnosis. IHC is a collective term for a variety of
methods, which can be used to identify cellular or tissue
components by means of antigen—antibody interactions.
Immunostaining techniques date to the pioneering
work by Albert Coons in the early 1940s, using
fluorescein-labeled antibodies. Since then, develop-
ments in the techniques have permitted visualization of
antigen—antibody interactions by conjugation of the
antibody to additional fluorophores, enzymes, or radio-
active elements. Because there is wide variation in tissue
types, antigen availability, antigen—antibody affinity,
antibody types, and detection methods, it is essential to
select antibodies almost on a case-to-case basis. The
consideration of these factors has led to the identifi-
cation of several key antibodies that have great utility
in the study and diagnosis of tumors.

The scientific advances in the field of IHC have
necessitated rapid developments in microscopy, image
capture, and analytical software to objectively quantify
results. These cutting-edge experimental systems have
already produced many significant differences between
cancers that might not have been distinguished by
conventional means.

The focus of these volumes is the use of ISH and
IHC to study the molecular events occurring at the
DNA, RNA, and protein levels during development and
progression of human carcinomas. Continued invest-
ment of time and expertise by researchers worldwide
has contributed significantly to a greater understanding
of the disease processes. Because the technical require-
ments for many immunohistochemical techniques are
quite demanding and the methodology itself poses many
pitfalls, the step-by-step methods provided in these
volumes will serve as an excellent guide for both clini-
cal and basic researchers studying human malignancies.

Simon Hughes

Ontario Cancer Institute
Princess Margaret Hospital
Toronto, Canada
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Preface

Mutations cause ~10% of all human diseases (other
than infections) ranging from single-gene disorders to
complex diseases and cancer. Approximately 5% of
all people reaching 25 years of age are affected by
mutations, and 60% of all humans are affected in some
way by mutations. The World Cancer Report states that
in the year 2000 there were 10 million new cases of
cancer worldwide. This figure is predicted to increase
to 15 million new cases by the year 2020 as a result
of steadily aging populations, smoking prevalence,
and unhealthy lifestyles. Cancer accounts for 12% of
56 million annual deaths globally from all causes. By
2020, it is estimated that >16% of the U.S. population
will be ~65 years of age, increasing to >20% by the
year 2050, and reaching nearly 20 million individuals
>85 years of age by mid-century. These data clearly
indicate the enormity of the health problem we are
facing and the need for early diagnosis of cancer. In
this volume and the other three volumes of the series,
an attempt has been made to translate molecular genet-
ics into clinical practice. In this regard it is important
to understand the role of biomarkers in cancer initia-
tion, progression, and metastasis, which are discussed
in these volumes.

For commonly occurring cancers, including gastro-
intestinal cancer and ovarian cancer, it is likely that
interaction of multiple proteins in pathways, as well as
interactions between genetic variants, and exposures
are involved in the causal etiology of the phenotype.
In understanding cancer development, priority should
be given both to studies that consider molecularly
plausible interactions of multiple genes in a pathway
and to interactions of environmental exposures with
genetic variants that are involved in the metabolism
of these exposures. Comparatively, single-gene studies
are becoming less important. It is likely that in most
cases genes do not act alone; instead they interact with
other genes or biomarkers in identifiable pathways.
This approach will provide more meaningful informa-
tion about disease etiology or outcome and thus allow
it to be further translated into the elucidation of disease
mechanisms and cancer prevention.

XXX

One of the primary objectives of this volume is the
same as that of Volumes 1, 2, and 3—that is, discus-
sion of procedures of immunohistochemistry (IHC) and
in situ hybridization (ISH), including fluorescence
in situ hybridization (FISH), as they are used in the
field of pathology, especially in cancer diagnosis. The
practical importance of the antigen-retrieval protocol
in IHC was realized in 1991, and since then it has
been used routinely in pathology laboratories. Many
chapters in this volume contain the details of this
protocol, although not all antigens require antigen
retrieval for their detection. In this volume, IHC, ISH,
and FISH of two major carcinomas (gastrointestinal
and ovarian) are presented. Lung and breast carcinomas
were discussed in Volume 1, colorectal and prostate
carcinomas were detailed in Volume 2, and hepato-
cellular and pancreatic carcinomas were presented in
Volume 3.

Another objective of this volume is the discussion
of the role of molecular genetics (molecular pathology,
molecular medicine, and molecular morphology) in
understanding and achieving correct diagnosis and
therapy in neoplastic diseases. Cancer is ultimately a
genetic disease, and as such, the focus of much cancer
research has been directed toward understanding
which, and how many, oncogenes are activated and
which tumor-suppressor genes become dysfunctional
in human malignancies.

The elucidation of the genetic events underlying
the initiation and progression of malignancy has been
hampered by limitations inherent in both in vitro and
in vivo methods of study. The limitation of an in vitro—
based system is that genetic information obtained from
cell lines may not accurately represent the molecular
events occurring in the actual tissue milieu from which
they were derived. In vivo genetic analysis is limited
because of the inability to procure pure populations of
cells from complex, heterogeneous tumor tissue. The
development and use of molecular-based therapy for
human malignancies will require a detailed molecular
genetic analysis of patient tissue, including resolving
the two previously mentioned limitations.
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Preface

Molecular genetics/pathology has the advantage of
assessing genes directly. Knowledge of the genetic
basis of disease will, in turn, allow more specific tar-
geting of the cause, rather than only the symptoms of
the disease. The time is overdue to apply our knowl-
edge of molecular genetics, in conjunction with IHC,
FISH, and histology, to diagnostic, therapeutic, and
prognostic decisions.

Genetic information will improve the prognosis used
to monitor both the efficacy of treatment and disease
recurrence. Molecular markers, largely from tumors but
also from the germline, have great potential for diag-
nosis, for directing treatment, and as indicators of the
outcome. The role of mutations in cancer is emphasized
because the characteristics of the tumor depend on the
mutations that led to their emergence. Widespread
molecular testing is the future for clinical practice.
Indeed, methods of molecular testing of tumors are
well established and are discussed in this and other
volumes of this series of handbooks.

Unfortunately, clinical practice has lagged behind the
current knowledge of research in molecular genetics.
Both technicians and pathologists need to be aware of
the importance of molecular pathology testing. Somatic
mutations are rarely performed, although some histo-
pathology and cytogenetics laboratories have done
limited testing, such as chromosomal rearrangements
in lymphoma. Molecular testing should be regarded
as a means of complementing, rather than replacing,
established methods such as IHC and FISH.

It was challenging to bring some semblance of order
to the vast body of information in the field of molecu-
lar genetics (molecular pathology), which has become
available primarily in scientific journals during the
past decade. The contributions in this volume by expert
molecular geneticists and clinical pathologists in each
of their disciplines have made it possible to accept this
challenge.

The range of methods to examine genetic abnor-
malities has widened enormously, and many new and
powerful molecular, IHC, and ISH techniques have
become available. These include the detection of muta-
tions using the polymerase chain reaction (PCR),
reverse transcription-PCR, differential display of gene
expression, DNA sequencing, and comparative genomic
hybridization on genomic microarrays to detect gene
amplifications and detentions on a genome-wide basis.
Other relevant techniques include serial analysis of
gene expression, suppression substractive hybridization,
rolling circle amplification, Southern blot hybridiza-
tion, specific-cloned probes, and flow cytometry.

Various signal amplification approaches have also
been introduced to increase the sensitivity, accompanied
by reduced nonspecific background staining of IHC.

Similarly, the conventional PCR method has been
improved through quantitative real-time PCR. Standard
ISH has been improved by modifications such as
FISH and chromogenic ISH. Most of the aforemen-
tioned methods are discussed in Volumes 1-3, and the
remaining are presented in this volume.

Pathologists are well advised to adapt to modern
therapeutic shifts (i.e., morphologic interpretation
needs to be combined with molecular diagnostic
modalities). The latter protocols can provide a second
level of testing that is particularly useful for the analy-
sis of neoplasms for which histologic and immunophe-
notypic data are inconclusive. We are already on a path
that has the potential to alter oncology clinical prac-
tice. Therapies are beginning to move toward specific
molecular targets. My hope, through these volumes, is
to expedite the translation of molecular genetics into
clinical practice.

Each chapter is comprehensive and stands alone in
terms of determination of cancer diagnosis, so the
reader does not have to scour multiple places in the
book or outside sources. A literature review of the sub-
ject matter from the early 1990s to the present is also
included in most chapters. The results of most methods
are shown by including a color photomicrograph that
contains useful immunohistochemical or FISH diagnos-
tic information: these illustrations facilitate the interpre-
tation of the results obtained. Each chapter is organized
logically, providing an introduction, materials required
(including reagents, antibodies, apparatuses, and com-
mercial sources), methods, results, and discussion. The
procedures are explained in a detailed, step-by-step fash-
ion so that the reader can use them without additional
references. Advantages and limitations of the methods
used for cancer diagnosis are also presented.

There are several reasons for the limited use of
molecular genetics in clinical practice. One reason is
the high cost of establishing facilities for molecular
techniques; another is our comparatively meager
understanding of the nature of many diseases, includ-
ing cancer. Although equipment for molecular testing
is available, some investment is needed. Another reason
is the dearth of clinician/scientist training programs,
resulting in limited clinician/scientists. Also, an inequity
in pay exists between those working in clinical prac-
tice and research faculty. Accordingly, the difference in
pay may be a disincentive for choosing a full-time career
in medical research. The length of time (8 years as an
average) necessary to receive the MD/PhD is probably
also a barrier in the development of new clinician/
scientists. Also, many clinician/scientist trainees are
married or in stable relationships, and personal time
for family life and children is increasingly important to
them. Narrowing the gap in income between clinical
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practitioners and full-time medical researchers would
provide a positive incentive for this profession.

I am indebted to the authors of the chapters for their
promptness, and I appreciate their dedication and hard
work in sharing their expertise with the readers. In most
cases the protocols presented were either introduced or
refined by the authors and are routinely used in their
clinical pathology laboratories. The methods presented
offer much more detailed information than is available
in scientific journals. Because of its relatively recent
emergence from the research laboratory, many molec-
ular pathology protocols are still found in scientific
journals and have not appeared in a book. Each chapter
provides unique, individual, practical knowledge based
on the expertise of the author. As with all clinical labo-
ratory testing, the results obtained should be interpreted
in conjunction with other established and proven labo-
ratory data and clinical findings.

This volume has been developed through the efforts
of 159 authors and co-authors representing 24 countries.
The high quality of each manuscript made my work
as the editor an easy one. The authors were gracious

and prompt. Considering the increasing volume of
original research being published rapidly in a variety of
journals and formats, there is a need to provide busy
physicians with authoritative, timely overviews of key
developments in a compact form and, most impor-
tantly, practical information on how these advancements
can be applied in the diagnosis and treatment of patients.
These volumes attempt to provide this assistance. This
volume also is intended for use in research and clinical
laboratories by medical technicians and pathologists,
especially in the field of oncology. This volume and
other volumes of the series will also be of interest and
help to teachers and medical students.

I am thankful to Dr. Dawood Farahi and the Board
of Trustees of Kean University for recognizing the
importance of scholarship. I appreciate the cooperation
extended to me by Philip Carpenter, and I am grateful
to Elizabeth McGovern for her expert help in preparing
this volume.

M.A. Hayat
June 2005
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Selected Definitions

Ablation: Ablation consists of removal of a body
part or the destruction of its function.

Adenocarcinoma: Adenocarcinoma is a malignant
neoplasm of epithelial cells in a glandular or glandlike
pattern.

Adenoma: Adenoma is a benign epithelial neoplasm
in which the tumor cells form glands or glandlike struc-
tures. It does not infiltrate or invade adjacent tissues.

Adjuvent: Adjuvent is a substance that nonspecifi-
cally enhances or potentiates an immune response to an
antigen; something that enhances the effectiveness of a
medical treatment.

Affinity: Affinity is a measure of the bonding strength
(association constant) between a receptor (one binding
site on an antibody) and a ligand (antigenic determinant).

Algorithm: An algorithm is a step-by-step procedure
for management of a health care problem.

Allele: An allele is one of two or more alternative
forms of a single gene locus. Different alleles of a gene
have unique nucleotide sequences, and their activities
are all concerned with the same biochemical and devel-
opmental process, although their individual phenotypes
may differ. An allele is one of several alternate forms
of a gene at a single locus that controls a particular
characteristic.

Alternative Splicing: Genes with new functions
often evolve by gene duplication. Alternative splicing
is another means of evolutionary innovation in eukary-
otes, which allows a single gene to encode functionally
diverse proteins (Kondrashov and Koonin, 2001). In
other words, alternative splicing refers to splicing the
same pre-mRNA in two or more ways to yield two
or more different protein products. Alternative splicing
can produce variant proteins and expression patterns as
different as the products of different genes. Alternative
splicing either substitutes one protein sequence segment
for another (substitution alternative splicing) or involves
insertion or deletion of a part of the protein sequence
(Iength-difference alternative splicing). Thus, alterna-
tive splicing is a major source of functional diversity in

animal proteins. Many types and large numbers of
proteins are required to perform immensely diverse
functions in a eukaryote.

Lack of correlation between the complexity of an
organism and the number of genes can be partially
explained if a gene often codes for more than one
protein. Individual genes with mutually alternative
exons are capable of producing many more protein
isoforms than there are genes in the entire genome.
A substantial amount of exon duplication events lead
to alternative splicing, which is a common phenome-
non. Indeed, alternative splicing is widespread in mul-
ticellular eukaryotes, with as many as one (or more)
in every three human genes producing multiple iso-
forms (Mironov et al., 1999). Alternative splicing is an
ubiquitous mechanism for the generation of multiple
protein isoforms from single genes, resulting in the
increased diversity in the proteomic world.

Amplification: Amplification refers to the produc-
tion of additional copies of a chromosomal sequence,
found as intrachromosomal or extrachromosomal DNA.
Amplification is selective replication of a gene to produce
more than the normal single copy in a haploid genome.

Anaplasia: Anaplasia results in the regression of
cells and tissues to an undifferentiated state (dediffer-
entiation) in most malignant neoplasms.

Aneuploidy: Aneuploidy is the abnormal condition
in which one or more whole chromosomes of a normal
set of chromosomes either are missing or are present
in more than the usual number of copies. Aneuploidy
refers to not having the normal diploid number of
chromosomes.

Annealing of DNA: Annealing of DNA is the
process of bringing back together two separate strands
of denatured DNA to re-form a double helix.

Antibody: Antibody (immunoglobulin) is a protein
produced by B lymphocytes that recognizes a particular
foreign antigenic determinant and facilitates clearance
of that antigen; antigens can also be carbohydrates and
even DNA.

XXXV
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Selected Definitions

Antigen: An antigen is a foreign substance that binds
specifically to antibody or T-cell receptors and elicits an
immune response.

Antigenic Determinant: Antigenic determinant is
the site on an antigenic molecule that is recognized and
bound by antibody.

Apoptosis. Apoptosis is the capacity of a cell to
undergo programmed cell death. In response to a stim-
ulus, a pathway is triggered that leads to destruction of
the cell by a characteristic set of reactions. Failure to
apoptose allows tumorigenic cells to survive and thus
contribute to cancer.

Avidity: Avidity is referred to as the functional
binding strength between two molecules such as an
antibody and an antigen. Avidity differs from affinity
because it reflects the valency of the antigen—antibody
interaction.

Carcinoma: Carcinoma is one of various types
of malignant neoplasms arising from epithelial cells,
mainly glandular (adenocarcinoma) or squamous cells.
Carcinoma is the most common cancer and displays
uncontrolled cellular proliferation, anaplasia, and inva-
sion of other tissues, spreading to distant sites by metas-
tasis. The origin of carcinoma in both sexes is skin (in
men it originates in the prostate, and in women it orig-
inates in the breast). The most frequent carcinoma in
both sexes is bronchogenic carcinoma.

Cardia: The part of the stomach close to the
esophageal opening, which contains the cardiac glands.

cDNA (Complementary Deoxyribonucleic Acid):
mRNA molecules are isolated from cells, and DNA
copies of these RNAs are made and inserted into a
cloning vector. The analysis of that cloned cDNA mol-
ecule can then provide information about the gene that
encoded the mRNA. The end result is a cDNA library.

Chromosomal Aberration: Chromosomal aberra-
tion is a change in the structure or number of chromo-
somes. The variation from the wild-type condition is
either chromosome number or chromosome structure.
Four major types of aberrations are deletions, duplica-
tions, inversions, and translocations. Variations in the
chromosome number of a cell give rise to aneuploidy,
monoploidy, or polyploidy.

Chromosomal Instability: Chromosomal insta-
bility is defined as an increased rate of chromosome
aberrations, in contrast to microsatellite instability,
which induces alterations of DNA repeat sequences
but no changes in chromosome number or structure.
Chromosomal instability is associated with aggressive
tumor behavior and poor prognosis.

Clinical Guidelines: Clinical guidelines are state-
ments aimed to assist clinicians in making decisions
regarding treatment for specific conditions. They are
systematically developed, evidence-based, and clinically

workable statements that aim to provide consistent and
high-quality care for patients. From the perspective of
litigation, the key question has been whether guide-
lines can be admitted as evidence of the standard of
expected practice or whether this would be regarded as
hearsay. Guidelines may be admissible as evidence in
the United States if qualified as authoritative material
or a learned treatise, although judges may objectively
scrutinize the motivation and rationale behind guide-
lines before accepting their evidential value (Samanta
et al., 2003). The reason for this scrutiny is the inability
of guidelines to address all the uncertainties inherent in
clinical practice. However, clinical guidelines should
form a vital part of clinical governance.

Clone: A clone is a group of cells that are geneti-
cally identical to the original individual cell.

Codon: A codon is a three-base sequence in mRNA
that causes the insertion of a specific amino acid into
polypeptide or causes termination of translation.

Cohort: A designated group followed or traced
over a period of time.

Concatemers: Concatemers are DNAs of multiple
genome length.

Congtitutive Gene: A constitutive gene is a gene
whose products are essential to normal cell function-
ing, no matter what the life-supporting environmental
conditions are. These genes are always active in grow-
ing cells.

Constitutive Mutation: Constitutive mutation is a
mutation that causes a gene to be expressed at all times,
regardless of normal controls.

Cytokines: Cytokines are a group of secreted low-
molecular-weight proteins that regulate the intensity
and duration of an immune response by stimulating or
inhibiting the proliferation of various immune cells or
their secretion of antibodies or other cytokines.

Deletion: Deletion is a mutation involving a loss
of one or more base pairs; a chromosomal segment or
gene is missing.

Dendritic Cell: A dendritic cell is a type of antigen-
presenting cell that has long membrane processes (resem-
bling dendrites of nerve cells) and is found in the lymph
nodes, spleen, thymus, skin, and other tissues.

Determinant: The determinant is the portion of an
antigen molecule that is recognized by a complemen-
tary section of an antibody or T-cell receptor.

Diagnosis: Diagnosis means the differentiation of
malignant from benign disease or of a particular malig-
nant disease from others. A tumor marker that helps
in diagnosis may be helpful in identifying the most
effective treatment plan.

DNA Methylation: Genetic mutations or deletions
often inactivate tumor-suppressor genes. Another mech-
anism for silencing genes involves DNA methylation.
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In other words, in addition to genetic alterations, epige-
netics controls gene expression, which does not involve
changes of genomic sequences. DNA methylation is an
enzymatic reaction that brings a methyl group to the
5th carbon position of cystine located 5’ to guanosine
in a cytosine guanine (CpG) dinucleotide within the
gene promoter region. This results in the prevention of
transcription. Usually multiple genes are silenced by
DNA methylation in a tumor; DNA methylation of
genes, however, is not common in normal tissues. Gene
methylation profiles, almost unique for each tumor
type, can be detected in cytologic specimens by
methylation-specific polymerase chain reaction (Pu and
Clark, 2003).

In the human genome, ~80% of CpG dinucleotides
are heavily methylated, but some areas remain
unmethylated in GC-rich CpG island (Bird, 2002). In
cancer cells, aberrant DNA methylation is frequently
observed in normally unmethylated CpG islands,
resulting in the silencing of the function of normally
expressed genes. If the silencing occurs in genes criti-
cal to growth inhibition, the epigenetic alteration could
promote tumor progression resulting from uncontrolled
cell growth. However, pharmacologic demethylation
can restore gene function and promote death of tumor
cells (Shi et al., 2003).

ELISA: Enzyme-linked immunosorbent assay in
which antibody or antigen can be quantitated by using
an enzyme-linked antibody and a colored substance to
measure the activity of the bound enzyme.

Encode: Encode refers to containing the informa-
tion for making an RNA or polyeptide; a gene can
encode an RNA or a polypeptide.

Epidemiology: The study of the occurrence of disease
in specified populations to control health problems.

Epigenetics: Epigenetics can be defined as the
study of mitotically or meiotically heritable changes in
gene function that cannot be explained by changes in
DNA sequence. Epigenetic change means an alteration
in the expression of a gene but not in the structure of
the gene itself. Processes less irrevocable than muta-
tion fall under the umbrella term “epigenetic.” Known
molecular mechanisms involved in epigenetic phenom-
enon include DNA methylation, chromatin remodeling,
histone modification, and RNA interference. Patterns
of gene expression regulated by chromatin factors can
be inherited through the germline (Cavalli and Paro,
1999). The evidence that heritable epigentic variation is
common raises questions about the contribution of epi-
genetic variation to quantitative traits in general
(Rutherford and Henikoff, 2003).

Epitope: An epitope is the antigenic determinant or
antigen site that interacts with an antibody or T-cell
receptor.

Exon/Intron: An exon is the region of a gene that
is ultimately represented in the gene’s mature transcript,
in both the DNA and its RNA product. Eukaryotic genes
contain noncoding sequences (introns) embedded into
coding sequences (exons). The introns are removed
(splicing) following transcription of DNA into RNA.

Familial Trait: A familial trait is a trait shared by
members of a family.

FISH: Fluorescent in situ hybridization is a tech-
nique of hybridizing a fluorescence probe to whole
chromosome to determine the location of a gene or
other DNA sequence within a chromosome.

Gadtritis: Gastritis refers to the inflammation, espe-
cially mucosal, of the stomach.

Gene: A gene is the basic unit of heredity and
contains the information for making one RNA and, in
most cases, one polypeptide.

Gene Cloning: Gene cloning means generating many
copies of a gene by inserting it into an organism (e.g.,
bacterium) where it can replicate along with the host.

Gene Expression: Gene expression is the process
by which gene products are made.

GeneFamily: A gene family consists of a set of genes
whose exons are related; the members were derived by
duplication and variation from some ancestral genes.

Gene Mutation: A gene mutation is a heritable
alteration of the genetic material, usually from one
allele form to another. A gene mutation is confined to
a single gene.

GeneTherapy: Gene therapy is defined as a therapy
in which a gene(s) or gene-transducer cells are intro-
duced to the patient’s body for a therapeutic or gene-
marking purpose. Gene therapy by definition is not
necessarily a molecular targeting therapy, but the rea-
son for the high expectations is that new mechanisms
of cancer cell targeting can be integrated into the
therapy.

Genetic Code: Genetic code is the set of 64 codons
and the amino acids (or terminations) they stand for.
It is the correspondence between triplets in DNA (or
RNA) and amino acids in protein.

Genetic Mapping: Genetic mapping determines the
linear order of genes and the distances between them.

Genome: The genome is the total amount of genetic
material in a cell. In eukaryotes it is the haploid set of
chromosomes of an organism.

Genomic Instability: Tt takes many years to get a
cancer. Approximately 20 years may elapse from the
time of exposure to a carcinogen to the development of
a clinically detectable tumor. During this time, tumors
are characterized by genomic instability, resulting in
the progressive accumulation of mutations and pheno-
typic changes. Some of the mutations bypass the host
regulatory processes that control cell location, division,
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expression, adaptation, and death. Genetic instability is
manifested by extensive heterogeneity of cancer cells
within each tumor.

Destabilized DNA repair mechanisms can play an
important role in genomic instability. Human cells may
use at least seven different repair mechanisms to deal
with DNA lesions that represent clear danger to survival
and genomic stability. For example, homologous recom-
bination repair, nonhomologous end-joining, and mis-
match repair mechanisms normally act to maintain
genetic stability, but, if they are deregulated, genomic
instability and malignant transformation might occur
(Pierce et al., 2001). Also, because the human genome
contains ~500,000 members of the Alu family, increased
levels of homologous/homologous recombination events
between such repeats might lead to increased genomic
instability and contribute to malignant progression
(Rinehart et al., 1981).

In addition, BCR/ABL oncogenic tyrosine kinase
allows cells to proliferate in the absence of growth
factors, protects them from apoptosis in the absence
of growth factors or external survival factors, and pro-
motes invasion and metastasis. The unrepaired and/or
aberrantly repaired DNA lesions resulting from spon-
taneous or drug-induced damage can accumulate
in BCR/ABL-transformed cells, which may lead to
genomic instability and malignant progression of the
disease (Skorski, 2002).

Genomic Imprinting: Genomic imprinting is a phe-
nomenon by which the two alleles of certain genes are
differentially expressed according to their parental origin.

Genomic Library: The genomic library is a set of
clones containing DNA fragments derived directly
from a genome, rather than from RNA; the collection
of molecular clones that contain at least one copy of
every DNA sequence in the genome.

Genotype: The genotype is the combined genetic
material inherited from both parents; also the alleles
present at one or more specific loci. In other words, the
genotype is the allelic constitution of a given individual.

Germline: The germline is the unmodified genetic
material that is transmitted from one generation to the
next through the gametes.

Germline Mutations: Mutations in the germline of
sexually reproducing organisms may be transmitted by
the gametes to the next generation, giving rise to an
individual with the mutant state in both its somatic and
germline cells.

G1 Phase: G1 phase is the period of the eukaryotic
cell cycle between the last mitosis and the start of DNA
replication.

G2 Phase: G2 phase is the period of the eukaryotic
cell cycle between the end of DNA replication and the
start of the next mitosis.

Haploinsufficiency: Although classically tumor-
suppressor genes are thought to require mutation or
loss of both alleles to facilitate tumor progression, for
some genes, haploinsufficiency, which is loss of only
one allele, may contribute to carcinogenesis.

Hepatitis: Hepatitis consists of inflammation of the
liver caused by viral infection or toxic agents.

Heterozygous: Heterozygous refers to a diploid
organism having different alleles of one or more genes.
As a result, the organism produces gametes of different
genotypes.

Humoral Immunity: Humoral immunity is the
immunity that can be transferred by antibodies present
in the plasma, lymph, and tissue fluids.

Hybridization: Hybridization is the pairing of com-
plementary RNA and DNA strands to give an RNA/DNA
hybrid. In other words, pairing of two complementary
single-stranded nucleotides according to the base pairing
rules: cytosine with guanine and adenine with thymine.

Immunotherapy: Immunotherapy involves deliver-
ing therapeutic agents conjugated to monoclonal anti-
bodies that bind to the antigens at the surface of cancer
cells. Ideal antigens for immunotherapy should be
strongly and uniformally expressed on the external sur-
face of the plasma membrane of all cancer cells. Many
solid neoplasms often demonstrate regional variation
in the phenotypic expression of antigens. These regional
differences in the immunophenotypic profile within
the same tumor are referred to as intratumoral hetero-
geneity. Therapeutic agents that have been used include
radioisotopes, toxins, cytokines, chemotherapeutic
agents, and immunologic cells.

Kaposi's Sarcoma: Kaposi’s sarcoma is a multifo-
cal malignant neoplasm that occurs in the skin and
lymph nodes. It consists of cutaneous lesions that are
reddish to dark blue in color, found commonly in men
older than 60 years of age or in patients with AIDS.

L aser-Capture Microdissection: Tissue heterogene-
ity and the consequent need for precision before spec-
imen analysis present a major problem in the study of
disease. Even a tissue biopsy consists of a heteroge-
nous population of cells and extracellular material,
and analysis of such material may yield misleading or
confusing results. Cell cultures can be homogenous but
not necessarily reflect the in vivo condition. Therefore,
a strategy is required to facilitate selective purification
of relevant homogenous cell types.

The technology of laser-capture microdissection
allows extraction of single cells or defined groups of
cells from a tissue section. This technique is important
for characterizing molecular profiles of cell populations
within a heterogeneous tissue. In combination with var-
ious downstream applications, this method provides the
possibility of cell-type of even cell-specific investigation
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of DNA, RNA, and proteins (Mikulowska-Mennis
et al., 2002).

Library: A library is a set of cloned fragments
together representing the entire genome.

Ligand: A ligand is a molecule recognized by a
receptor structure.

Linkage: Linkage is the tendency of genes or other
DNA sequences at specific loci to be inherited together
as a consequence of their physical proximity on a single
chromosome.

Loss of Heterozygosity: Loss of one copy of a
chromosomal region is termed loss of heterozygosity
(LOH). In the majority of cases where the gene muta-
tion is recessive, tumor cells often retain only the
mutated allele and lose the wild-type one. This loss is
known as LOH.

Lymph: Lymph is the intercellular tissue fluid that
circulates through the lymphatic vessels.

Lymphadenopathy: Lymphadenopathy is the
enlargement of the lymph nodes.

Lymph Nodes: Lymph nodes are small secondary
Ilymphoid organs containing populations of lympho-
cytes, macrophages, and dendric cells, which serve as
sites of filtration of foreign antigens and activation of
lymphocytes.

Lymphokines: Lymphokines is a generic term for
cytokines produced by activated lymphocytes, especially
T cells, that act as intercellular mediators of the immune
response.

Lymphoma: Lymphoma is a cancer of lymphoid
cells that tends to proliferate as solid tumors.

Malignant: Malignant tumors have the capacity to
invade and alter normal tissue.

Marker (Biomarker): A marker is a mutated gene
or its product that serves as a signpost at a known loca-
tion in the genome.

Metastasis: Initially tumor growth is confined to
the original tissue of origin, but eventually the mass
grows sufficiently large to push through the basement
membrane and invade other tissues. When some cells
lose adhesiveness, they are free to be picked up by
Iymph and carried to lymph nodes, or they may invade
capillaries and enter blood circulation. If the migrant
cells can escape host defenses and continue to grow
in the new location, a metastasis is established. More
than half of cancers have metastasized by the time
of diagnosis. Usually it is the metastasis that kills the
person rather than the primary (original) tumor.

Metastasis itself is a multistep process. The cancer
must break through any surrounding covering (capsule)
and invade the neighboring (surrounding) tissue. Cancer
cells must separate from the main mass and must be
picked up by the lymphatic or vascular circulation. The
circulating cancer cells must lodge in another tissue.

Cancer cells traveling through the lymphatic system
must lodge in a lymph node. Cancer cells in vascular
circulation must adhere to the endothelial cells and pass
through the blood vessel wall into the tissue. For can-
cer cells to grow, they must establish a blood supply to
bring oxygen and nutrients; this usually involves angio-
genesis factors. All of these events must occur before
host defenses can kill the migrating cancer cells.

If host defenses are to be able to attack and kill malig-
nant cells, they must be able to distinguish between
cancer and normal cells. In other words, there must be
immunogens on cancer cells not found on normal cells.
In the case of virally induced cancer circulating cells,
viral antigens are often expressed, and such cancer
cells can be killed by mechanisms similar to those for
virally infected tissues. Some cancers do express anti-
gens specific for those cancers (tumor-specific antigens),
and such antigens are not expressed by normal cells.

As already stated, metastasis is the principal cause
of death in individuals with cancer; yet, its molecular
basis is poorly understood. To explore the molecular
difference between human primary tumors and metas-
tases, Ramaswamy and Golub (2003) compared the gene-
expression profiles of adenocarcinoma metastases of
multiple tumor types with unmatched primary adeno-
carcinomas. They found a gene-expression signature
that distinguished primary from metastatic adenocarci-
nomas. More importantly, they found that a subset of
primary tumors resembled metastatic tumors with
respect to this gene-expression signature. The results
of this study differ from most earlier studies in that the
metastatic potential of human tumors is encoded in the
bulk of a primary tumor. In contrast, some earlier stud-
ies suggest that most primary tumor cells have low
metastatic potential, and cells within large primary
tumors rarely acquire metastatic capacity through
somatic mutation (Poste and Fidler, 1980). The emerg-
ing notion is that the clinical outcome of individuals
with cancer can be predicted using the gene profiles of
primary tumors at diagnosis.

Methylation: DNA methylation (an epigenetic
change) in mammals occurs at the cytosine residues
of cytosine guanine (CpG) dinucleotides by an enzy-
matic reaction that produces 5-methylcytosine (5-mc).
In other words, methylation of normal unmethylated
CpG islands in gene-promoter regions is an impor-
tant method for silencing tumor-suppressor genes.
Methylation results in transcriptional inactivation of
several tumor-suppressor genes in human cancer and
serves as an alternative for the genetic loss of gene
function by deletion or mutation.

One of the first alterations of DNA methylation
to be recognized in neoplastic cells was a decrease
in overall 5-mc content, referred to as genomewide or
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global DNA hypomethylation. Despite the frequently
observed cancer-associated increases of regional hyper-
methylation, the prevalence of global DNA hypomethy-
lation in many types of human cancers suggests that such
hypomethylation plays a significant and fundamental
role in tumorigenesis.

Microsatellite: A microsatellite is a short DNA
sequence (usually 2—4 pb) repeated many times in
tandem. A given microsatellite is found in varying
lengths, scattered around a eukaryotic genome.

Mitogen: Mitogen is a substance (e.g., hormone or
growth factor) that stimulates cell division.

Molecular Genetics: Molecular genetics is a subdi-
vision of the science of genetics, involving how genetic
information is encoded within the DNA and how the
cell’s biochemical processes translate the genetic
information into the phenotype.

Monitoring: Monitoring means repeated assess-
ment if there are early relapses or other signs of disease
activity or progression. If early relapse of the disease is
identified, a change in patient management will be
considered, which may lead to a favorable outcome for
the patient.

Monoclonal Antibody: Monoclonal antibodies
are homogeneous antibodies produced by a clone of
hybridoma cells.

MRNA Splicing: Messenger ribonucleic acid
(mRNA) splicing is a process whereby an intervening
sequence between two coding sequences in an RNA
molecule is excised and the coding sequences are lig-
ated (spliced) together.

Multifactorial Trait: A multifactorial trait is a trait
influenced by multiple genes and environmental factors.
When multiple genes and environmental factors influ-
ence a trait, it is difficult to find a simple relationship
between genotype and phenotype that exists in discon-
tinuous traits.

Mutagens: A mutagen is any physical or chemical
agent that significantly increases the frequency of muta-
tional events above the rate of spontaneous mutation.

Mutant: A mutant is an organism (or genetic system)
that has suffered at least one mutation.

Mutation: Mutation is the original source of genetic
variation caused, for example, by a change in a DNA
base or a chromosome. Mutation is a permanent change
in the sequence of DNA.

Neoplasia: Neoplasia refers to the pathologic
process that causes the formation and growth of an
abnormal tissue.

Neoplasm: A neoplasm is an abnormal tissue that
grows by cellular proliferation faster than normal and
continues to grow.

Oligonucleotide: An olignucleotide is a short piece
of RNA or DNA.

Oncogene: An oncogene is a gene that transforms a
normal cell to a tumorous (cancerous) state. Products
of oncogenes are capable of causing cellular trans-
formations. Oncogenes derived from viruses are
denoted v-onc, whereas their cellular counterparts, or
protooncogenes, are denoted c-onc.

Palliative: A palliative reduces the severity of the
disease without curing it.

Pancreatitis: Pancreatitis refers to the inflamma-
tion of the pancreas. It can be caused by alcoholism,
endocrine diseases, heredity, a virus, parasites, allergies,
immunology, pregnancy, drug effects, and abdominal
injury.

PCNA: PCNA is a proliferating cell nuclear antigen.

Penetrance: Penetrance is the frequency (expressed
as a percentage) of individuals who are phenotypically
affected among persons of an appropriate genotype.
A trait may show incomplete penetrance or complete
(full) penetrance.

Phenaotype: A phenotype is the observed biochemi-
cal, physical, or morphologic characteristics of an indi-
vidual. The phenotype is the physical manifestation of
a genetic trait, resulting from a specific genotype and
its interaction with the environment. Genes give only
the potential for the development of a particular phe-
notypic characteristic; the extent to which that poten-
tial is realized depends on interactions with the other
genes and their products and also on environmental
influences.

Polymerase Chain Reaction: The polymerase
chain reaction (PCR) method is used to selectively and
repeatedly replicate defined DNA sequences from a
DNA mixture. The starting point for PCR is the DNA
mixture containing the DNA sequence to be amplified
and a pair of oligonucleotide primers that flank that
DNA sequence.

Polymor phism: Polymorphism refers to the simul-
taneous occurrence in the population of genomes
showing allelic variations, which are seen either in
alleles producing different phenotypes or, for example,
in changes in DNA affecting the restriction pattern.
A polymorphic locus is any locus that has more than
one allele present within a population. It is the occur-
rence of two or more alternative genotypes in a popu-
lation at a higher frequency than what could be
maintained by recurrent mutations. Single nucleotide
polymorphism (SNP) is the variation in the DNA
sequence limited to a single base pair.

Prognosis: Prognosis is defined as the prediction of
how well or how poorly a patient is likely to fare in
terms of response to therapy, relapse, survival time, or
other outcome measures.

Prophylactic-Prophylaxis. Prophylactic-prophylaxis
is prevention of disease or of a process that can lead
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Transduction: Transduction refers to the use of a
phage (or virus) to carry host genes from one cell to
another cell of a different genotype.

Transgenic Animals. Transgenic animals are created
by introducing new DNA sequences into the germline
via addition to the egg.

Tumor Markers: Tumor markers are molecular
entities that distinguish tumor cells from normal cells.
They may be unique genes or their products that are
found only in tumor cells, or they may be genes or
gene products that are found in normal cells but are
aberrantly expressed in unique locations in the tumor
cells, or are present in abnormal amounts, or function
abnormally in response to cellular stress or to environ-
mental signals (Schilsky and Taube, 2002). Tumor mark-
ers may be located intracellularly (within the nucleus,
in the cytoplasm, or on the membrane) or on the cell
surface, or they may be secreted into the extracellular
space, including into the circulation. Tumor markers
usually are used for monitoring and detection of early
response in asymptomatic patients. For example, tissue-
based estrogen receptor and HER-2/neu amplification/
overexpression markers in breast cancer have been vali-
dated to predict response to therapy in breast cancer.
Other examples are prostate-specific antigen (PSA),
which is a marker for early detection of prostate can-
cer, and carcinoembryonic antigen, which is used for
detecting colon cancer.

Viral Oncogene: A viral oncogene transforms a
cell it infects to a cancerous state.

Wild-Type: Wild-type is a term used to indicate the
normal allele or the normal genotype. It is a strain,
organism, or gene of the type that is designated as the
standard for the organism with respect to genotype and
phenotype.

Xenograft: Xenograft refers to transferring a graft
or tissue from one species to another.
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Classification Scheme
of Human Cancers

Leukemias

Acute lymphoid leukemia (ALL)

Acute myeloid leukemia (AML)

Chronic myeloid leukemia (CML)

Other and unspecified leukemia (Other Leuk)
Other and unspecified lymphoid leukemias
Other and unspecified myeloid leukemias
Other specified leukemias (not elsewhere

classified [NEC])
Lymphomas

Non-Hodgkin’s lymphoma (NHL)

Non-Hodgkin’s lymphoma, specified
subtype

Non-Hodgkin’s lymphoma, subtype not
specified

Hodgkin’s disease (HD)

Hodgkin’s disease, specified subtype
Hodgin’s disease, subtype not specified

Central nervous system and other intracranial
and intraspinal neoplasms (central nervous
system [CNS] tumors)

Astrocytoma
Specified low-grade astrocytoma
Glioblastoma and anaplastic astrocytoma
Astrocytoma not otherwise specified

Other gliomas

Ependymoma

Medulloblastoma and other primitive

neuroectodermal tumors
(Medulloblastoma)
Other and unspecified malignant intracranial
and entraspinal neoplasms (Other CNS)
Other specified malignant intracranial and
intraspinal neoplasms
Unspecified malignant intracranial and
intraspinal neoplasms

xlifi

Nonmalignant intracranial and intraspinal
neoplasms
Specified nonmalignant intracranial or
intraspinal neoplasms
Unspecified intracranial or intraspinal
neoplasms
Osseous and chondromatous neoplasms,
Ewing’s tumor, and other neoplasms of
bone (bone tumors)
Osteosarcoma
Chondrosarcoma
Ewing’s tumor
Other specified and unspecified bone tumors
(Other bone tumors)
Other specified bone tumors
Unspecified bone tumors
Soft-tissue sarcomas (STS)
Fibromatous neoplasms (Fibrosarcoma)
Rhabdomyosarcoma
Other soft-tissue sarcomas
Other soft-tissue sarcomas
Unspecified soft-tissue sarcomas
Germ-cell and trophoblastic neoplasms
(germ-cell tumors)
Gonadal germ-cell and trophoblastic
neoplasms
Germ-cell and trophoblastic neoplasms of
nongonadal sites
Intracranial germ-cell and trophoblastic
tumors
Other nongonadal germ-cell and
trophoblastic tumors
Melanoma and skin carcinoma
Melanoma
Skin carcinoma
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Carcinomas (except of skin)
Carcinoma of thyroid
Other carcinoma of head and neck
Nasopharyngeal carcinoma
Carcinoma of other sites in lip, oral cavity,
and pharynx
Carcinoma of nasal cavity, middle ear,
sinuses, larynx, and other ill-defined
sites in head and neck
Carcinoma of trachea, bronchus, lung, and
pleura
Carcinoma of breast
Carcinoma of genitourinary (GU) tract
Carcinoma of kidney
Carcinoma of bladder
Carcinoma of ovary and testis
Carcinoma of cervix and uterus
Carcinoma of other and ill-defined sites
in GU tract
Carcinoma of gastrointestinal (GI) tract
Carcinoma of colon and rectum
Carcinoma of stomach
Carcinoma of liver and ill-defined sites in
GI tract

Carcinomas of other and ill-defined sites
NEC
Adrenocortical carcinoma
Other carcinomas NEC
Miscellaneous specified neoplasms NEC
Embryonal tumors NEC
Wilms’ tumor
Neuroblastoma
Other embryonal tumors NEC
Other rare miscellaneous specified neo-
plasms
Paraganglioma and glomus tumors
Other specified gonadal tumors NEC
Myeloma, mast cell tumors, and
miscellaneous reticuloendothelial
neoplasms NEC
Other specified neoplasms NEC
Unspecified malignant neoplasms NEC

Birch et al., 2002.
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to disease. It is the use of an antigenic (immunogenic)
agent to actively stimulate the immunologic mecha-
nism or the administration of chemicals or drugs to
members of a community to reduce the number of car-
riers of a disease and to prevent others from contract-
ing the disease. Alternatively, use of an anti-serum
from another person or animal to provide temporary
protection against a specific infection or toxic agent
can be tried.

Proteomics (Proteome): Proteomics facilitates
making inventory of all proteins encoded in the genome
of an organism and analysis of interaction of these pro-
teins. One of the primary goals of this technology is to
describe the composition, dynamics, and connections
of the multiprotein modules that catalyze a wide range
of biological functions in cells. This technique pro-
vides exhaustive information on biochemical properties
in living systems such as level of protein expression,
post-translational modifications, and protein-protein
interactions.

Protooncogene: A protooncogene is the normal
counterpart in the eukaryotic genome to the oncogene
carried by some viruses. In other words, a protoonco-
gene is a gene that, in normal cells, functions to control
the normal proliferation of cells and that, when mutated
or changed in any other way, becomes an oncogene.

PSA (Prostate-Specific Antigen): PSA is a marker
for early detection of prostate cancer.

PTEN: The PTEN gene is phosphorylase and tensin
homologue detected on chromosome 10. It is a tumor-
suppressor gene that can be inactivated by mutation
or genetic deletion or by epigenetic changes, including
methylation. PTEN is involved in several types of
human cancers and cancer cell lines, including brain,
endometrium, prostate, breast, skin, colorectal, ovar-
ian, and oral squamous cell carcinomas and leukemia,
melanoma, and lymphoma.

Repressor Gene: A repressor gene is a regulatory
gene whose product is a protein that controls the tran-
scriptional activity of a particular operon.

Sarcoma: Sarcoma is a connective tissue neoplasm
that is usually highly malignant. It is formed by prolif-
eration of mesodermal cells.

Sarcomatoid: Sarcomatoid is a neoplasm that
resembles a sarcoma.

Screening: Screening is defined as the application
of a test to detect disease in a population of individu-
als who do not show any symptoms of their disease.
The objective of screening is to detect disease at an
early stage, when curative treatment is more effective.

Serial Analysisof Gene Expression (SAGE): SAGE
is an approach that allows rapid and detailed analysis
of thousands of transcripts. The LongSAGE method
(Saha et al., 2002) is similar to the original SAGE

protocol (Velculescu et al., 1995), but it produces longer
transcript tags. The resulting 21 bp consists of a con-
stant 4-bp sequence representing the restriction site
at which the transcript has been cleaved, followed by
a unique 17-bp sequence derived from an adjacent
sequence in each transcript. This improved method
was used for characterizing ~28,000 transcript tags
from the colorectal cancer cell line DLD-1. The SAGE
method was also used for identifying and quantifying
a total of 303,706 transcripts derived from colorectal
and pancreatic cancers (Zhang et al., 1997).

Metastatic colorectal cancer showed multiple copies
of the PRL-3 gene that was located at chromosome
8q24.3 (Saha et al., 2001). Several genes and pathways
have been identified in breast cancer using the SAGE
method (Porter et al., 2001). The SAGE method is par-
ticularly useful for organisms whose genome is not
completely sequenced because it does not require a
hybridization probe for each transcript and allows new
genes to be discovered. Because SAGE tag numbers
directly reflect the abundance of the mRNAs, these
data are highly accurate and quantitative. For further
details, see Part II, Chapter 6 (by Dr. Ye), page 85 in
Volume I of this series.

Signal Transduction: Signal transduction describes
the process by which a receptor interacts with a ligand
at the surface of the cell and then transmits a signal to
trigger a pathway within the cell. The basic principle
of this interaction is that ligand binding on the extracel-
lular side influences the activity of the receptor domain
on the cytoplasmic side. The signal is transduced across
the membrane. Signal transduction provides a means
for amplification of the original signal.

Somatic Mutation: A somatic mutation is a muta-
tion occurring in a somatic cell and therefore affecting
only its daughter cells; it is not inherited by descendents
of the organism.

Specificity: Specificity is the capacity for discrimi-
nation between antigenic determinants by antibody or
lymphocyte receptor.

Splicing: Splicing is the process of linking together
two RNA exons while removing the intron that lies
between them.

Suppressor Gene: A suppressor gene is a gene
that suppresses mutations in other genes. The effects
of a mutation may be diminished or abolished by a
mutation at another site. The latter may totally or par-
tially restore a function lost because of a primary
mutation at another site. A suppressor mutation does
not result in a reversal of the original mutation; instead,
it masks or compensates for the effects of the primary
mutation.

Transcription: Transcription is the process by
which an RNA copy of a gene is made.
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Identification of Tumor-
Specific Genes

Christian Haslinger, \Xolfgang Sommergruber, Tilman Voss,
and Martin Schreiber

Tumor-Specific and Tumor-Associated
Genes

Tumors result from the perturbation of processes
that control the normal growth, localization, and mor-
tality of cells. The loss of normal control mechanisms
arises from the acquisition of mutation in three broad
categories of genes: (1) protooncogenes, the physio-
logic (normal) products of which are components of
signaling pathways that regulate proliferation, whereas
the mutated forms represent dominant oncogenes; (2)
tumor-suppressor genes, which generally exhibit reces-
sive behavior and loss of function of which in cancers
leads to deregulated control of the cell cycle, migration,
cellular adhesion, etc.; and (3) deoxyribonucleic acid
(DNA) enzymes, mutations in which promote genetic
instability. In general, there is a clear causal relationship
between susceptibility to cancer and an impaired ability
of cells to repair damaged DNA. Mutations in genes in
all these categories lead to changes in cell-surface pro-
tein expression, protein secretion, motility, etc. The
idea that uncontrolled proliferation (including loss of
ability to induce apoptosis) is sufficient for tumor
development is also supported by mathematic modeling.
However, tumorigenesis in humans is a multistep
process. Clinical, epidemiologic, and experimental evi-
dence (Hahn et al., 1999) suggest that a minimum of
four or five independent genetic changes are required

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

for the development of a malignant human tumor.
Others claim that many more genetic alterations are nec-
essary for tumor formation (Boland and Ricciardiello,
1999). Regardless of the number of genetic changes,
tumorigenesis resembles Darwinian evolution. Every
genetic change increases the growth advantage of the
cell, finally progressing into a tumor cell.

The combined results of several decades of research
lead to the identification of a rather small number of
features shared by most, if not all, types of human can-
cers. Hanahan and Weinberg (2000) list the following six
essential alterations: self-sufficiency in growth signals
(e.g., constitutive autocrine growth signaling via epi-
dermal growth factor/epidermal growth factor recep-
tor [EGF/EGFR] in breast cancer), insensitivity to
growth-inhibitory signals (e.g., mutational inactivation
of retinoblastoma [Rb] gene), evasion of apoptosis (e.g.,
mutational inactivation of the tumor suppressor p53 or
loss of tumor suppressor PTEN [phosphatase and
tensin homolog deleted on chromosome ten]), limitless
replicative life span (e.g., constitutive expression of
telomerase), sustained angiogenesis (e.g., expression
of vascular endothelial growth factor [VEGF], hypoxia-
inducible factor-1a [HIF-1at]), and tissue invasion and
metastasis (e.g., inactivating mutations of E-cadherin/
B-catenin). In addition, aberrant DNA methylation
of genes that suppress tumorigenesis also contributes
to a malignant phenotype. In tumors, mainly loss of

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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heterozygosity (LOH) is observed, whereas the second
allele is inactivated by aberrant DNA methylation. So far,
a large number of cancer-related genes that are silenced
by this mechanism have been identified (Jones and
Laird, 1999; Tsou €t al., 2002).

The situation with tumor-associated antigens (TAAS)
is somewhat different because this heterogeneous
group is represented by genes either definitely known
to be involved in tumorigenesis, such as the tumor
suppressor p53, BRAF, or ber-abl (to name but a few);
by genes the function of which is not yet clear (espe-
cially regarding their contribution to tumorigenesis)
but that exhibit a distinct expression profile in tumors
and immune-privileged tissues (e.g., members of the
cancer/testis antigens, such as members of the MAGE
family); or by tumor-associated genes that are also
expressed—although at a low level—in certain normal
tissues. Except for the tissue-specific expression pattern,
it is of lesser importance to know the function of these
genes unless they contain putative CTL (cytotoxic T cell
Iymphocytes), Th (helper T cells), and B cell epitopes
that might be used in active and passive cancer vaccine
programs. The presence of potential T cell epitopes is
most important for the establishment of a tumor vaccine
because T cell epitopes are peptides presented by
MHC-I and MHC-II (major histocompatibility complex
class I and class II) molecules and can be defined as
synthetic peptides (for literature and details see later).
The application of TAAs is limited by the frequency of
their presence in primary tumors and corresponding
metastases and by the ability of tumors to immunolog-
ically escape from induced T or B cell responses sim-
ply via rapid down-regulation of the respective TAA or
by its immunologic “disappearance.” Therefore, the
identification of several TAAs for a given tumor type
or even for an individual patient seems to be a prereq-
uisite for the development of an efficient tumor vaccine.

Identification of Tumor-Associated Antigens

Introduction

From “Mice and Men” we have learned that there is
solid scientific basis for the immunotherapy of cancer. In
mice it has been shown that tumors induced by radiation,
chemicals, and viruses are immunogenic, meaning that
they can induce protective immunity, but that nonim-
munogenic murine tumors nevertheless can be anti-
genic because they can be rejected by a vaccine-primed
immune response. From humans it is known that
immunosuppressed patients are at an increased risk of
neoplasia (e.g., renal allograft recipients treated with
cyclosporine have a > sixfold higher chance to develop
a tumor within 20 years than do normal individuals).

Spontaneous remissions in at least a small proportion
of patients with melanoma and renal cell carcinoma
(RCC) seem to be mediated by the immune system.
Last but not least, tumor antigens recognized by
tumor-destroying T cells were identified in both labo-
ratory mice and human patients. The design of a tai-
lored vaccine based on defined antigens has evolved
into defined concepts, and clinical trials with both partial
success and drawbacks have been conducted (Finn,
2004; Rammensee €t al., 2002). A TAA that serves as
an immunogen for a clinically efficient cancer vaccine
must fulfill at least the following selection criteria: 1) the
gene (protein) of interest renders tumors, but not critical
normal tissues, vulnerable to CTLs; thus, TAAs should
become tumor-rejection antigens; 2) the TAAs are
preferentially expressed on multiple tumor types
or on at least one major tumor type with a high pro-
portion of primary tumors or metastases and no or low
expression on critical normal tissues; 3) the presence of
potential T cell epitopes allowing the design of high-
affinity immunogenic peptides; and 4) proof of a T cell
response in in vitro and in vivo models. However, there
are clear restrictions to the use of defined immunogens,
such as differences in the extent of antigen expression
(e.g., patients with melanoma express MAGE-1 on
their primary tumors with a frequency of 15% and with
a frequency of 45% on corresponding metastases; for
MAGE-3 the ratio is 30-70%) and varying MHC fre-
quency in patients (26% are human leukocyte antigen
[HLA] Al-, 49% are HLA-A2.1, and 7% are HLA-
Cw16.1-positive). The “epitope frequency,” which is
represented as the product of [%antigen] X [%2HLA], is
a measure of the feasibility of a given vaccine setting.
Thus, only 12% of white patients with melanoma will
respond to a MAGE-1-based tumor vaccine; a MAGE-
3-based immune therapy has a theoretical 18% response
rate. This clearly indicates that more than one TAA is
necessary for the development of an efficient cancer
vaccine program. The cellular key players in generating
immunity to tumors are T lymphocytes, Th cells (CD4%)
interacting with MHC class II molecules (HLA-DR,
-DQ, -DP), and CTLs (CD8*) recognizing MHC class I
molecules (HLA-A, -B, -C). Because peptides derived
from degraded proteins (antigens) are presented on
MHC molecules, which are the most polymorphic
genes, the need for the development of a tailored
and individual cancer vaccine becomes obvious
(Rosenberg, 2001).

The “ingredients” for a cancer vaccine comprise
1) the delivery vehicle, which might be the entire tumor
cell per se, liposomes/microparticles, recombinant
bacteria/viruses or plasmids (“naked DNA™); 2) the
modulator of immune response (“adjuvant”) such as
the immunogenic microorganisms Bacille Calmette-
Guérin (BCG; standard therapy for bladder carcinoma)
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and Corynebacterium parvum (C. parvum), vaccine
adjuvants derived from plants such as QS21, as well as
immune-modulating cytokines such as interleukin-2
[IL-2] (unspecific proliferation factor for T cells and
activated B cells), interferon-gamma [IFN-y] etc.; and
3) the most important part of the tumor vaccine, the anti-
gen (immunogen) which can be the tumor itself; autol-
ogous/allogenic tumor cells or cell lines; tumor cell
lysates; or tumor-specific proteins, genes, and peptides
(Finn, 2004). Although it will not be possible to cover
all relevant antigens expressed in a tumor, the antigens
that can be identified with the present technical possi-
bilities might already be sufficient for improved
immunotherapy. It will be of great importance to explore
the feasibility of a tailored individual therapeutic immu-
nization. However, tumors are able to escape from
immune response via genetic and antigenic variation
of tumor cells (Loeb, 2001) and by selection of antigen-
negative cells in response to the action of tumor-
destroying T cells. It is clearly the aim of a tumor vaccine
program to immunize with not only one or two, but
with a number of different antigens simultaneously to
reduce the chance of tumor escape.

It would be desirable to immunize the patient with
all tumor antigens relevant for the particular tumor. In
principle, this can be achieved if the entire tumor, com-
plex extracts thereof, unseparated tumor nucleic acid,
or heat shock proteins associated with complex tumor
antigens are used for immunization (Rammensee €t al.,
2002). However, trials of this sort carry the potential
danger of inducing autoimmunity because such com-
plex mixtures of TAAs usually contain normal self
structures as well (Ludewig et al., 2000). Based on these
considerations, it is clearly necessary to determine
more exactly the spectrum of TAAs in a given individual
tumor, mainly by focusing on T cell epitopes to iden-
tify the TAA profiles of individual cancer patients. The
use of T cell epitopes is advantageous because they can
be represented by synthetic peptides for immuniza-
tions. Peptides are relatively easy to produce, in contrast
to recombinant proteins or viral vectors. A strategy for
individual patient antigen-defined tumor immunotherapy
is discussed by Rammensee et al. (2002).

The categorization of TAAs is based either on their
biological function or on the mechanisms responsible
for the generation of T cell epitopes in these genes (for
details see Kawakami et al., 2004; Old, 2003;
Rammensee et al., 2002). The first group of TAAs
comprises the following: 1) developmental self-antigens
(cancer/germ cell-, cancer/testis-antigens) normally
occurring only during embryonic development or
in immune-privileged tissues, such as testis or retina
(mainly epigenetically regulated). These tissues escape
the immunosurveillance by various strategies, such as
expressing truncated MHC molecules or secreting

immunosuppressive cytokines. The best characterized
antigens belonging to this family are the MAGE, BAGE,
and GAGE antigens (Van den Eynde and Boon, 1997).
They are expressed in a significant portion of melanomas,
whereas their expression in other tumors is heteroge-
neous in regard to the frequency of cells within the
tumor and to patients in general; 2) differentiation self-
antigens expressed by tumors and the corresponding
normal tissue, but not by tumors and normal cells of
different histologic origin. Examples are the tyrosinase
gene, which is part of the melanin biosynthesis
pathway, and Melan-A/MART-1; both are expressed by
melanomas, melanocytes, and retina; 3) oncogenic
virus proteins. These are the ultimate antigens because
they are recognized by the immune system as “foreign.”
For instance, the human papillomaviruses HPV16 and
HPV18 play a pivotal role in the development of cervical
cancer because their proteins E6 and E7 are required to
maintain the transformed state of the malignant cell by
blocking tumor-suppressor genes such as Rb and p53.
They are constitutively expressed in >90% of cervical
cancer and are per se highly immunogenic.

The second group of TAAs comprises genes that are
categorized according to the mechanism by which
novel epitopes have been generated: 1) point mutations
in genes such as p53, RAS, CDK4, and f-catenin. It is
interesting that none of these common cancer genes
have turned out to be promising cancer vaccine targets
as yet (Old, 2003); 2) rare or unusual splice variants
(e.g., restin in Hodgkin lymphoma or CD44v6 in head
and neck cancer); 3) overexpression (e.g., HER2/neu
in breast cancer or galectin in Hodgkin lymphoma); 4)
translated intron regions (e.g., NAc-glucosaminyl
transferase); 5) amplification such as the translation
initiation factor 4G (elF-4G) in squamous cell carci-
noma (SCC) of the lung (Brass et al., 1997); 6) usage
of different initiation codons or alternative reading
frames (e.g., LAGE-1 and CAMEL); 7) translation of
fusion proteins after chromosomal translocation (e.g.,
ber-abl); and 8) incomplete/aberrant glycosylation as in
the case of mucin where a novel antigenic determinant
becomes available, or the generation of novel epitopes
in melanomas and tumors of the central nervous system,
where gangliosides are expressed in high density on the
cell surface, whereby the antigenic determinant resides
in their sugar moiety.

Strategies for the Identification of Tumor-
Associated Antigens

In principle, there are two approaches to the identi-
fication of TAAs: 1) use of the already existing immuno-
logic response of a tumor patient to identify TAAs; and
2) the combination of molecular biology and biochem-
istry with immunologic characterization techniques.
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The first approach is based on the humoral (B cell)
response or the cellular response and has the advantage
that, from the beginning, it is known that an immune
response against a TAA is possible. In contrast, the
second approach initially uses a more statistical setting
that requires proof that the selected putative target
proteins can indeed be used for the generation of an
immune response in patients (“reverse immunology”).
Reverse immunology comprises technologies such as
T cell expression cloning; “peptide stripping” from
MHC-I; reverse tumor cytogenetics in combination
with data mining; biochemical and molecular biology
approaches, including transcription profiling (cDNA
[Complementary DNA] Chip); and proteomics. All these
methods and combinations thereof have already been
successfully used for the identification of TAAs
(Rosenberg, 2000). Many of the TAAs identified, par-
ticularly molecules involved in the proliferation and
survival of the tumor cells, may function as targets for
immunotherapy and for molecular targeted therapy.
Examples are p53, HER2/neu, B-catenin, BRAF, and
ber-abl (Kawakami et al., 2004; Rammensee et al., 2002).

Approaches Based on Patient Immune
Response

1. SEREX: Serologic Analysis of Autologous Tumor-
Associated Antigen by Recombinant cDNA
Expression Cloning

The SEREX approach is based on antibodies specif-
ically present in the serum of patients with cancer
directed against TAAs in the growing tumor (Tureci
etal., 1997). For the identification of TAAs, prokaryotic
expression libraries based, for example, on A-phage
expression vectors are established using cDNAs derived
from human tumor tissue. Single clones or plaques are
transferred to nitrocellulose filters and immunoscreened
with patient sera for detection of those TAAs that elicit
a high-titer immunoglobulin G (IgG) response.
According to Tureci et al. (1997) the presence of high-
titer antibodies (IgG and IgA) implies the coexistence
of T cells; long-lasting production or secretion of IgG
and IgA antibodies is dependent on cognate help by
antigen-specific CD4* T cells. These TAAs are appro-
priate targets for the immune system to be recognized
by antibodies and CD4" T cells. Although there is no
direct link, at least some of the TAAs identified via
detection of antibodies in the sera of a patient with
cancer were shown to be also recognized by CDS8*
T cells (Jager et al., 1998). Furthermore, antigens iden-
tified by SEREX are, in general, immunogenic
(www.licr.org/SEREX.html). The restrictions of this
method are 1) the patient serum must be extensively

preadsorbed against mock-transfected Escherichia
coli to remove all naturally occurring antibodies, 2) the
nitrocellulose membrane must be preincubated with
anti-human IgG to exclude false-positive results (all
insert cDNAs derived from IgGs), 3) only high-titer
(high-affinity) IgG antibodies will lead to an efficient
and specific signal on membranes, and 4) this approach
cannot detect glycosylated epitopes or epitopes that
undergo conformational changes when expressed in
bacteria.

T cell and cDNA Expression Cloning

An impressive example of how the immune
response can be used to identify TAAs or even the pep-
tide epitope is the method pioneered by the group of
Thierry Boon. They identified the first tumor-specific
T cell epitope by use of expression libraries prepared
from the recognized tumor cell. The TAA used in this
study was MAGE-1 and the restricting MHC molecule
was HLA-A*0101 (Traversari et al., 1992). Because of
this MHC restriction, COS CV1 origin SV40 cells
were co-transfected with both the HLA-A+*0101 gene
and a fragment of the tumor cell’s cDNA comprising
the MAGE-1 sequence. The immunogenic peptide
region (EADPTGHSY)) was then identified by trunca-
tion of the MAGE-1 coding region and the application
of autologous melanoma-reactive CD8* CTLs gener-
ated from patient peripheral blood mononuclear cells
(PBMCs). These CTLs also recognized this peptide
when presented by mouse cells transfected with an
HLA-AL gene, confirming the association of antigen
MAGE-1 with the HLA-A1 molecule. cDNA expres-
sion cloning then became the basic technique for the
isolation of TAAs recognized by CD8* T cells but with
various modifications, including transient expression
in COS and 293 cells or the transduction of retroviral
cDNA libraries on autologous fibroblasts. The retroviral
system made it possible to isolate unique TAAs
expressed only on autologous tumor cells without the
need to identify MHC restriction (Wang et al., 1998).
In general, the determination of MHC restriction for
a given TAA is difficult unless MHC-blocking mono-
clonal antibodies (mAbs) or tumor variants with au-
tologous MHC loss are available. Melanocyte-specific
antigens such as tyrosinase, TRPI and TRP2, and
the mutated antigens P-catenin and MART-2/Ski
(skinny hedgehog acyltransferase) were identified via
transient expression cloning (Kawakami et al., 2004).
Tumor-infiltrating T cells (TILs) were also used for the
identification of TAAs relevant to in vivo tumor rejec-
tion (Kawakami et al., 2004 and references therein). In
addition, MHC class Il restricted TAAs for CD4* T cells
also have been identified by cDNA expression cloning,
using cDNA libraries in which the endosome-targeting
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invariant chain sequence was attached to insert cDNAs,
leading to efficient antigen loading to MHC class II
pathways (Wang et al., 1999).

Approaches Based on “Reverse Immunology”

Peptides of 8 to 11 amino acids in length are found
to be associated with MHC-I molecules. The specificity
for this interaction is guided according to a specific
pattern of amino acids within a sequence (Rammensee
et al., 1995). Proteasomes are involved in antigen pro-
cessing and the generation of such peptides. In recent
years, advanced methodologies in peptide elution
together with sequence determination have led to the
characterization of MHC-I binding motifs. Screening
of random peptide phage display libraries or synthetic
peptide libraries have also been used to identify poten-
tial MHC-I peptide ligands (Djaballah, 1997).

Peptide Elution from Major Histocompatability
Complex-1 Molecules (“ Peptide Stripping”)

Epitope peptides bound to tumor HLA have been
directly identified by using high-performance liquid
chromatography (HPLC) fractionation and mass spec-
trometry. Peptides are eluted via a pH-dependent (mostly
acidic) release from MHC-I of tumor cells. Parallel to
their separation on HPLC gradients, peptide pools are
used to probe for CTL activation in vitro. Peptide
sequences of the active HPLC fractions are determined
by mass spectrometry. As holds true for all approaches
of reverse immunology, synthetic peptides must be
transloaded on various cell lines lacking expression of
the respective antigen to demonstrate lysis by specifi-
cally activated CTLs. Following this approach, some
of the first epitopes characterized were a gpl00 peptide
from HLA-A2 affinity-purified complexes, as well as
two murine Kb-restricted TAA peptides from the spon-
taneous C57BL/6 Lewis lung carcinoma antigen (3LL)
(Mandelboim et al., 1997). In contrast to predicted
T cell epitopes (see later), the advantage of this approach
is that only naturally occurring epitope peptides are
identified. However, isolation of low MHC-binding
tumor epitopes is rather difficult. This approach is
especially useful for the isolation of epitope peptides
with posttranslational modifications.

Reverse Tumor Cytogenetics

The amplification of genes contributes to the trans-
formed phenotype in a variety of different human neo-
plasias. Amplified regions of chromosomes derived
from malignant tumors contain genes important for
tumorigenesis; the majority of these are co-amplified
with the “target gene(s).” By combining techniques,
such as fluorescence in situ hybridization (FISH) for

the identification of amplified regions, chromosomal
microdissection for subcloning the cDNA of the respec-
tive region, and SEREX for identification of genes,
the gene products of which led to a specific immune
response in patients, it was possible to identify genes
relevant for tumorigenesis. Consequently, elF-4G
was shown to be amplified (3q26.1-q26.3) and over-
expressed in human squamous cell carcinoma of the lung
(L-SCC), leading to an antibody response in patients. In
parallel, serum antibodies from patients suffering from
L-SCC were used for the isolation of amplified target
genes in this tumor type (Brass €t al., 1997).

Enzyme-Linked |mmunospot Assay

The enzyme-linked immunospot (ELISPOT) assay
is a sensitive immunologic method measuring cytokine
release on a single-cell basis to detect epitope-specific
CD8* T cells. CD8" T cells are incubated with a putative
antigenic peptide presented by MHC-I on antigen pre-
senting cells (APCs). On specific recognition of the
MHC-I-bound peptide, cytokines (e.g., interferon) are
released from T cells and subsequently captured by an
antibody in a precoated dish. Similar to an enzyme-
linked immunosorbent assay (ELISA) the bound
cytokine can then be detected by a second antibody
coupled to a detection system (Scheibenbogen et al.,
1997). We and others have used this method to identify
and test a large number of tumor antigen—derived and
other immunologic epitope peptides (Andersen €t al.,
2001; Konopitzky et al., 2002).

Transcription Profiling

In recent years, transcription profiling based on DNA
Chips has become state of the art (see later discussion).
In most cases, transcriptional portraits are compared—
for example, tumor with the corresponding normal
tissue or tumor with its corresponding metastases
(Amatschek et al., 2004; Ramaswamy €t al., 2003).
A great advantage of transcriptional profiling studies is
the possibility to obtain expression levels for all known
TAAs in an individual patient at once, allowing the
design of tailored tumor vaccine programs (Rammensee
et al., 2002). A disadvantage of transcription profiling
is the fact that some TAAs are not products of frameshift
mutations, nor fusion proteins such as bcr-abl, nor par-
tially translated proteins from the intron regions such
as NAc-glucosaminyl transferase and therefore do not
lead to the presentation of a novel putative epitope
peptide on tumors. However, the availability of single
nucleotide polymorphism (SNP) Chips and Resequ-
encing Chips from Affymetrix soon will facilitate greatly
the identification of TAAs (www.affymetrix.com).
The SNP Chips can be used for genomewide analysis
of changes in the DNA copy number, thereby identifying
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amplified chromosomal regions and subsequently
genes that might contribute to the transformed phenotype
(as previously mentioned). A microarray for detec-
tion of mutations in the tumor-suppressor gene p53 is
already commercially available (Okamoto €t al., 2000);
however, generation of custom-made Resequencing
Chips could lead to the detection of point mutations
and frameshifts within hundreds of potential TAAs in
parallel. The identified mutations might be responsible
for the generation of novel immunogenic epitopes.
Subsequently, prediction algorithms can be used and
selected peptides can be tested for their immunogenic
behavior (see earlier). In general, data mining will
become more and more important for the prediction of
putative TAAs suitable for a tumor vaccine. Certain
epitopes can be generated only on tumor cells expressing
the immunoproteasome such as the tumor-specific
T cell epitope of MAGE-3 (Schultz et al., 2002).
Because expression data for each gene in almost
all normal human tissues and many different tumor
types are available from many existing databases or
currently being generated. Rammensee et al., 2002
suggested a differential “MHC-ligandome” analysis of
the tumor and the corresponding normal cells to detect
differences in antigen processing (www.syfpeithi.de).

Computer-Aided Prediction of T Cell Epitopes

Predictive algorithms have been developed and
applied to screen antigens for potential CTL epitopes.
A number of programs are available that offer free
epitope predictions for a wide range of MHC-I-and
MHC-IT-restricted epitopes (Schirle et al., 2001). For
instance, the algorithm HLA_BIND (bimas.dcrt.nih.
gov/molbio/hla_bind) ranks potential 8- to 10-mer pep-
tides based on the predicted half-time of dissociation to
HLA class I molecules. Another program for predicting
which peptides bind to MHC molecules is SYFPEITHI
(www.syfpeithi.de). However, because not all predicted
epitopes will be generated in vivo and will function as
efficient immunodominant peptides, they must be ver-
ified experimentally. For example, they can be used to
restimulate precursor T cells of healthy blood donors
or tumor patients in vitro. Subsequently, these “primed”
T cells must be tested for tumor cell recognition.

Identification of Tumor-Specific Genes via
Differential Ribonucleic Acid Expression

Introduction

Most disease processes are accompanied not only by
characteristic macroscopic or histological changes but
also by systematic changes in gene expression patterns.

In particular cancer is, in essence, a genetic disease,
and inappropriate gene expression is fundamental to its
pathogenesis (Hanahan and Weinberg, 2000; Vogelstein
and Kinzler, 2004). Accordingly, genomic approaches
have tremendously deepened our understanding of the
molecular mechanisms of tumor development and pro-
gression, highlighted novel diagnostic and therapeutic
target genes, and refined the classification of tumors to
levels that classical methods have been unable to reach.
The most successful applications of DNA microarrays
to cancer research include the comparison of tumor
and corresponding normal tissues to identify tumor-
specific genes, the identification of potential diagnostic
marker genes and therapeutic target genes, and the
identification of new genes and pathways involved in
cancer biology. Furthermore, new and refined tumor
subclasses based on underlying molecular, potentially
causal differences were discovered. In particular, several
studies have identified sets of prognostic marker genes
that could predict the clinical outcome of patients with
cancer with high accuracy based on the expression of
these genes in the primary tumor. The predictive power
of these microarray-based classification schemes was
far superior to that of standard prognostic systems
based on clinical and histologic criteria (Sotiriou et al.,
2003; van de Vijver et al., 2002; van’t Veer et al.,
2002). To date, several general conclusions could be
drawn: 1) reasonably small (<100), well-defined sets
of prognostic genes usually can be identified, which
are as informative with respect to overall survival and
development of distant metastasis as are DNA
microarrays containing thousands of genes, permitting
the development of inexpensive and simple diagnostic
tools; 2) similar classes of prognostic genes were iden-
tified in many of these studies, many of them being
cell-cycle regulators, factors involved in invasion and
metastasis such as extracellular matrix (ECM) proteases,
angiogenic factors, and signal transduction molecules;
and 3) the ability to metastasize to distant sites, which
eventually determines the overall survival, is acquired
relatively early during multistep tumorigenesis and
thus can be diagnosed based on expression profiling of
the primary tumor at the time of diagnosis, several years
before these metastases become manifest.

Identification of Metastasis-Specific Expression
Profiles

Because an estimated 90% of all cancer deaths arise
from metastasis formation, metastasis is clinically the
most relevant event in cancer progression. To gain
insight into the genes and pathways involved in metas-
tasis, Ramaswamy et al. (2003) have compared the gene
expression profiles of 12 adenocarcinoma metastases of
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multiple tumor types (lung, breast, prostate, colorectal,
uterus, and ovary) to those of 64 unmatched primary
adenocarcinomas of the same tumor types. A set of
128 genes that best distinguished primary adenocarci-
nomas from metastatic nodules was identified; this
was then refined to a smaller set of 17 genes, of which
8 were up- and 9 were down-regulated in metastases.
Of the 8 up-regulated genes, 4 were components of the
protein translation apparatus (eIF4EL3, SNRPF, HNR-
PAB, and DHPS): the other 4 were securin, lamin B1,
and collagens 1Al and 1A2. It is interesting that many
of these 17 metastasis-associated genes appeared to be
specific for tumor-derived stromal cells rather than the
epithelial tumor cells themselves, such as genes usu-
ally expressed in fibroblasts (collagens 1A1 and 1A2),
smooth muscle cells (myosin heavy chain, myosin
light chain kinase, and calponin), or hematopoietic cells
(MHC class II DP-B1 and RUNX). Most importantly,
this “metastatic gene expression signature” was also
found in a subset of primary tumors. The presence of
this signature in primary tumors was significantly asso-
ciated with progression to metastatic disease and poor
prognosis. These findings support a model in which
some primary tumors are predetermined to metastasize
and indicate that this property is detectable in the pri-
mary tumor at the time of diagnosis, often years before
such metastases become clinically manifest. Thus, the
metastatic potential must be present in the bulk of a
primary tumor, challenging current theories of cancer
biology in which the metastatic process originates
from rare cells within the primary tumor. The metastatic
signature was subsequently applied to the expression
profiles of primary tumors determined by others:
78 primary breast tumors, 21 prostate carcinomas, and
60 medulloblastomas. In all cases, tumors bearing the
metastatic gene expression signature were significantly
more likely to progress to distant metastasis than those
tumors lacking this signature, suggesting that a general,
tissue-independent signature associated with metastasis
exists (Ramaswamy €t al., 2003).

Body-wide Expression Profiling to Identify
Tumor-Specific Genes

We have combined two powerful technologies,
polymerase chain reaction (PCR) based cDNA subtrac-
tion and cDNA microarrays, to determine the transcrip-
tional profiles of 20 breast tumors, 11 lung squamous
cell cancers, 11 lung adenocarcinomas, and 8 renal cell
cancer samples (Amatschek et al., 2004). Seven sub-
tractive libraries consisting of ~9250 clones were
established, enriched for tumor-specific transcripts.
These clones, together with ~1750 additional genes with
a known or suspected role in tumorigenesis, were used

for cDNA microarray preparation. We searched for
genes that were highly expressed in the majority of
samples of each of these tumor types and that also
exhibited no or a very low expression in 16 different
normal tissues. This “body wide expression profiling”
allowed us to discriminate truly tumor-specific genes
from genes that also exhibit high expression in one or
more normal tissues. Similarly, expression signatures
of genes that are derived from infiltrating cells of the
immune system could be eliminated. Also 527 expressed
sequence tags (ESTs) were identified, which exhibited
a twofold or higher up-regulation in at least 20% of
samples of any of these 4 tumor types, compared to the
highest expression value in any of the 16 critical normal
tissues, which makes them promising putative targets
for an anti-cancer therapy. Hierarchic clustering based
on these 527 ESTs clearly separated the different
tumor types, with RCC exhibiting the most homogenous
and lung-adenocarcinoma (AC) the most diverse
expression profile. Some of the 527 genes/ESTs iden-
tified have been described previously as tumor markers
(e.g., pronapsin A, a gene specifically up-regulated in
lung-AC but absent in lung-SCC, or NAT-1, which is
used as a potential breast cancer marker). However, the
majority of identified genes have not yet been examined
in the context of tumorigenesis, such as genes involved
in bone matrix mineralization (OSN, OPN, OSF-2)
found to be up-regulated in lung, breast, and kidney
cancer or genes controlling Ca>* homeostasis (RCN1,
CALCA, 3100 protein family). Some identified genes
were overexpressed in almost 100% of a specific cancer
type such as VEGF or IGF-BP3 in renal cell cancer,
whereas others were up-regulated only in a subset of
a given tumor type, such as stromelysin 3 or throm-
bospondin 2 in breast cancer (Amatschek et al., 2004).

Transcriptional Profiling of Human Breast
Cancer

In a key microarray study of human cancer, van’t
Veer et al. (2002) analyzed the messenger ribonucleic
acid (mRNA) expression pattern of 25,000 genes in a
series of 117 primary human breast tumors. Via super-
vised classification, these authors identified a set of
70 genes, the expression pattern of which allowed the
categorization of 78 of these patients with breast cancer
into those with a short interval to distant metastases
(poor prognosis signature) and those with a good prog-
nosis with 83% accuracy (i.e., 65 of these 78 tumors
were assigned to the correct prognosis group). It is
interesting that none of the prognostic marker proteins
for breast cancer used in current clinical practice, such
as estrogen receptor or HER2, were contained in this
set of 70 marker genes. Many of the prognostic marker
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genes identified are involved in cell cycle regulation,
invasion and metastasis, angiogenesis, and signal
transduction, such as the metalloproteinases MMP9
and MP1; the cell cycle regulators cyclin B2, cyclin
E2, PCTAIRE and CDC25B; and angiogenic factors
such as FLT1 and VEGF. Subsequently, this prognostic
set was also applied successfully to tumors distinct
from those on which it had been based initially (van de
Vijver et al., 2002). Later studies have largely supported
the major conclusions of the hallmark studies of van’t
Veer et al. (2002) and van de Vijver et al. (2002),
despite considerable differences in patient selection,
study design, and the type of microarray used, even if
the overlap between the prognostic gene sets derived
from different studies was almost zero (Amatschek et al.,
2004; Sotiriou et al., 2003). These findings justify the
hopes that an accurate prediction of a tumor’s behavior
based on gene expression profiling can be applied to
all patients with (breast) cancer. An important clinical
question is whether the considerable predictive power
achieved in this study (83% accuracy) could be further
improved to approach an ideal 100% accuracy. Obvious
sources of improvement are the analysis of even more
genes and/or the analysis of pure populations of tumor
cells isolated (e.g., by laser microdissection).

In a different, unselected group of 99 patients with
breast cancer (Sotiriou et al., 2003), unsupervised hier-
archic clustering separated the tumors into two main
groups (i.e., estrogen receptor—positive and estrogen
receptor—negative tumors) in agreement with previous
reports (e.g., van’t Veer et al., 2002). Moreover, 16 genes
with a significant association with relapse-free survival
were identified by Cox proportional hazards regression
analysis (Sotiriou €t al., 2003). Although there was no
overlap with the “survival genes” previously reported
by van’t Veer et al. (2002), their prognostic gene set
also predicted the relapse-free survival in the patients
with breast cancer analyzed by Sotiriou et al. (2003):
93 of 231 prognostic genes reported by van’t Veer €t al.
were contained on their microarray, which segregated
the population of 99 patients into two distinct subgroups
with different relapse-free survival.

We have used tumors and lymph-node metastases of
seven patients with lymph-node positive breast cancer
with known clinical outcome (Amatschek et al., 2004).
Three patients succumbed to their disease within 3 years
after diagnosis, and four patients were still alive at least
9 years after diagnosis. This allowed us to classify the
patients into two groups and apply a statistical filter
criterion to select the genes that are most significantly
correlated with overall survival. Starting with the expres-
sion values of a set of 11,040 tumor-specific clones
isolated by suppression subtractive hybridization, a
PCR-based differential cloning approach, we identified

a set of 42 genes that strongly correlated with the over-
all survival rate (Amatschek et al., 2004). We next sub-
jected the expression profile of these 42 genes to two
distinct unsupervised cluster methods: hierarchic clus-
tering and principal component analysis (PCA). Both
methods clearly separated the samples into two distinct
groups. Several genes found to be overexpressed in
patients with short survival time have already been dis-
cussed in the context of breast cancer, such as TGF 33,
VCAM-1, CD44, thyroid hormone receptor, and cyclin
B1. Other genes have not yet been directly linked with
breast cancer progression such as ERG2, B-Myb MTH1,
and NET-1. Among the genes down-regulated in patients
with short survival are, for example, MIG-6, Epsl5,
CAK, and APLP2. MIG-6 and Epsl5 are negative reg-
ulators of signaling via the EGF receptor, a positive
key regulator of breast tumorigenesis. In vitro, EGFR-
induced transformation can be suppressed by MIG-6.

It is important that several microarray studies of breast
cancer reported to date independently arrived at the
same general conclusions despite considerable differ-
ences with respect to microarray technologies used,
gene content of these microarrays, patient populations
analyzed, methods of statistical analyses, or criteria for
selecting prognostic genes (e.g., Amatschek et al.,
2004; Sotiriou €t al., 2003; van’t Veer €t al., 2002).
Apparently, the ability to metastasize to distant sites,
which eventually determines the overall survival, is
acquired relatively early during multistep tumorigene-
sis and thus can be diagnosed in the primary tumor,
several years before these metastases become manifest.
Unexpectedly, this ability to form hematogenous (dis-
tant) metastases appears to be largely independent of
the presence or absence of lymph-node metastases. For
example, all patients analyzed in our study (Amatschek
et al., 2004) had lymph-node metastases at the time of
diagnosis; nevertheless, four of them remained free of
distant metastases and disease relapse for at least 9 years
of follow-up. This “good prognosis” group could be
readily distinguished from the patients with survival
times of 3 years or less based on expression profiling
of the primary tumor at the time of diagnosis. Many of
the prognostic marker genes identified by various studies
are involved in cell cycle regulation, invasion and
metastasis (such as ECM proteases), angiogenesis, and
signal transduction.

Lack of Overlap between Different Sets
of Prognostic Marker Genes

Several microarray studies have yielded gene lists
whose expression profiles successfully predicted sur-
vival of patients with cancer, often with a predictive
power superior to that of standard prognostic systems
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based on clinical and histologic criteria (Sotiriou
etal., 2003; van de Vijver et al., 2002). However, in many
cases the overlap between the prognostic gene sets
derived from different studies was almost zero, even
when the same type of cancer was analyzed. Thus, the
important question of whether these differences can be
attributed to trivial reasons such as different microarray
technologies, different patients, different types of sta-
tistical analyses, or different criteria for selecting prog-
nostic genes remains open. To address this question,
Ein-Dor et al. (2005) have analyzed a single breast
cancer data set (van’t Veer et al., 2002) by a single
statistical method and found that the resulting list of
prognostic genes is not unique but is strongly influenced
by the subset of patients used for gene selection.
Accordingly, many equally predictive, non-overlapping
sets of prognostic genes could have been produced
from the same dataset and same type of analysis. These
findings are explained by the fact that many (e.g., 1234
out of 5852) differentially regulated genes correlated
with survival and that the differences between
these correlations among different genes are small.
Accordingly, the precise composition of a small set of
<100 prognostic marker genes fluctuates strongly
when determined under even slightly different condi-
tions—for instance, different subsets of patients. Thus,
although the top 70 prognostic genes selected in a
specific setting usually provide good prediction, other
groups of 70 genes may do the same (i.e., the identities
of the top 70 genes are not robust). Nevertheless, it is
generally possible to produce one or in fact several sets
of genes that outperform all clinical and histopatho-
logic criteria currently used for prognosis. Apparently,
many genes correlate with survival, and using a large
enough subset of them will compensate for the fluctu-
ations in the predictive power of individual genes for
individual patients (Ein-Dor €t al., 2005).

Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) is a tech-
nically unique approach used to quantitatively interro-
gate the expression of thousands of genes simultaneously
(Velculescu et al., 1995). It is based on analyzing short
(10-11 bp) sequence tags derived from a defined
position within a transcript, which contains sufficient
information to unequivocally identify this transcript
(Tuteja and Tuteja, 2004). These tags are isolated, li-
gated together (concatemerized), cloned, and sequenced
in a high-throughput manner. In a typical SAGE exper-
iment, tens of thousands of these short sequence
tags are sequenced per sample, and the frequency of
each tag in the sequenced concatemers directly reflects
the transcript abundance. Different samples are each

analyzed individually, and the relative abundance of
transcripts in each sample is then compared to identify
up- or down-regulated genes. The major advantage of
SAGE is that it does not require a preexisting clone or
hybridization probe and hence can be used to identify
and quantify known as well as novel genes. It is thus
particularly well-suited for organisms with no or incom-
plete genome sequence information. In cancer research,
SAGE has been applied primarily to the discovery of
genes differentially expressed between cancerous and
normal tissues or cell lines. Usually the sets of differ-
entially expressed genes determined by SAGE tend to
be smaller and to contain fewer false-positive hits than
those determined by DNA microarray approaches.
Extensive online SAGE databases have been established
in recent years, such as the National Center for
Biotechnology Information (NCBI) SAGE database
(www.ncbi.nlm.nih.gov/SAGE/). This freely accessible
database contains SAGE results of hundreds of tissue
samples and cell lines of human and other species of
origin. Via online comparison of two or more analyzed
samples contained in the database, differentially regu-
lated genes can be readily identified, providing a very
useful starting point for the identification and charac-
terization of tumor-specific or tissue-specific marker
genes. To identify genes specific for tumor endothelial
cells, St. Croix et al., 2000) have immunopurified
endothelial cells from a colorectal tumor and from
normal mucosa of the same patient. SAGE libraries of
~100,000 tags of each sample were generated and
compared with ~1.8 million tags from a variety of cell
lines derived from tumors of non-endothelial origin. In
this way, genes that were specific for endothelial cells
in vivo could be identified. Furthermore, transcripts
that were considerably more abundant in tumor endothe-
lium than in normal endothelium, and vice versa, were
found, including many uncharacterized genes, which
should provide a valuable resource for future investi-
gations of tumor angiogenesis.

SAGE was also applied to assess the relevance of a
specific genetically engineered mouse model of breast
cancer for the study of the human disease (Hu et al.,
2004). This mouse model relies on the transplant of p53
null mouse mammary epithelial cells into the cleared
fat pad of syngeneic hosts. SAGE was used to obtain
gene expression profiles of normal and tumor samples
from this mouse model of breast cancer. In a cross-
species comparison, these results were compared to
25 human breast cancer SAGE libraries. Significant simi-
larities between mouse and human breast tumors were
observed, and a number of transcripts were identified
as commonly deregulated in both species (Hu et al.,
2004). These findings demonstrate that this particular
mouse model of breast cancer indeed closely mimics



12

I Molecular Genetics

the human cancer it attempts to model. This elegant
study highlights a distinct advantage of SAGE analysis
when compared to DNA microarrays (i.e., that cross-
species comparisons of comprehensive gene expression
profiles are much more reliable and much easier to
accomplish with SAGE data). Normalization of
microarray data is a nontrivial task and, in the widely
used two-color hybridization method, relies on a com-
mon reference probe hybridized to each of the samples
to be compared. Such a common reference probe obvi-
ously does not exist if the samples to be compared are
derived from different species. In SAGE, the frequency
of each tag representing a particular transcript (i.e., the
number of such tags divided by the number of all
tags sequenced) directly reflects the abundance of that
transcript. To determine if and to what extent a gene is
differentially expressed in two or more different samples,
the frequencies of the corresponding tags in these sam-
ples are simply compared; whether these different
samples are all from the same or from different species
is irrelevant for such comparisons. Moreover, DNA
microarrays can interrogate only the expression of those
genes that are represented on the array; when different
species are compared, different arrays for each of the
species must be used, and the overlap between the
genes contained on these different arrays is usually
incomplete. Because SAGE is not limited to preexisting
clones or hybridization probes, this limitation of cross-
species comparisons with DNA microarrays is readily
avoided with SAGE.

Representational Difference Analysis

Representational difference analysis (RDA) is based
on a combination of subtractive hybridization and
suppression PCR (Diatchenko et al., 1996). In the first
step, cDNA of the tumor tissue (tester) and cDNA of
normal tissue (driver) are synthesized and fragmented
by a restriction enzyme with a four base-pair recognition
site such as Rsa | generating blunt ends. The tester
cDNA is separately ligated to two different adapters
and both samples are hybridized with an excess of the
unmodified driver. Subsequently, the samples are heat
denatured and allowed to anneal, generating homo-
dimers and heterodimers between tester and driver
molecules and a class of single-stranded (ss) tester
cDNA, which represents a set of low abundant tester-
specific genes. During the second hybridization, the
two primary hybridization samples are mixed together
without denaturing and fresh denatured driver is added
(normalization). During a PCR with adapter primers,
only tester—tester homohybrids are amplified exponen-
tially, leading to a selective enrichment of cDNAs that
are significantly more abundant (up-regulated) in the

tester sample. Other members of the cDNA population
can be amplified only linearly or not at all (suppressive
PCR). Applying this method, several tumor-specific and
tumor-associated genes have been identified especially
in combination with cDNA arrays (Frohme €t al., 2000).

The advantage of this method is the capability of
isolating rare mRNAs differentially expressed in two
cell populations. RDA can detect sequences represented
at 0.0001% in the starting mRNA. However, the standard
protocol depends on the presence of specific restriction
sites in each cDNA (preferentially with four base
recognition sequences) to reduce the cDNA size and
provide primer sites for subsequent PCR amplification.
Because not all transcripts contain these recognition
sites in an appropriate number and distance, alternatives
have been developed such as the utilization of random
hexamer-primed cDNA for the generation of subtrac-
tive cDNA libraries (O’Hara et al., 2005). Furthermore,
alpha-thio-deoxynucleotides have been used to fill in
5’ends of homoduplexes of interest (tester—tester) and
protect them from being degraded by Exonuclease II1
and Mung Bean Nuclease prior to PCR subtraction. In
contrast, unprotected duplexes as well as the ss DNA
fragments are degraded, reducing the complexity of
the post-hybridization mix and facilitating the amplifi-
cation of differentially expressed products (Kuvbachieva
and Goffinet, 2002). We have developed a protocol for
the generation of cDNA fragments with increased size
(Amatschek et al., 2004). Instead of one 4-base cutter,
we have used a set of 6-base cutters, 3 with A/T-rich
(primarily found at the 3“ends of eukaryotic cDNAs)
and 3 with G/C-rich recognition sequences (character-
istic for 5’ends of eukaryotic genes). Our approach
resulted in an increase in average length to about 800 bp.
Such longer cDNA fragments are more favorable for
cDNA microarrays because they warrant efficient
hybridization, minimize cross-hybridization, and
facilitate annotation after sequencing.

Identification of Tumor-Specific Genes
by Proteomic Approaches

Introduction

Although research over the last 10 years has widely
expanded our knowledge of cancer biology, a gap
remains between our understanding of cancer and the
development of novel and effective strategies for early
diagnostics and therapy. Both the identification of useful
therapeutic targets and validated biomarkers is lagging
behind. Studies on the genome and transcriptome
level have provided a wealth of information, but studies
on this level have not allowed us to understand the
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cancer-relevant changes in signaling networks that are
based on altered patterns of splice variants, on numer-
ous post-translational modification, or on changes in
subcellular localization. Furthermore, expression levels
as determined by DNA microarray experiments do not
necessarily reflect the actual protein levels that can be
regulated by translation and protein stability. An exten-
sive study on lung adenocarcinoma revealed that only
21% of the analyzed 98 gene products showed a statis-
tically significant correlation between protein and
mRNA levels (Chen €t al., 2002). Thus, there is consid-
erable rationale for also studying cancer biology on the
level of the proteome.

Methodology

The proteome profiling relies primarily on the use
of two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE), coupled to the identification of proteins
by mass spectroscopy. Matrix-assisted laser desorption
ionization (MALDI) and electro-spray ionization (ESI)
and combinations thereof are used for the actual mass
analysis. 2D-PAGE is based on the separation of com-
plex protein mixtures by 1) their differences in charge
(i.e., their different isoelectric points) and 2) their differ-
ent molecular mass. The method allows an exceptional
parallel as well as quantitative display of many proteins.
However, only abundant proteins are detectable as a
result of intrinsic sensitivity limitations of all detection
techniques. Current technologies based on silver or
fluorescence stains allows detection of a maximum of
about 2000 spots per gel. The highly sensitive [*S]
methionine labeling technique pushes the limits up to
4000 to 5000 protein spots on a gel (Celis and Gromoyv,
2003). This is obviously only a fraction of the number
of proteins and isoforms (i.e., differentially modified
forms and splice variants) that may be present in a given
cell type or tissue. Large proteins, very acidic and very
basic proteins, as well as hydrophobic proteins such
as membrane proteins are likely to escape detection
under standard conditions and thus require special
methodologies and efforts.

Another critical issue is the standardization of gel
running conditions. Slight variations will, in the end,
require more manual intervention in the alignment of
the spots, which is the crucial step in the identification
of qualitative and quantitative differences (Voss and
Haberl, 2000). Two-dimensional difference gel elec-
trophoresis technology circumvents some of these vari-
ability problems because it allows the direct comparison
of protein abundance across multiple samples simulta-
neously without interferences resulting from gel-to-gel
variations. Protein samples are first differentially
labeled with fluorescent dyes (Cy2, Cy3, Cy4) and

mixed together to be run on the same gel. Quantification
of abundance changes are obtained in a highly sensi-
tive manner over a linear dynamic range of about
4 orders of magnitude, thus surpassing the conventional
silver stain. Despite all these improvements, ranging
from gel electrophoresis through sensitive differential
stains and sophisticated spot alignment and detection
algorithms, this technology is still rather labor-intensive
and does not really allow high-throughput procedures.

Sample Preparation

Differential proteomics analysis aims at the detection
and characterization of proteins characteristic for dis-
eased versus normal tissue. Comparative analysis of
tissue biopsies is generally accepted as an appropriate
method to reach this goal. The quality of the starting
biopsies is of general importance. Here a stringent
standardization of carefully optimized procedures
from the operating table to the lab must be established.
Ideally, fresh material should be used for protein
extraction to allow maximal yield and minimal loss
from degradation. The use of frozen tissue is always
hampered by poorer solubility and extractability of the
proteins. These issues become even more important if
different clinical centers are involved in the sample
accrual process. Tumor biopsies may contain only
small amounts of the actual tumor tissue. Thus, laser
capture microdissection (LCM) was introduced to gen-
erate samples of a few thousand cells out of a tissue
that are enriched in tumor or control cells (Jain, 2002).
This works well for DNA and RNA analysis because
nucleic acid can be amplified easily. This is definitely
not possible for proteins. Therefore, rather large
amounts of cells (at least 103 cells) are required, which
makes this step very labor-intensive. Furthermore, the
constant problem of which cells to choose must be
solved. Cell morphology may not always be the optimal
parameter to discriminate normal cells from tumor
cells. The subjectivity involved may seriously impair
the quality of cell preparations.

The biochemical quality of the dissected samples
is also of relevance. Here, fixatives must be avoided
because these chemically modify the proteins in an
unwanted manner. Working with unfixed tissue samples
will, however, result in degradation or loss of important
modifications such as phosphorylation. Nevertheless,
this rather simple approach of comparing normal and
diseased tissue can be seriously questioned. Solid
tumors are dynamic and heterogeneous tissue structures.
A global differential analysis of their proteomes
will finally result in a comparative study of mixed
cell populations with different proportions of tumor,
epithelial, endothelial, and other cell types from the
tumor stroma.
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Over the years, many differences between normal tis-
sue and tumor tissue have been described (Hondermarck,
2003). However, the sets of differentially expressed
proteins identified by the various studies differ greatly,
indicative of either a lack of experimental standardiza-
tion or, more likely, of problems with the heterogeneity
of the materials used in each study. The comparison of
normal and tumor tissue leads to the fundamental
physiologic question of what is normal tissue. A tumor
cell may be derived from a rare stem cell-like precur-
sor cell. Thus, the normal tissue chosen as control
would contain only very few of these precursors but
many other cells at various stages of differentiation in
addition to other cell types. Moreover, the normal cells
may be exposed to changing levels of various hormones
(e.g., during the menstrual cycle in breast tissue).
Thus, the definition of a reference state is rather difficult
because every biopsy may reflect a different hormonal
environment.

Sample Fractionation

Analysis of total cell or tissue lysates is limited
to the most abundant proteins. Several studies have
successfully analyzed well-defined groups of proteins
(e.g., proteins of purified organelles, membrane
microdomain, or isolated protein complex). Not all of
these methods can be applied to tissue samples, in par-
ticular if one has to work with frozen or fixed samples.
Different prefractionation strategies exist, such as
subcellular fractionation, affinity purification, and
fractionation of proteins and peptides according to their
physicochemical properties. Coupling of these advanced
separation methodologies to the highly sensitive mass
spectrometry finally provides a powerful tool to detect
and analyze dynamic changes of low-abundance proteins
(Stasyk and Huber, 2004). Phosphorylation is a ubiq-
uitous post-translational modification that affects a sig-
nificant subset of the proteome and plays an important
role in signal transduction and cell cycle control.
Immobilized metal affinity chromatography (IMAC)
has been established as a means to specifically enrich
phosphoproteins for the subsequent separation by 2D-
PAGE and mass spectroscopy (Metodiev €t al., 2004).
Another study focused specifically on the analysis of
membrane proteins from breast tumor cell lines (Adam
et al., 2003). More than 500 were identified, 27%
of which have unknown function. Several of these
unknown proteins were demonstrated by immunohis-
tochemistry (IHC) of breast tumors to be localized at the
membranes of the tumor cells only.

Recent Developments

Several nonseparation—based strategies have been
developed to overcome the labor-intensive 2D-PAGE
or multi-dimensional chromatography. The potential of

mass spectroscopy to directly yield comprehensive
profiles of peptides and proteins from serum without
prefractionation has attracted great interest. Surface
enhanced laser desorption ionization mass spectroscopy
(SELDI-TOF) is the most widely used method (Yip
and Lomas, 2002). Small amounts of serum proteins are
applied to protein-binding surfaces of different affini-
ties. The bound proteins are then analyzed by MALDI.
Proteins and peptides are detected in a mass range of
1,000-20,000 m/z. SELDI merely generates peak pat-
terns and does not identify the nature of the underlying
proteins or peptides, so that additional efforts are
required to obtain this information. This technology
has been criticized as still suffering from a lack of
reproducibility, poor resolution, and mass accuracy
(Veenstra €t al., 2004). Nevertheless, this technique has
the clear advantage to being capable of analyzing hun-
dreds of samples per day. It may thus turn out to be a
potentially sensitive diagnostic tool for the early detec-
tion of malignancy or as a predictor of response to
therapy (Petricoin and Liotta, 2004). In Situ proteomics
of tissue slices has been developed (Stoeckli €t al.,
2001). Frozen tissue sections are blotted on a conduc-
tive polyethylene membrane, which is then dried,
coated with matrix, and directly analyzed at regular
intervals in the mass spectrometer. Generally more
than 100 peptides and proteins in the 2-30 kD range
can be detected, with 30-50 having relatively high sig-
nal intensities (Chaurand et al., 1999). Mass profiles
from tissue sections obtained from normal and tumor
tissue may be compared to detect tumor-specific dif-
ferences. However, this method is limited with respect
to its sensitivity because only a few low-molecular-
weight proteins seem to be detectable.

Identification of Tumor-Specific Differences

Early studies focused on the elucidation of disease
mechanisms by proteomics approaches. It was assumed
that an industrial-scale discovery approach would gen-
erate validated and robust targets for therapeutic inter-
vention in addition to useful biomarkers (Ryan and
Patterson, 2002). Since then, the focus has clearly
shifted to identification of tumor antigens, markers for
the detection of early stages of cancer or tumor classi-
fication, and markers correlating with clinical observa-
tions or response to treatment. Two basic concepts
have been followed. One aims at the identification of
unambiguously identified biomarkers. The other
focuses on the identification of nonannotated descrip-
tor patterns characteristic for a sample population.

Proteomics Studies of Different Cancer Types

Different tumor types such as breast, colon,
melanoma, pancreas, and stomach cancer have been
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analyzed with proteomics tools to identify tumor-
specific expression differences. These studies intended
to elucidate tumor-specific alternations in signaling
pathways or to describe biomarkers for tumor typing
or as indicators of patient performance. Most studies
were performed with sample numbers in the range of
4-30 which might reflect the labor-intensive nature of
this type of study. A large study with more than
1000 samples was performed on lung adenocarcinoma.
The results were compiled in a database containing
integrated expression data at the protein and the
mRNA level (Oh et al., 2001). Similar databases were
also established for bladder cancer (Celis et al., 1999).
Such database should, in principle, allow the identifi-
cation of protein spots from samples based on their
co-migration with the corresponding spots on the ref-
erence gel. However, because the resolution of 2D-
PAGE is rather low, a given spot may contain several
molecularly different protein species, making the use
of a database as the only way of identifying a protein
rather unreliable.

Analysis of Serum for Autoantibodies against
Tumor-Specific Proteins

There is ample evidence for an immune response
against tumor-associated proteins. 2D-PAGE in combi-
nation with Western blot analysis using patient sera
has allowed the identification of proteins that induce
a tumor-specific autoimmune response (Naour €t al.,
2002; Seliger and Kellner, 2002). To identify TAAs in
RCC, we introduced a novel approach by combining
serology with proteomics technologies dubbed SERPA
(Serological Proteome Analysis; Klade et al., 2001).
RCC is an immunogenic tumor; however, cancer/testis
antigens such as the MAGE, BAGE, or GAGE protein
families that are shared between several tumor types
are not expressed in RCC (Van den Eynde and van der
Bruggen, 1997). TAAs were identified by comparing
the reactivity of protein resolved by 2D-PAGE with
sera from patients and healthy donors. 2D-PAGE
immunoblotting revealed five RCC-specific spots,
reproducibly reactive with RCC-patient but not
healthy-donor control sera. Two of these antigens were
isolated by preparative 2D-PAGE and identified by
Edman sequencing of tryptic peptides. One identified
TAA is the smooth muscle protein 22-alpha (SM-22-a),
which is an actin-binding protein of unknown function
predominantly expressed in smooth muscle cells. In Situ
hybridization showed that SM-22-o is not expressed in
the malignant cells but is expressed in mesenchymal
stromal cells. The second gene identified was carbonic
anhydrase | (CAl), an isoform usually not expressed in
normal kidney. It is interesting that a different isoform
(CAXII) has been identified by SEREX as a TAA
overexpressed in some RCCs.

Antibodies to recombinant CAI or SM-22-o. were
detected in sera from 3/11 or 5/11 patients with RCC with
respectively, whereas sera from 13 healthy individuals
did not react. The SERPA method is clearly limited by
the resolution of the immunostaining and silver-staining
process. A study on hepatocellular carcinoma (HCC)
identified auto-antibodies against calreticulin in about
27% of the patients. This study concluded that a distinct
repertoire of autoantibodies seems to be associated
with HCC that may have utility in early diagnosis of
HCC among high-risk subjects with chronic hepatitis
(Le Naour €t al., 2002). Autoantibodies against calre-
ticulin isoforms were also identified in sera from 21 of
36 patients with pancreatic cancer. The control groups
demonstrated only a limited response to calreticulin
isoform 1 (chronic pancreatitis: 1 in 18; healthy con-
trols: 1 in 15). None of the noncancer controls but 60%
of patients with lung adenocarcinoma and 33% of
patients with squamous cell lung carcinoma were
shown to exhibit IgG-based reactivity against
proteins identified as glycosylated annexins I and/or 11
(Le Naour €t al., 2002).

An important goal in cancer control is the detection
of the disease in an early stage to allow rapid interven-
tion and an efficient treatment. One of the most exten-
sive proteomics studies with tissue specimens was
performed on bladder cancer. More than 1000 samples
from tumors, biopsies, and cystectomies have been
analyzed (Celis et al., 2000). These studies identified
several protein markers for transitional cell carcinoma
(Brichory et al., 2001). Adipocyte fatty-acid binding
protein was shown to be significantly reduced in high-
grade tumors. Psoriasin was shown to be a specific
marker of squamous cell carcinoma, which is secreted
into the urine (Celis et al., 2000). One interesting study
combined the enrichment of glycoproteins of tissue-
extracted proteins with SELDI to identify markers
for prostate cancer. The SELDI profiles demonstrated
similar features for samples from similar tumor stages.
TIMP-1 could be shown to be down-regulated in cancer
samples (Liu et al., 2005).

Identifying Markersin Serum

Serum proteomic pattern diagnostics represents a
novel proteomics concepts in which either specific bio-
markers are identified or entire patterns are derived
from the mass spectroscopy data to be used as discrim-
inators. The latter approach does not rely absolutely on
the actual identification of the proteins generating the
pattern. The complexity of proteomics data requires
extensive data mining to uncover the differences in
these patterns and convert them into reliable discrimi-
nators. A comparative study based on sets of serum
SELDI data for ovarian cancer concludes that genetic
algorithm-based methods outperform statistical tests
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(Li et al., 2004). Several preliminary studies (Conrads
et al., 2004; Yu et al., 2003) had suggested that such an
approach has the potential to be a highly sensitive
diagnostic tool for the early detection of cancer. One
larger study applied data mining strategies to the SELDI
pattern from serum protein from patients with ovarian
cancer and respective control (Conrads €t al., 2004;
Petricoin et al., 2002). In a first step, the data for
50 controls and 50 patients were used as a training set
to generate a pattern that discriminates these two sample
sets. This discriminatory pattern was then shown to
correctly identify all 50 tumors and 63 of 66 control
samples in a masked test set. This particular approach
of using serum-derived patterns was criticized after the
data were reanalyzed by other investigators, revealing
reliability problems (Check, 2004).

Another general problem in the context of serum
markers is the lack of any evidence for the source of the
diagnostic information in the serum samples. Tumors
are likely to contribute differently to the final composi-
tion of serum (e.g., by tumor-specific proteins or frag-
ments generated by tumor-associated metalloproteases).
Alternatively, the observed differences may stem from
other tissues in response to the tumor burdon. Thus,
several issues, such as the bioinformatics tools used,
patient’s selection, reproducibility, or sample handling,
remain to be solved before final judgment on the value
of this approach can be made.

Another large five-center case control study pin-
pointed three biomarkers for ovarian cancer (Zhang
et al., 2004). Chromatographically prefractionated serum
samples from 153 patients and more than 300 controls
were analyzed by SELDI. Samples from two centers
were analyzed independently and cross-validated. The
samples from two other centers were used for validation.
The three biomarkers, apolipoprotein Al, a fragment
of transthyretin, and a fragment of inter-alpha-trypsin
inhibitor heavy chain H4 were analyzed by immunoas-
says in the samples from the fifth center. The first two
markers are down-regulated in tumors, and the third
is up-regulated. The predictive sensitivity of these
three markers in combination with the existing serum
marker CA125 could be shown to be higher than
CA125 alone.

Correlation with Clinical Features

Several studies explored the potential of proteomics
for identifying markers that correlate with tumor stag-
ing and with clinical parameters such as drug resis-
tance or patient performance. Direct MALDI analysis
of 79 frozen non-small-cell lung cancer samples
identified a pattern of 15 distinct mass peaks out of
more than 1600 (Yanagisawa et al., 2003), which dis-
tinguished between patients who had poor prognosis

(median survival 6 months) and patients with a good
prognosis (median survival 33 months). The actual
proteins in this pattern were not identified. The pro-
teomics pattern of high- and low-grade glioma gener-
ated by 2D gels and MALDI allowed the identification
of a biologically distinct subset of aggressive astrocy-
toma. A set of 37 proteins differentially expressed
based on histologic grading and correlating with
patient survival was identified. Among those increased
in glioma were signal transduction proteins such as
small G proteins. These data were confirmed by IHC.
B cell chronic lymphocytic leukemia (B-CLL) is a dis-
ease characterized by broad clinical variability.
Statistical methods were devised to analyze the spot
pattern from 24 patient samples (Voss €t al., 2001).
This analysis allowed the identification of proteins
that clearly discriminated between the patient
groups with defined chromosomal characteristics or
that correlated with clinical parameters such as
patient survival. B-CLL patient populations with shorter
survival times exhibited changed levels of redox
enzymes, heat shock protein 27, and protein disulfide
isomerase. These molecules potentially may be involved
in drug resistance.

CONCLUSION

Common to all proteomics studies of cancer is
the observation that expression change correlate with
features such as tumor specificity, therapy resistance,
or adverse outcome. In general, only very few differ-
ences are described between tumor and control samples.
One might argue that only limited numbers of changes
are required to make a tumor cell (Hanahan and
Weinberg, 2000). Alternatively, sensitivity limits of cur-
rent proteomics technologies allow a view of only the
most abundant proteins. Most relevant changes in
tumorigenesis occur within low abundant signaling
proteins, cell cycle regulators, or transcription factors,
and they are not detectable (Gygi et al., 1999). The
differentially expressed proteins observed by proteomics
belong, among others, to the group of heat shock pro-
teins, cytokeratins, proteins involved in the cytoskeletal
organization, metabolism, and the anti-oxidation system.
The evidence for a possible functional role of all these
proteins in carcinogenesis, metastasis, and tumor
aggressivity and the development of chemoresistance
is, at the moment, circumstantial, and detailed func-
tional tests are required to establish mechanistic links.
Up to now, all the studies aiming at the identification
of unannotated discriminative patterns have been
based on rather small training and test sets. Larger
studies are necessary to demonstrate the value of this
approach.
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Role of Bioinformatics in Identification
of Tumor-Specific Genes

Multiple different microarray platforms for gene
expression profiling exist, all of which call for strong
bioinformatics support during experiment design and
data analysis. In addition to a consistent data manage-
ment, the conversion of chip images to numbers and
finally to a biological meaning is both a great opportu-
nity and a challenge for bioinformatics scientists. All
steps require close collaboration with the scientists at the
workbench, particularly the experimental design. After
the hybridizations are completed, the quality check
already benefits from advanced bioinformatics methods.
Different parameters are used for the quality check of
chip hybridizations. For affymetrix chips, a very help-
ful tool produces pseudochip images that facilitate the
exclusion of erroneous chips (www.stat.berkeley.edu/
~bolstad/AffyExtensions/AffyExtensions.html). Data
preprocessing converts the scanned images into single
values for each spot/probe set. Preprocessing includes
the so-called normalization step, which makes the
chips comparable. If possible, model-based methods
like dChip (www.dchip.org), RMA and GCRMA
(www.bioconductor.org) should be applied.

The subsequent statistical analysis can be divided
into two main classes: unsupervised and supervised
methods. Unsupervised methods do not make use of
any known sample attributes such as tumor type, tissue
of origin, gender, and so forth. Instead they try to reveal
patterns and structures in the data set. Clustering meth-
ods such as hierarchic or k-means clustering as well as
dimension reduction methods (PCA, MDS) are fre-
quently used to that end. It is not advisable to apply
these algorithms to all the genes on the chip; therefore,
a gene filter should be applied prior to all unsupervised
methods. A frequently used method includes only those
genes that are expressed in a given percentage of
hybridizations. The co-efficient of variation (standard
deviation divided by the mean) is another example.
The combination of k-means and hierarchic clustering
is a more sophisticated procedure in which k-means is
used to cluster all genes into a predefined number of
groups. One representative gene is selected from each
cluster to form a basis for the subsequent hierarchic
clustering. Of course, all three methods could be com-
bined. On the one hand, an unsupervised data inspec-
tion has the potential to deliver spectacular results, such
as new tumor subtypes; on the other hand, it might
reveal an experimental bias or confounding factors.

Various supervised approaches, which use sample
annotation to guide the statistical analysis, have been
developed or adapted, ranging from the classical t-test

to machine learning methods (e.g., neuronal networks
and support vector machine [SVM]). All of them face the
problem that the number of variables (genes) exceeds
the number of observation (hybridizations) by far.
Therefore, it is mandatory to use multiple comparison
procedures to account for that fact. In tumor biology,
probably the most frequent task is the search for genes
that are differentially expressed in normal and tumor
tissues. The bioconductor (www.bioconductor.org)
project offers an up-to-date collection of several methods
for statistical group comparisons including multiple
comparisons. Algorithms that result in predictors for
sample classification, particularly the correlation of
expression data with patient survival and the subsequent
predictor design, is another focus of many studies.
However, the correlation of high-dimensional hybridiza-
tion results with censored data poses a problem that has
not yet been completely solved.

A much more infrequently addressed question is the
change of co-expression between two groups of samples
(e.g., tumor versus normal). Beside the computational
challenge, it can be quite difficult to derive and test
biological hypotheses from co-expression changes.
After all, gene lists must be put into the context of the
current biological and medical knowledge. An indis-
pensable prerequisite is an accurate gene annotation,
whereby unknown genes especially can cause some
work along that road. A plethora of different align-
ment algorithms form the core of the classical bioin-
formatics task of sequence annotation. They range
from the simple BLAST search (www.ncbi.nlm.
nih.gov/BLAST/) to sophisticated hidden markov
models (HMM) for protein domain prediction. Pfam
(www.sanger.ac.uk/Software/Pfam/) and SMART
(smart.embl-heidelberg.de/) are two of the most fre-
quently used databases of protein domain models, whose
associated Internet sites allow sequence scanning.
Prosite (www.expasy.org/prosite/) allows the scanning
of sequences for smaller entities such as sequence pat-
terns and motifs. InterPro (www.ebi.ac.uk/interpro/)
provides an integrated access to an even bigger set of
methods including Uniprot, Prodom, TIGRFams,
Pfam, SMART, Prosite, and many more. A frequently
overlooked possibility of annotating an unknown gene
is by gene expression similarity. This requires an
extensive database of gene expression data, possibly
from a diversity of different tissues but hybridized
against a common platform. The most prominent access
points for public hybridization data are the Array
Express at the EBI (www.ebi.ac.uk/arrayexpress/); the
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/
geo/); the Stanford Microarray Database (genome-
wwwb5.Stanford.edu/); and the Whitefield Institute
Center, which provides data sets from cancer
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genomics programs (www.broad.mit.edu/cgi-bin/cancer/
datasets.cgi).

The accurate annotation of differentially expressed
genes is just the beginning. An extremely valuable ini-
tiative that gives insight into gene lists is Gene Ontology
(GO) (www.geneontology.org/). The GO collaborators
are developing three structured, controlled vocabular-
ies (ontologies) that describe gene products in terms of
their associated biological processes, cellular compo-
nents, and molecular functions in a species-independent
manner. There are many tools that use GO in the context
of gene expression data analysis (e.g., FatiGO: fatigo.
bioinfo.cnio.es/). Each gene on a list can be assigned
to its GO terms. Statistical tests indicate whether
certain processes or functions are over-represented or
under-represented. Some tools can also be used to
compare two lists of genes and find GO terms differ-
entially represented between them. Pathway mapping
software is an additional resource to elucidate gene
correlations. Public domain database such as KEGG
(www.genome.jp/kegg) and BioCarta (www.biocarta.
com/genes/index.asp) are good starting points. A
much more convenient way to investigate pathway is
GenMAPP (www.genmapp.org/). GenMAPP is a free
computer application designed to visualize gene
expression and other genomic data on maps representing
biological pathways and grouping of genes. Integrated
with GenMAPP are programs to perform a global
analysis of gene expression or genomic data in the
context of hundreds of pathway MAPPs and thousands
of Gene Onotology Terms (MAPPFinder), import
lists of genes and proteins to build new MAPPs
(MAPPBuilders) and export archives of MAPPs and
expression and genomic data to the Web. Despite all
these valuable approaches, the interpretation of gene
expression data on the level of proteins or protein
activities is misleading. In fact, microarrays measure
mRNA expression levels, and tightly co-expressed
genes should share common transcription regulation
features. Unfortunately, the co-regulation of transcripts
is known only for very limited examples. A set of tools
can be found at the TRANSFAC site (www.generegu-
lation.com/pub/databases.html#transfac), a database
on eukaryotic cis-acting regulatory DNA elements and
trans-acting factors. A worthwhile extension to
TRANSFAC is offered by the commercial vendor
Genomatix (www.genomatix.de).

The Molecular Signature of a Tumor
Cancer is one of the prime causes of human mor-

bidity and mortality. Worldwide, one in three people
are diagnosed with cancer, and one out of five will die

from it. Cancer is expected to become the leading
cause of death in the United States by 2005. Outcomes
studies for the United States for all types of cancer show
a 10-year survival rate of 57% (www.seer.cancer.gov).
The revolution in cancer research in the last decade has
revealed that cancer is, in essence, a genetic disease.
Accordingly, genomic approaches to human cancer
have tremendously deepened our understanding of the
molecular mechanisms of tumorigenesis and have
highlighted novel diagnostic and therapeutic target
genes. In addition, the immune response that is induced
in patients with a tumor can also be used for the iden-
tification of novel TAAs. As few as 5-15% of patients
benefit from current anti-cancer agents, and even
then only months, not years, are added to their lives.
Pharmacogenomic research has the great potential of
improving the targeting of available and novel cancer
therapies to those patients most likely to respond,
based on their genetic makeup (‘“‘oncogenomic signa-
ture”). For example, clinical responses to the anti-HER2
antibody trastuzumab (Herceptin) appear to be limited
to breast tumors with HER2 gene amplification.
Likewise, only those gastrointestinal stromal tumors
(GISTs) with mutations in c-Kit respond to the small
molecule kinase inhibitors imatinib (Gleevec), although
all GISTs aberrantly express c-Kit. The ~8% of lung
tumors with EGFR gene mutations exhibit robust clini-
cal responses to the EGFR tyrosine kinase inhibitor gefi-
tinib (Iressa), whereas EGFR inhibitors have shown
limited to no clinical activity in unselected patients
(Vogelstein and Kinzler, 2004). It is important to note
that these findings underscore the existence of molecular
signatures that can predict drug efficacy and indicate that
mutations are more reliable targets/predictors of respon-
siveness to targeted therapies than is abnormal expres-
sion. Activating mutations in other key tumorigenic
signalling molecules are being discovered continuously,
such as in HER2, K-RAS B-RAF, PISKCA, and SMOH;
whereas in tumor suppressor genes loss of heterozygos-
ity (LOH) (e.g., PTEN, or inactivating mutations, e.g., in
PTCH) patched homolog of Drosophilia are observed.

In summary, the understanding of what makes a
gene “tumor specific”” has changed somewhat in the last
several years. It has become clear that in many cases,
not only the presence or overexpression of those genes
but also their “molecular appearance” (mutational status)
within the context of a complex network of signaling
cascades contribute effectively to tumorigenesis.
Therefore, the identification of those patient-specific
“oncogenomic signatures,” including the definition of
individual patient-selective antigens (“immunologic
appearance”), should enlarge our understanding
of tumorigenesis and enable the development of
individualized therapies.
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The Post-Translational Phase
of Gene Expression in Tumor
Diagnosis

Jens F. Rehfeld and Jens Peter Goetze

Introduction

The progress in molecular biology with the mapping
and identification of the human genome has resulted in
a shift of paradigms in diagnosis, therapy and preven-
tion of malignant diseases. The understanding of the
pathogenesis at an exact molecular and cellular level
and the implementation of molecular biology with its
vast toolbox of technology in diagnosis, therapy and
screening has led to the now generally accepted con-
cept of molecular medicine, and more specifically of
molecular oncology.

In the last decade, mainly deoxyribonucleic acid
(DNA) techniques have attracted attention with an expo-
nential increase in the number of recognized disease
genes. More recently, DNA-array technologies have
shown disease-specific patterns of gene expression that
are bound to influence research, drug development and
molecular diagnosis. In the wake of gene diagnostics,
new and improved molecular diagnosis at the protein
level is also appearing under headings such as post-
or functional genomics and proteomics. Advanced
mass spectrometry of proteins and peptides has already
shown great diagnostic promise (Petricoin et al., 2002;

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

Srinivas et al., 2001). Also the development in protein-
array technology is now followed with great expecta-
tions (Gavin et al., 2002; Ho et al., 2002).

The functional or bioactive structure of a protein is
defined not only by the gene and messenger ribonu-
cleic acid (mRNA) encoding the protein. Proteins, and
among them secretory proteins and polypeptides, often
undergo multiple covalent modifications before they
reach the structure required to exert their function. The
post-translational modifications of proteins are often
affected in cancer cells in a way that determines not
only the amount of the functional protein or peptide
synthetized in the cell but also changes the concentra-
tion pattern of precursor, processing intermediates and
degradation products.

Recognition of the pathologic significance of post-
translational processing and measurement of process-
ing changes in specific tissues opens new possibilities
for diagnosis of tumors and other cellular disturbances
(for review, see Rehfeld and Goetze, 2003).

In the following, the diagnostic possibilities inherent
in the post-translational maturation process are illus-
trated for secretory proteins and peptides belonging to
the neuroendocrine system. First, however, general

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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biochemical aspects of processing mechanisms are
reviewed. Insight into such mechanisms are important
for appreciation of the diagnostic possibilities.

General Aspects of Proprotein Processing

Standard textbooks in molecular biology and medical
biochemistry generally pay little attention to the occa-
sional complex and elaborate maturation of the prod-
uct of ribosomal translation, the proprotein (Figure 1).
The co-translational removal of the N-terminal signal
sequence from preproproteins is often acknowledged,
but without emphasis of the fact that removal occurs
in the endoplasmatic reticulum before the translation
of the C-terminal sequence of the protein is terminated
(see Figure 1). Accordingly, complementary DNA
(cDNA)-deduced preproproteins are theoretic structures

that never occur in living cells. They exist only in theory
or invitro in cell-free translational extracts. It is, how-
ever, important to know the exact cleavage site of the
signal sequence in order to define the N-terminus of
the proprotein. In turn, precise knowledge of the pro-
protein structure is necessary for understanding of post-
translational processing mechanisms, of which there
are three main categories: endoproteolytic cleavages, exo-
proteolytic trimmings, and amino acid derivatizations.

Endoproteolytic Cleavages

The primary sites for endoproteolytic maturation
are located at the peptide bond of the C-terminus of the
basic amino acid residues, Arg and Lys. As pointed out
by Steiner after his discovery of proinsulin, cleavage
often occurs at dibasic sites. Of these, Lys—Arg sites
are most commonly cleaved, and Arg—Arg constitutes
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Figure 1. Example of cellular steps in the post-translational processing of secretory proteins and peptides.
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the second most common dibasic cleavage site. In con-
trast, Arg—Lys and especially Lys—Lys sites are rarely
cleaved. Cleavages at monobasic and tri- or tetrabasic
sites are also common (Bresnahan et al., 1999; Devi,
1991). However, many peptide bonds after Arg and
Lys residues are never processed. Although several
attempts have been made, it is not possible to predict
cleavage at a given site.

The endoproteolytic cleavage at mono- and dibasic
sites is achieved by subtilisin-like proprotein conver-
tases of which nine are currently known (for reviews,
see Miiller and Lindberg, 2000; Rouillé et al., 1995).
The cleavage of most neuroendocrine protein precursors
can be explained by prohormone convertases 1 and 2
(PC1 and PC2) (Smeekens et al., 1991). After cleavage
at the C-terminus of Arg or Lys, the basic residue is
removed by a carboxypeptidase. So far, carboxypepti-
dase E appears responsible for most C-terminal trim-
ming of basic residues (Fricker et al., 1989; see also
Figure 1). In accordance with the assumed significance
of these processing enzymes, spontaneous endocrine
syndromes in humans and mice (Miiller and Lindberg,
2000; O’Rahilly et al., 1995) as well as phenotypes of
knock-out animals are seen by deficiency or elimina-
tion of the enzymes. The neuroendocrine disturbances
most often comprise obesity, mild diabetes mellitus,
and severe Cushing’s disease (Furuta et al., 1997;
Naggert et al., 1995; O’Rahilly et al., 1995; Westphal
et al., 1999) and, in PC4 deficiency, impaired fertility
(Mbikay et al., 1997).

In addition to the processing at basic sites by the
subtilisin-like proprotein convertases, some protein
precursors also undergo secondary endoproteolytic
cleavage at other residues. Hence, systematic cleavage
has been reported after Phe-residues (Jensen et al.,
2001), after polyacidic (Glu, Asp) sequences (Rehfeld
et al., 1995; Schmutzler et al., 1992) and others. Also
N-terminal trimming by dipeptidyl peptidases has been
reported for a number of protein precursors. The pro-
cessing enzymes responsible for endoproteolysis at
secondary sites, have not yet been identified. Some
of these sites resemble those cleaved by lysosomal
degradation enzymes, because the processings observed
occur along the secretory pathway in the cells, it has
been suggested that minute amounts of less specific
lysosomal enzymes, such as cathepsins, occasionally
are present along the secretory pathway and thereby
contribute to the post-translational maturation.

Exoproteolytic Trimming

A characteristic feature of many peptide hormones
and neuropeptides is covalent modification of their
N- and C-termini. The modifications protect against

extracellular degradation by amino peptidases and car-
boxypeptidases. Some peptides are modified in both
ends, others only in one. In half of all regulatory peptides
(hormones, peptide transmitters, growth factors, and
cytokines in their active form), the C-terminal amino
acid residue is o-amidated (for review, see Eipper
et al., 1992). The o-amidation is a prerequisite for
binding to specific receptors and hence for biological
activity for most of these peptides. The carboxyamidation
process is accomplished by a now well-characterized
enzyme, PAM (peptidylglycine, o-amidating monooxy-
genase), which has turned out to be a complex of two
enzymes derived from the same proenzyme present in
secretory granules (Eipper et al., 1992). In the pres-
ence of copper and ascorbic acid and at a pH of 5 in the
mature secretory granules, the PAM complex hydroly-
ses the C-terminal glycyl residue in the immediate
precursor of oi-amidated peptides and proteins. Hence,
glycine is the obligatory amide donor. Accordingly, the
sequence —X—Gly—Arg/Lys— in a proprotein constitutes
a phylogenetically highly preserved “amidation site” to
be cleaved and trimmed sequentially by a prohormone
convertase (often PC1), carboxypeptidase E, and the
PAM complex (see Figure 1).

The N-terminal trimmings are more variable.
N-terminal glutaminyl residues are often cyclized to
pyroglutamic acid by the specific enzyme, glutaminyl
cyclase (Fischer and Spiess, 1987). Also N-terminal
or near N-terminal acetylation or other acylations and
O-sulfations seem to protect against aminopeptidase
degradation (Bundgaard et al., 2002; Kojima et al.,
1999). As already mentioned, some N-termini are
trimmed by dipeptidyl peptidases.

Amino Acid Derivatizations

The list of post-translational amino acid derivatiza-
tions is still growing. Primary and secondary protein
structures are now deduced from cDNA sequences.
Amino acid derivatizations, however, cannot be deduced.
Therefore, mass spectrometry of proteins and peptides
is necessary to determine the degree and nature of deriva-
tizations. Moreover, it is likely that mass spectrometry in
the coming years will reveal new amino acid modifica-
tions along with identification of the entire human pro-
teome. The genes encoding the processing enzymes
responsible for the amino acid derivatizations are
being cloned, and the enzyme structure and function
are being identified. Just as several proprotein conver-
tases may participate in the endoproteolytic processing
of monobasic and dibasic cleavage sites, a certain
redundancy is seen for enzymatic amino acid derivati-
zations. For instance, mammals express two different
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tyrosyl-sulfotransferases (for review, see Bundgaard
et al., 2002).

The exact role of each derivatization has not yet
been fully elucidated. As mentioned, however, some
seem to protect the protein or peptide from enzymatic
degradation both before and after cellular release.
Other derivatizations increase or determine the interac-
tion with binding proteins such as chaperones, process-
ing enzymes, and receptors. Derivatizations may also
serve as intracellular signals in the molecular trafficking.
Irrespective of the functional significance of a given
derivatization, it influences measurement of the pro-
tein or peptide. The methods used for measurement are
most often immunochemical, and, if a given epitope on
the protein or peptide contains one or more derivatiza-
tions, they may determine whether the epitope is bound
to antibodies.

Examples of Proprotein Processing

Progastrin

Progastrin is the precursor of the gastrointestinal hor-
mone, gastrin, which regulates gastric mucosal growth
and gastric acid secretion. As indicated in Figures 1
and 2, the maturation of progastrin in the antroduode-
nal G-cells is complex and requires multiple enzymatic
processes. The first is initiated in the transGolgi net-
work, where progastrin becomes tyrosyl-sulfated and
seryl-phosphorylated. Simultaneously, or even earlier,

Human Preprogastrin

SR R RR KK RR
21 1 19 36 37 53 54 73 74 80
Gastrin-71 S +ns
Gastrin-34 —i S+ NS
Gastrin-17 —_—t 5 4+ NS
Gastrin-14 —_— S+ NS
Gastrin-6

Figure 2. Bioactive processing products of human prepro-
gastrin in antroduodenal G-cells. The monobasic and dibasic
cleavage sites on progastrin products is indicated in amino
acid monoletter code (R, RR, and KK). The signal peptide is
removed co-translationally at the N-terminus of serine (S) in
position 1 of progastrin. The small s and ns indicates whether
the peptides are O-sulfated (right).

cleavage at two double Arg sites begins (Args;—Args,
and Arg;;—Argy). The cleavages, however, are not
complete (see Figure 2). They are followed by partial
endoproteolytic cleavages at the double Lys site
(Lysss—Lyss,) and the monobasic Arg site (see
Figure 2). Minor cleavages also occur after Trpsg and
the poly-Glugyes sequence (Bundgaard et al., 2002;
Rehfeld et al., 1995). To ensure carboxyamidation, car-
boxypeptidase E removes the C-terminal Arg-residues
so that PAM can use the glycyl residue as amide donor.
Along the secretory pathway, the free N-terminal gluta-
minyl residues (Glnsg and Glnss) are also cyclized to
pyroglutamic acid.

The multiple modifications result in that the G-cells
release a mixture of o-carboxyamidated gastrins into
the circulation (see Figure 2). The dominating molec-
ular forms in normal human plasma are gastrin-34 and
gastrin-17, which both circulate in tyrosyl-sulfated
and unsulfated variants. In addition, longer (gastrin-52
and gastrin-71) and shorter (gastrin-14 and gastrin-6)
forms are also released to plasma. In addition to the
bioactive gastrins, however, the G-cells also secrete
processing intermediates and N- and C-terminal pro-
gastrin fragments without known bioactivity. The pat-
tern of amidated gastrins and other progastrin products
in circulation is influenced by age, gender, meals, and
pH in the stomach. The ratio between acid stimulatory
gastrins and inactive precursors and precursor frag-
ments therefore vary considerably and individually. As
a general rule, the fraction of unprocessed and incom-
pletely processed progastrin fragments increases expo-
nentially with increased cellular synthesis as seen in
tumors (gastrinomas) and in hypochlorhydria and
achlorhydria associated with gastritis or treatment with
acid-reducing drugs (Bardram, 1990; Goetze and
Rehfeld, 2003). Consequently, methods that measure
only the concentration of carboxyamidated gastrins
can provide a false low impression of the cellular syn-
thesis. In contrast, methods that measure the total pro-
gastrin product provide a more accurate measure. This
distinction has diagnostic impact (Bardram, 1990).

ProBNP

ProBNP is the precursor of brain natriuretic peptide
(BNP), a natriuretic and vasodilatory hormone origi-
nally discovered in the brain (hence the name) (Sudoh
et al., 1988). Today we know that BNP is synthetized
primarily in the heart. In the normal heart, BNP is
expressed together with ANP (atrial natriuretic pep-
tide) in atrial myocytes (Christoffersen et al., 2002). In
heart failure, however, most BNP is synthetized in left-
ventricular myocytes, from which proBNP and its prod-
ucts are released into the circulation (Goetze, 2004).
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ProBNP-derived peptides in plasma have now attracted
massive clinical interest as sensitive markers of heart
failure (for review, see de Lemos €t al., 2003). BNP was
identified in porcine brain extracts, and the primary
structure of human proBNP was deduced shortly there-
after. In comparison with other hormones, the knowl-
edge and number of studies of the post-translational
processing of proBNP are therefore limited. At present,
however, the cellular processing looks simple (Goetze,
2004). Human proBNP is a small protein of 108 amino
acid residues. It is cleaved at a monobasic site (Arge)
to yield the biologically inactive N-terminal fragment
1-76 and the natriuretic C-terminal BNP hormone of
32 amino acids, which is cyclized by a disulfide bridge.
Chromatographic studies of plasma have accordingly
shown that intact proBNP, the N-terminal fragment 1-76,
and BNP itself are released to circulation (Hunt €t al.,
1995). In contrast with progastrin, proBNP illustrates a
simple precursor processing scheme as is known also
for proinsulin and some other polypeptide hormones
(for review, see Rehfeld, 1998b). In view of its diag-
nostic potential, proBNP and its products seem at pres-
ent one of the clinically most interesting peptide systems
to study.

Chromogranin A

Chromogranin A (CgA) is a large and highly acidic
secretory protein of 439 amino acids expressed in
most neuroendocrine cells, where it is packed closely
together with hormonal or neurotransmitter peptides as
well as monoamines in secretory granules or synaptic
vesicles. The definitive function of CgA is not yet known,
but different roles have been suggested (for reviews,
see Helle, 2004; and Huttner et al., 1991). They include
cellular chaperone function, modulation of prohor-
mone processing, or a precursor role for new bioactive
peptides. Irrespective of possible functions, circulating
CgA has turned out to be a promising marker for neu-
roendocrine tumors, including “silent” endocrine tumors
and the fairly frequent intestinal carcinoid tumors that
otherwise have been difficult to diagnose in an early
stage.

As suggested by the many monobasic and dibasic
sites in the sequence, CgA is subject to extensive
and tissue-specific post-translational processing.
Accordingly, many endoproteolytic fragments have
been identified in tissue and plasma, with some frag-
ments claimed to exert independent functions (for
reviews, see Helle, 2004; Huttner et al., 1991; Natori
and Huttner, 1994). However, solid evidence for such
functions still remains to be demonstrated. The cellu-
lar cleavages of CgA vary considerably and indivi-
dually. Moreover, the cleavage pattern is tissue and

tumor specific. Consequently, measurements of CgA
in human plasma are troublesome, not only because
the processing of CgA varies between tumors but also
because the epitopes targeted by CgA immunoassays
differ markedly (Taupenot et al., 2003). To avoid false-
negative results and to compare measurements from
different laboratories, it is therefore essential to reach
consensus on a method for measurement that uniformly
quantitates as much CgA in plasma as possible, irre-
spective of the degree and individuality of the post-
translational processing.

Processing-Independent Analysis

As illustrated with the previous descriptions of pro-
gastrin, proBNP, and CgA, the processing of proproteins
varies in several respects. Not only are there major
variations from protein to protein, but the processing
of the same protein can also vary in the same person in
a cell- and tissue-specific manner. In addition, the pro-
cessing may change in a given cell both during the
ontogenetic development and during oncogenetic trans-
formation. Finally, the processing of a proprotein varies
individually in the same type of tumor in different
patients. With the clarification of the sequence of the
human genome, and with knowledge about the encoded
primary structure of all proproteins, it is foreseeable
that new patterns and types of post-translational pro-
cessing will appear. This will increase the demand for
the diagnostic use of protein and peptide measurements.

To overcome the excessive variability, we have
designed an analytic principle according to which
methods can be developed to measure any protein or
peptide in tissue or plasma irrespective of the nature
and degree of post-translational processing (Bardam
and Rehfeld, 1988). The principle of such processing-
independent analysis (PIA) is illustrated in Figure 3.
PIA measurements are based on three premises:

a Known proprotein structure, which requires knowl-
edge of the cDNA sequence.

a Known or deductible cellular, and post-cellular
processing in the circulation.

a Recognition of the shortcomings of conventional
diagnostic methods.

The immunochemical version of PIA is then devel-
oped in the following way: A sequence of approximately
10 to 12 amino acid residues of the proprotein is syn-
thetized. The selected sequence is one that is neither
modified nor cleaved during cellular processing, but,
that neighbors in vitro cleavage sites, usually a trypsin-
sensitive basic residue. The synthetic fragment is then
directionally coupled through either its N- or C-terminal
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Proprotein, Processing Intermediates,
and Mature, Bioactive End Products

Endoproteolytic Cleavage Fragments :

d
-

Figure 3. General scheme of post-translational maturation
of secretory proteins showing the principle of processing-
independent analysis (PIA). The blue bars represent a
sequence that does not undergo post-translational modifica-
tion and is present in precursors, processing-intermediates,
and mature end-products. The black dots indicate variable
amino acid derivatization (i.e., sulfated and nonsulfated gas-
trin). The processing-independent sequence must be located
between suitable cleavage sites that allow release of one
processing-independent fragment per molecule translated
proprotein by a suitable endoprotease (i.e., trypsin). After
inactivation of the endoprotease, in vitro quantitation of the
released processing-independent peptide fragment can be
performed by a specific assay. The quantity is an accurate
measure of the total translation product, irrespective of its
degree of processing.

!

Immunochemical Quantitation of
Processing-Independent Sequence

residue to a suitable carrier protein. We generally use
bovine serum albumin. To facilitate coupling, a cystein
residue is added during synthesis at the terminus of
the peptide through which coupling is going to take
place.

The peptide carrier complex is mixed in a suitable
vehicle and then injected conventionally for production
of antibodies specific for the peptide. We use subcuta-
neous injection over the groins of rabbits. For develop-
ment of a suitable radioimmunoassay (RIA), a variant
hapten peptide is also synthetized with a tyrosyl residue
inserted in the end opposite to the epitope. The tyrosy-
lated peptide is then '*I-iodinated to be used as tracer.
In this way, a monospecific RIA directed against either
the N- or C-terminus of the processing-independent
sequence is produced. The sample to be assayed (plasma
or tissue extract) is preincubated with a suitable endo-
protease (we generally use trypsin). The endoprotease
treatment ensures that the selected epitope is fully

exposed for antibody binding, and, moreover, that
fragments of equal size are released from unprocessed
proproteins or partly modified processing intermedi-
ates. After inactivation of the protease by addition of
inhibitors or by boiling of the sample, the total transla-
tion product is then quantitated by the PIA-designed
RIA. Such assay measures per definition proprotein, pro-
cessing intermediates and endproducts with equimolar
potency. Hence, each translated molecule of protein is
measured irrespective of the degree of processing.
Details of assay design is described elsewhere (Bardam
and Rehfeld, 1988; Paloheimo and Rehfeld, 1995).

Problems and Pitfalls of Processing-
Independent Analysis Measurements

The first problem is simple and technical. Because
the initial protease preincubation and inactivation add
two analytic steps, it increases the variance and labor
intensiveness of the measurements. This is particularly
obvious in comparison with assays that do not require
extraction of other pretreatments of the sample, for
instance, direct RIA measurements on serum or plasma
samples. However many peptide hormones cannot be
measured in plasma without initial extraction or denat-
uration of plasma proteins and enzymes. Fortunately,
treatment with trypsin also degrades common plasma
proteins, and hence eliminates the necessity of extrac-
tion before measurement (Goetze et al., 2002). In this
way PIA measurements may make other pretreatment
extractions superfluous and can be performed without
extra work. It is also possible that the protease treat-
ment can be simplified by coupling of the protease to
plastic beads or tubes, so that the pretreatment requires
only an extra centrifugation and decantation.

The second problem is of a more general and theo-
retical nature. Whereas PIA measurement on tissue
extracts affords an accurate measure of protein transla-
tion, molecule for molecule (provided that the tissue
extraction is complete), measurements of plasma samples
are affected by the large variability in clearance of
the different precursors, processing intermediates, and
bioactive end products. As a rule, the longer the pep-
tide chain, the slower the clearance. Proproteins and
longer processing intermediates consequently accumu-
late in plasma in comparison with the shorter and more
extensively processed bioactive peptides. In diagnostic
terms, this phenomenon is nevertheless an advantage
because tumor cells with disturbed and deteriorated
processing mechanisms release more unprocessed and
partly processed precursors and relatively less of the
shorter end products. Thus, the incomplete processing
contributes to increase the plasma concentration as
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measured with a PIA method, whereas conventional
methods that are directed against the bioactive end
product of the cellular processing will measure peptide
concentrations that represent a false low estimate of
the underlying disturbances of the cell. Consequently
PIA measurements improve both the diagnostic and
analytical sensitivity considerably (see Figure 3).

A third question to consider is the analytical speci-
ficity. Proteins display various degrees of homology
and similarity, which often reflect the phylogenetic
evolution from common ancestors. Therefore, when a
certain epitope (i.e., a sequence of 5 to 8 amino acid
residues) is selected—irrespective of whether it is
for RIA, PIA, enzyme-linked immunoassay (ELISA),
immunoradiometric assay (IRMA), or other antibody-
based measurements—it is important to ensure from
protein sequence banks that the selected epitope is spe-
cific for the proprotein to be measured. This is not only
a theoretical consideration. The history of diagnostic
immunoassays and immunocytochemistry abounds with
examples of false-positive results caused by unfore-
seen similarity or homology between unknown or known
proteins.

Processing-Independent Analysis
in Tumor Diagnosis

Progastrin

Increased secretion of progastrin products has been
encountered by most diseases of the stomach and by
cancers in the gastrointestinal tract, pancreas, lungs
and ovaries (for review, see Rehfeld and van Solinge,
1994). So far, however, the diagnostic use of measure-
ment of gastrin peptides by conventional assays or by
PIA measurements have not been shown for the indi-
vidual disease, except for gastrinomas. Gastrinomas
occur mostly in the pancreas and the duodenum; ovarian
gastrinomas are less frequent, and occasionally gastri-
nomas have been found in the antrum, lungs, and heart
(Ginbril et al., 1997). When gastrin assays became
generally available in the 1970s, large and metastatic
gastrinomas were frequently discovered. They are easy
to diagnose, but today they are rarely found in coun-
tries with an organized gastrin assay service. Most gas-
trinomas detected today are pinhead sized and contribute
only moderately to the circulating concentrations of
amidated gastrin. Patients with small gastrinomas may
even periodically have normal gastrin concentrations
in plasma (Zimmer €t al., 1995). Consequently, today’s
gastrinomas show borderline concentrations—not least
in the increasing population of people with occasional
dyspepsia who take proton pump inhibitors and other

inhibitors of gastric acid that also increase the gastrin
concentrations in plasma. In that situation, PIA meas-
urements of the total progastrin concentration in plasma
may help to ensure correct diagnosis in patients with
recurrent dyspepsia (Jgrgensen et al., 1998). In metasta-
tic gastrinomas, PIA measurements show larger abnor-
malities than conventional measurement of amidated
gastrins (Bardram, 1990). A gastrinoma case is shown
in Table 1, which illustrates the significance of early
PIA measurements.

Procholecystokinin

Cholecystokinin (CCK) is a peptide hormone and a
neurotransmitter. Like progastrin, proCCK undergoes
multiple posttranslational modifications in both endo-
crine cells and neurons. Accordingly, the bioactive end
products are extensively processed (i.e., carboxyami-
dated, tyrosyl-sulfated and cleaved at several mono-
basic and dibasic sites). Modest proCCK expression
has been observed in several neuroendocrine tumors
without effect on plasma CCK concentrations, but so far
neither carcinomas nor specific endocrine tumors that
produce CCK in analogy with gastrinomas, insulino-
mas, and glucagonomas have been found (for review,
see Rehfeld and van Solinge, 1994). Recently, however,
certain childhood sarcomas have been shown to express
the CCK gene (Friedman et al., 1992), and correspond-
ingly the proCCK protein (Schaer and Reubi, 1999).
The sarcoma cells, however, neither amidate nor
O-sulfate the proCCK fragments. Therefore, the plasma
concentrations of bioactive o-amidated and O-sulfated
CCK peptides are completely normal (Rehfeld, 1998a),

Table 1. Concentrations of a.-Amidated Gastrins
and the Total Progastrin Product in Serum from
a Gastrinoma Patient at Different Clinical Stages

o-Amidated Total Progastrin
Gastrins Product
Patient (pmol/l) (pmol/l)
Zollinger-Ellison syndrome 27 276
suspected
3 yr later, 60 642
no tumor found
4 yr later, 10 75
after resection of
pancreatic tumor
6 yr later, 1500 7200

recurrence with
hepatic metastases

From ref. 1 with kind permission from Dr. L. Bardram.
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but the total proCCK product is significantly increased
in sarcoma patients (Reubi et al., 2004). Moreover, the
proCCK concentration is associated with tumor size,
and therefore PIA measurements of proCCK (Paloheimo
and Rehfeld, 1995) show promise as a marker of devel-
opment and therapy of certain sarcomas (Reubi €t al.,
2004). Figure 4 shows the difference in plasma con-
centrations between RIA measurements of amidated
and O-sulfated CCK peptides and proCCK PIA meas-
urements in children with Ewing sarcomas.

Chromogranin A

Because of the extensive but variable post-
translational cleavage, quantitation of the total CgA
product in plasma provides a more accurate measure of
CgA secretion than conventional measurement where
the epitope most often is unknown. For endocrine
tumors without known hormone products such as mid-
intestinal carcinoids, “silent” tumors of the pancreas
and the pituitary, and small-cell bronchial cancer, CgA
measurements have attracted interest as a possible
tumor marker. In a study of CgA measurements using
RIA against six different epitopes in human CgA—with
and without preanalytical tryptic cleavage (PIA)—the
best diagnostic specificity was obtained using RIA
measurement directed against sequence 340-348
after tryptic cleavage of Arg-339 (Jensen et al., 1999).
Preliminary results suggest that PIA measurements
based on this assay provided the best discrimination in
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Figure 4. The concentrations of cholecystokinin (CCK) and
proCCK in plasma from patients with Ewing sarcoma. The
CCK concentrations were measured using a conventional
radioimmunoassay (RIA) specific for the O-sulfated and
a-amidated C-terminus of bioactive CCKs (Rehfeld, 1998),
while the concentrations of the total proCCK product were
measured by processing-independent analysis (PIA) of
proCCK and its products (Paloheimo and Rehfeld, 1995).

the mentioned categories of tumor patients (Jensen,
Rehfeld, and Hilsted, unpublished data).

Perspective

The concept of molecular biology was founded
50 years ago in the wake of the discovery of the DNA
double helix. From the very beginning, it was never
doubted that molecular biology was going to have a
major impact on medical diagnosis and therapy. Over
the last decades, development has rendered this prophecy
more than true in all areas of medicine, particularly so
in cancer biology and clinical oncology. Hence, even the
term molecular medicine may in the future get a flavor
of tautology, because most clinical oncological prac-
tice per se will require insight in and use of molecular
biology.

In molecular biology, understanding of the gene
expression cascade is of central significance. Knowledge
of the cascade is also of decisive importance for insight
in the pathogenesis of a rapidly growing list of common
diseases—mnot least including tumor diseases. Studies
of expression cascades have so far, however, given only
modest attention to the last phase of expression, the
post-translational phase. The purpose of this chapter
has been to facilitate to a better balance by indicating
that there are promising possibilities for improved
molecular diagnosis by also exploring our knowledge
about the post-translational processing.

Post-translational processing of proproteins may in
many cases be simple and without obvious possibilities
for new diagnostic procedures, but the post-genomic
era of biology we now are entering will display a host
of new protein structures. Among these are secretory
proteins, which, like many known protein and peptide
hormones, have undergone multiple maturation steps
along the secretory pathway. In the study of the biosyn-
thesis of these proteins, new possibilities are likely to
appear and contribute to improved diagnosis in cardi-
ology, endocrinology, gastroenterology, oncology, and
other areas of clinical medicine.

Summary

Many proteins undergo post-translational matura-
tion before they reach the structure in which they can
fulfill their function. The maturation includes a variety
of endoproteolytic cleavages, N- and C-terminal trim-
mings and amino acid derivatizations. Occasionally the
protein precursor is differently processed in different cell
types and, in addition, tumor cells may process a given
precursor abnormally. For instance, the translational
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process is often either increased or decreased in malig-
nant cells. As a result, a variable mixture of precursors
and processing intermediates accumulates, and meas-
urement of a single protein or peptide component of
the processing cascade may not facilitate the diagno-
sis, because the pattern of precursors and processing
products vary individually among patients.

In order to exploit disturbed post-translational
processing for diagnostic use, and, at the same time,
provide an accurate measure of the translational prod-
ucts, a simple analytical principle named processing-
independent analysis (PTA) has been designed. The
PIA methods quantitate the total mRNA product, irre-
spective of the degree of precursor processing. Methods
of PIA have recently been developed for a number of
prohormones and neuroendocrine proteins, and their
diagnostic potential appears promising in early diagno-
sis of tumors.

This chapter described processing patterns for some
neuroendocrine proteins and PIA measurements with
indications of problems and pitfalls for this analysis.
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Role of Tumor Suppressor BARD1
in Apoptosis and Cancer

Charles Edward Jefford, Jian Yu Wu, and Irmgard Irminger-Finger

Epidemiology and Prognostic Factors
of Cancer

Cancer is the second leading cause of death, after
heart disease, in Western countries. A total of 1,368,030
new cancer cases and 563,700 deaths were expected in
the United States in 2002. Lung cancer, with high
incidence, is still the leading cause of cancer death in
both sexes (32% for men and 25% for women), but
breast cancer and ovarian cancer are two of the major
cancers in women. In 2004 the estimated new cancer
cases in the United States were 699,560 for men and
668,470 for women, among which lung cancer
accounted for 12—13% for men and women, and breast
cancer and ovarian cancer accounted for approxi-
mately 32% and 4%, respectively, in women (Jemal
et al., 2004).

Many factors have been reported to influence the
prognosis for breast cancer, such as primary tumor size;
Ilymph-node involvement; pathologic type and grade;
and status of estrogen and progesterone receptors and
biomarkers such as HER-2, p53, bcl-2, Bfl-1, Ki-67,
VEGF-C (Menard €t al., 2001; Sirvent et al., 2004;
Tsutsui et al., 2003). The p53 tumor suppressor is often
inactivated and overexpressed in breast cancers.
Although there are some reports that p53 mutations have

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

a negative correlation with DES or RES (relapse-free
survival), especially in older patients (Bartley and Ross,
2002; Maciel Mdo €t al., 2002; Tsutsui €t al., 2001), the
prognostic value of p53 is still controversial.

The majority of ovarian cancers are of epithelial ori-
gin. Epithelial ovarian cancers (EOC) include serous
tumors, mucinous tumors, endometrioid tumors, clear
cell tumors, Brenner tumors, undifferentiated tumors,
and mixed epithelial tumors (Young and Clement,
1996), among which clear cell carcinoma is reported to
have specific biologic features and worst prognosis
(Bjorge et al., 1998; Makar et al., 1995; McGuire et al.,
2002; Tammela et al., 1998). A small number of poten-
tial prognostic factors has been identified in ovarian
cancer so far, such as cyclin D, p53 and p21, and
CA125, but their prognostic value is still controversial
(Bali et al., 2004; Barbieri et al., 2004; Camilleri-
Broet et al., 2004; Concin et al., 2004; Hashiguchi et al.,
2004; Mano et al., 2004). The frequency of over-
expression of a mutant p53 is significantly higher in
advanced stage III/IV ovarian cancer than in stage |
cases (10-20%). This may indicate that p53 inactiva-
tion is a late event in ovarian carcinogenesis (Feki and
Irminger-Finger, 2004). However, in lung cancer p53
is the most frequently mutated gene and has been
linked to lung cancer development (Roth et al., 1999)

Copyright © 2006 by Elsevier (USA).
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and to unfavorable prognosis in any stage of NSCLC
(Steels et al., 2001; Tan et al., 2003).

Despite the recent progress in the treatment of can-
cers, cancer incidence and mortality have changed
very little and the 5-year survival rate for cancer has
not improved. From 1974 to 1999, the 5-year survival
rate, for breast cancer and lung cancer were 78-87%
and 12-15%, respectively. It seems as if the focus was
more on the subjects, on early diagnosis, and on pre-
vention, and progress was made in the development of
genetic studies.

Breast Cancer and the BRCA Genes

Breast and ovarian cancers are highly prevalent in
Western societies. For instance, the cumulative risk of
developing breast cancer by the age of 80 years amounts
to 11% for a woman in the United States (Casey, 1997).
Most cases of breast cancer are sporadic, and only
5-10% of all breast cancers are of inherited origin.
About half of the familial breast and ovarian cancers
are linked to germline mutations in the breast cancer
susceptibility genes 1 and 2 (BRCAl and BRCA2)
(Miki et al., 1994; Wooster €t al., 1994). Furthermore,
in hereditary breast and ovarian tumors with BRCAL
and BRCA2 mutations, the wild-type allele usually is
lost or inactive. This loss of heterozygosity (LOH)
underscores that these two genes act as potent tumor
suppressors. Women harboring mutations in either
BRCAI1 or BRCA2 have a lifetime risk of 80-90% of
developing tumors in the breast or in the ovaries, and
they account for about 40-50% of early-onset breast
and ovarian cancers (Hall et al., 2001). Furthermore,
sporadic breast and ovarian tumors show also defects in
BRCA1 and BRCAZ2 genes, albeit in rare occurrences.
These observations infer that BRCA1 and BRCAZ2
host crucial and vital cellular functions. BRCA1 and
BRCA2 are highly ubiquitous proteins expressed in
almost all tissues, but tumors arise only in breast
and ovaries with defects in BRCA genes. Despite this
conundrum, a large fraction of familial breast and
ovarian cancers do not show mutations in BRCA1 or
BRCAZ2 and could be caused by mutations in associated
proteins.

Muiltiple Functions of BRCA1 and BRCAZ

To assess the function of BRCA1 and BRCAZ genes
in breast cancer, reverse genetic experiments were per-
formed. The knockout mouse models for BRCAT1 have
shown that this gene is absolutely essential for cellu-
lar growth and homeostasis. Both BRCA1 and BRCA2
knockout mice display embryonic lethality at days

E8-E13, with viable cells showing a fair degree of
aneuploidy, suggestive of chromosomal instability
(Hakem et al., 1998). Mice that were heterozygous for
either Brcal or Brca2 developed normally and were not
more susceptible to breast cancer than the normal
wild-type littermates. However, mice carrying condi-
tional deletion knockout mutants for Brcal and driven
under a mammary tissue-specific promoter displayed
mammary gland tumors by 10-13 months of age (Xu
etal., 1999).

BRCAT1 and BRCA?2 interact with a large number
of proteins. They have a wide spectrum of activities
ranging from deoxyribonucleic acid (DNA) repair and
replication to centrosome duplication and mitotic
checkpoint functions. Their role in tumorigenesis has
been discussed in multiple reviews (Scully and
Livingston, 2000; Venkitaraman, 2004). BRCA1 is a
ubiquitously expressed protein of 1863 amino acids
harboring two highly conserved domains: RING finger
domain and two BRCT domains. BRCA1 functions in
diverse pathways: DNA damage repair of double-
stranded breaks (DSB), transcription-coupled repair,
transcriptional regulation, chromatin remodeling,
ubiquitination, centrosome duplication, and cell cycle
checkpoints (Deng and Brodie, 2000; Hsu et al., 2001;
Khanna and Jackson, 2001; Narod and Foulkes, 2004;
Starita and Parvin, 2003; Venkitaraman, 2004). Several
studies converge on the hypothesis stipulating that
BRCAI1 serves as a scaffolding protein for the assembly
of a multiprotein heterocomplex, thus integrating the
aforementioned mechanisms as proposed (Irminger-
Finger et al., 1999).

The functions of BRCA2 are less diverse. The
BRCAZ2 gene codes for a large polypeptide of 3418
amino acids, conserved through evolution and widely
expressed in adult and embryonic tissues (Rajan et al.,
1997). 1t is structurally and phylogenetically unrelated
to BRCA1 and bears no homology conservation with
BRCAT1 whatsoever. Like BRCA1, BRCA2 is specifi-
cally crucial in homologous-directed repair (HDR) and
in nonhomologous end joining (NHEJ) because
BRCA?2 may bind directly to DNA and interacts with
Rad51 at sites of DSB. The functions of BRCA1 and
BRCA2 converge in one goal: maintaining genome
integrity. The common phenotypic feature of BRCA1-
and BRCAZ2-deficient cells is spontaneous chromo-
somal instability and a hypersensitivity to DNA
damage—inducing agents such as ionizing radiation and
interstrand cross-linking drugs. The result is increased
genomic instability, manifested by chromosomal
aberrations and aneuploid karyotypes (Jasin, 2002).
Chromosomal aberrations are common to all cancers
and could be the pathogenic basis of breast and ovarian
cancers caused by mutations in BRCA1 or BRCA2.
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BARD1 Discovery and Structure Overview

In the search for novel partners of BRCA1, BARDI1
(BRCA1-Associated RING finger Domain protein 1)
was discovered in a yeast two hybrid screen using the
N-terminal BRCA1 RING domain as bait (Wu et al.,
1996). The human BARD1 gene is localized on chro-
mosome 2 (2q34—q35), and its complementary DNA
(cDNA) encodes a protein of 777 amino acids (Wu et al.,
1996), corresponding to 765 amino acids in the mouse
(Irminger-Finger et al., 1998) and 768 in the rat
(Gautier et al., 2000). BARD1 homologs have been
cloned from Xenopus leavis, Arabidopsis thaliana
(Irminger-Finger and Leung, 2002; Joukov et al., 2001),

and Caenorhabditis elegans (Boulton et al., 2004).
A doubt remains on the initiation site of translation,
which could be situated either at amino acid position 1
or 26. BARDI resembles BRCA1 in structural organi-
zation and shares sequence homologies with BRCA1’s
conserved domains. Like BRCA1, BARDI contains a
RING finger domain at its N-terminus (residues
46-90) and two BRCT domains at the C-terminus
(residues 616-653 and 743-777) (Figure 5), but
BARDI1, albeit less than half the size of the BRCA1
protein (1863 residues), contains an additional con-
served domain, of three ankyrin repeats (ANK), for
which BRCA1 is void. Apart from the conserved
domains, the rest of the BARDI1 protein sequence bears

A
N-1 A1009T  A1482G G1743C G2354A
-19 A957G l1144del21 le1592A G1765C G21sscl C-20
Human
BARD1 777 aa
RING ANK BRCT
RING BRCT
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Immunogenic
B Cleavage arnogen
Caspase
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Figure 5. Schematic presentation of BARD1 and BRCAL structure and functions.
A: Functional domains are presented: RING finger, ANKyrin repeats, and BRCT domains.
Positions of cancer-associated mutations are indicated as arrows for BARDI1. N-19 and
C-20 indicate positions of epitopes recognized by respective antibodies. B: Proposed

model of BARDI function in normal tissues

and in tumorigenesis. BARDI is associated

with three pathways: 1) as heterodimer with BRCA1 in repair and survival mode; 2) excess
of BARDI over BRCA1 in apoptosis function (Irminger-Finger et al., 2001); and 3) defi-
ciency of p53 stabilization permits overriding of gatekeeper function of p53, either through
deficiency of BARDI or p53. During apoptosis BARDI is cleaved by the caspase-dependent
kinase calpaine. The resulting p67 protein is more stable than full-length BARDI (97 kDa)

and is immunogenic (Gautier €t al., 2000).
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no homology with other proteins. Alignment of human
and mouse BARDI orthologues show low levels of
amino-acid sequence homology (i.e., 70.4% over the
total protein), whereas the RING, ANK repeats, and
BRCT motifs have 86.7%, 90.1%, and 79.8% identity,
respectively (Ayi et al., 1998; Irminger-Finger et al.,
1998; Irminger-Finger and Leung, 2002), which sug-
gests that the three conserved domains mediate essen-
tial functions. It is interesting that, no proteins with
significant sequence homology to regions other than
RING, ANK, and BRCT domains were found in data-
bases. BRCAL is the only vertebrate protein that shares
homology with BARDI in both the RING and BRCT
domains. Homology in gene structure and protein
sequence of BARD1 and BRCAI indicate that both
proteins are phylogenetically related. In a similar fash-
ion, the mouse Brcal and Brca2 proteins share less than
60% homology with their human counterparts, in con-
trast with other known tumor suppressors, such as p53
with 78% identity. Comparison of amino-acid homol-
ogy between BARD1 and BRCAT1 shows that they have
co-evolved at the same rate, providing further evidence
that these proteins function in the same complex.

Human BARDI1 contains six putative nuclear
localization signal (NLS) sequences, located closely
or embedded in each of the three functional domains,
incurring a predicted nuclear localization of BARDI1
(Jefford et al., 2004). In comparison, mouse BARDI1
has only three putative NLS sequences and a margi-
nally lower prediction score for nuclear localization
(psort.nibb.ac.jp/). Although the RING domains of
BARDI1 and BRCA1 can form homodimers in vitro,
these structures are unstable (Meza et al., 1999), and
only BARDI-BRCA1 heterodimeric complexes have
been found in vivo. The paired RING domains of
BARDI and BRCA1 form a stable four-helix bundle
(Morris et al., 2002). This structure is more resistant to
proteolysis than homodimers, supporting the notion
that the BRCA1-BARDI heterodimer acts as a func-
tional unit.

BARD1 Expression Pattern
and Subcellular Localization

The BARDI gene spans over a 10 kb region close to
the telomere on chromosome 2q34—q35 (Wu et al.,
1996), but the regulation of transcription of BARD1
has not been elucidated. Its most abundant transcript
is composed of 11 exons stretched over 2530 base
pairs. BARD1 has several putative transcripts issued
by alternative splicing (Feki et al., 2004, 2005).
Nevertheless, BARD1 and BRCA1 messenger ribonu-
cleic acid (mRNA) expression patterns, as observed
from Northern blots, are coordinated in several tissues.

Northern blot and ribonuclease (RNase) protection
data showed that mRNAs were abundantly expressed
in spleen and testis but not in heart, brain, liver, lung,
skeletal muscle, or kidney tissues (Ayi et al., 1998;
Irminger-Finger et al., 1998). Hormonally regulated
organs were also assayed and showed that BARD1
expression in uterus is increased from diestrus through
post-estrus phase, whereas BRCAL expression increases
from diestrus to early estrus and decreases during
estrus and post-estrus (Irminger-Finger et al., 1998).
This in-coordinate expression of BARD1 with BRCAL
was the first indication of a putative BRCAI1-
independent role of BARD1. More recently, BARD1
expression in testis was explored, showing that BARD1
is expressed at all stages of spermatocyte maturation,
whereas BRCAL expression is only seen in meiotic and
early round spermatocytes (Feki et al., 2004a).

At the cellular level, BARD1 protein expression
was first reported to be constant throughout the cell
cycle, in contrast to the elevated levels of BRCA1 in
S-phase (Jin et al., 1997). However, a more recent
study reports that BARD1 expression levels fluctuate
in a cell cycle-dependent manner, with an increase
during mitosis (Choudhury et al., 2004).

BARDI1 was first described as a nuclear protein. It
was found in nuclear extracts and localized to BRCA1
“nuclear dots” in the nucleus during S phase (Scully
etal., 1997). BARDI regulates the subcellular location
of BRCA1 by masking the nuclear export signal (NES)
of BRCA1 (Fabbro €t al., 2002). However, data in 2004
show that BARD1 is a protein shuttling between nucleus
and cytoplasm, and an NES identified near the RING
domain of BARDI1 may be masked by co-expression
of BRCAL1 and results in nuclear retention (Rodriguez
et al., 2004a). The cytoplasmic location of BARDI is
associated with its apoptotic function, which is markedly
reduced by BRCA1 (Jefford et al., 2004).

BARDI1 degradation was also reported, and a
67 kDa proteolytic cleavage product was found to be
associated with apoptosis in cancer cells (Gautier
et al., 2000). Autoubiquitination on RING domain may
be one of the mechanisms of protein degradation
(Jefford et al., 2004).

Biological Functions of BARD1

BARDI plays an important role in maintaining
genomic stability and phenotype. After BARD1 repres-
sion in cultured mammary epithelial cells, marked
phenotypic changes were observed, including altered
cell shape, increased cell size, high frequency of mul-
tinucleated cells, and aberrant cell cycle progression
(Irminger-Finger et al., 1998). Loss of BARDI resulted
in chromosomal instability and early embryonic
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lethality, which caused severe impairment of cell cycle
proliferation but was not accompanied by increased
apoptosis (McCarthy et al., 2003).

For most biological functions the BARD1-BRCA1
complex is essential. BARD1 and BRCA1 stabilize each
other, and a mutation in BRCA1 C61G that abolishes
binding to BARDI1 is associated with breast and ovarian
cancer, suggesting a role of BARDI in BRCAIl-
mediated tumor suppression. A fragment of BARDI,
comprising half of ANK through BRCT domain
(residues 464—777), binds in vitro to the ANK domains
of Bcl-3 and modulates the transcriptional activity of
NF-xB and NF-kB-driven gene expression (Dechend
et al., 1999). BARDI also interacts with CstF-50
(cleavage stimulating factor), inhibits polyadenylation
in vitro, and prevents inappropriate RNA processing
(Kleiman and Manley, 1999). These functions are
abrogated by a tumor-associated germline mutation in
BARDI1 (Q564H) (Kleiman and Manley, 2001).

Ubiquitination is recognized as a multifunctional
signaling mechanism with regulatory significance
comparable to that of phosphorylation. The functional
consequence of ubiquitination varies, including
protein degradation, repair activation, transcriptional
regulation, and cell cycle control. BARD1 and BRCA1
have very low ubiquitin ligase activity (E3), but the
BARDI1-BRCAT1 complex shows dramatically higher
ubiquitin ligase activity than individual preparations
of BARDI or BRCA1 (Hashizume et al., 2001).
Although the exact target protein of BARDI-BRCA1
ubiquitination is not clear, RNA polymerase II holo-
enzyme (Pol II), reported to be one of the BRCAI1-
associated proteins (Chiba and Parvin, 2002), might be
suspected. On DNA damage, BARD1-BRCA1 ubiqui-
tination activity increases, and degradation of RNA
polymerase II and transcription arrest is observed. The
BARDI1 RING domain or BARD1-BRCA1 complexes
also have autoubiquitination function (Chen et al.,
2002), which may serve as a signaling event, such as in
DNA repair or in regulating the BARDI1-mediated
inhibition of mRNA polyadenylation after DNA dam-
age (Kleiman and Manley, 2001), instead of serving as
target for proteasomal degradation. Alternatively, the
BARD1 RING domain might be the target of ubiquiti-
nation and degradation by the ubiquititin pathway, as
speculated for BRCA1 (Fabbro and Henderson, 2003).

BRCA1-Independent Function of BARD1
in Apoptosis

Because BARDI has a vital role in normal cell sur-
vival, BARDI expression was measured during apop-
tosis. It was found that BARD1 expression, through
transcription, may be up-regulated in response to

genotoxic stress or hypoxia after induction of an
ischemic stroke in a mouse (Irminger-Finger et al.,
2001). Additionally, overexpression of exogenous
BARDI leads to apoptosis as measured by DNA frag-
mentation assays. It is dependent of p53, but inde-
pendent of BRCAI1, because BARD1 may trigger
apoptosis in a BRCA1-negative stem cell line and not
in p53 deficient cell lines (Irminger-Finger et al.,
2001). These experiments identified BARD1 as a pos-
sible mediator between proapoptotic stress and
pS3-dependent apoptosis. It is interesting that the Q564H
missense mutation of BARDI1 led to less efficient
induction of apoptosis. This implies that this region
could harbor a role necessary for tumor suppression
and for BARD1’s proapoptotic function. Furthermore,
it was also shown that BARD1 co-immunoprecipitates
pS53, suggesting a physical interaction between p53
and BARDI1 to induce apoptosis. Nevertheless,
BRCAI1-BARDI heterodimers are required for phos-
phorylation of p53 on serine 15, which in turn is nec-
essary for a G1-S cell cycle arrest following DNA
damage induced by a source of ionizing radiation
(Fabbro €t al., 2004a). These results were confirmed
by a study showing that BARDI1-induced apoptosis
catalyzes the phosphorylation of p53 by a DNA-
damage response kinase (Feki et al., 2005). The p53
protein must be phosphorylated on serine residues
for a function in apoptosis, and it appears that BARDI1
stabilizes p53 for repair and for apoptosis.

On genotoxic stress, BARDI1 expression increases
and induces BRCAT1-independent apoptosis (see
Figure 5). BARDI1 transfection or overexpression
induces cell death, which displays features of apopto-
sis, whereas BARD1-repressed cells are defective for
apoptotic response to genotoxic stress (Irminger-Finger
et al., 2001). A proteolytic product, 67 kDa protein,
found in apoptotic bodies of rat colon cancer cells was
identified as an apoptotic cleavage product of BARDI,
and antibodies against this product were detected in
rats immunized with apoptotic bodies against experi-
mentally induced colon cancer (Gautier et al., 2000).
In prostate cancer, treatment with camptothecin caused
BARDI1 and NF-kB up-regulation and induced apop-
tosis (Zuco et al., 2003). These examples suggest that
BARDI1 mediates apoptotic response to cellular stress.
The mechanism of BARD1-induced apoptosis is pre-
sumed to act through a p53 pathway by catalyzing
p53 phosphorylation by the DNA damage response
kinase DNA-PK, by binding to the kinase and its sub-
strate (Feki et al., 2005; Irminger-Finger €t al., 2001).
In contrast to the nuclear retention of BARD1-BRCA1
complex in DNA repair, BARD1-induced apoptosis is
reported to be associated with cytoplasmic location
of BARDI1 (Figure 6) (Jefford et al., 2004; Rodriguez
et al., 2004b).
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Figure 6. BARDI expression in breast tissue and breast tumors. Mouse mammary gland
tissue stained with anti-BARD1 N-19 antibody (A). Staining of breast cancer sample with
anti-BARD1 N-19 (B), as described (Wu et al., 2005). Cytoplasmic staining is observed in
tumor region (a) but not in surrounding tissue (b).

One report shows that BARD1 may also localize in the
cytoplasm, albeit in discreet levels, and it was observed
that increased cytoplasmic localization was accompanied
by apoptosis (Jefford et al., 2004). Moreover, BARDI
shuttling out of the nucleus into the cytoplasm is stimu-
lating its apoptotic activity (Rodriguez et al., 2004b).
Using deletion constructs, the apoptotic domain of
BARDI1 was defined to residues 510-604 between the
ANK repeats and BRCT domains (Jefford et al., 2004),
coinciding with two known cancer predisposing muta-
tions, supporting the notion that this region is important
for the tumor-suppressor functions of BARDI.

Expression of BARD1 in Cancer

There is accumulating evidence that BARDI is a
tumor suppressor in its own right. Repression of
BARDI1 in murine mammary epithelial cells resulted
in the phenotypic changes reminiscent of premalig-
nancy (Irminger-Finger et al., 1998). BARDI1 expres-
sion is reported to be reduced in breast cancer cell lines
(Yoshikawa et al., 2000). Thai et al. have described

the BARDI somatic and germline mutations in a sub-
set of primary breast, ovarian, and uterine cancers
(Thai et al., 1998). Ishitobi reported a germline muta-
tion in Japanese familial breast cancers (Ishitobi et al.,
2003). Mutation of BARD1 was also found with ele-
vated frequency in Finnish families with breast cancer
(Karppinen et al., 2004). BARD1 germline mutations
were particularly identified in families with breast or
breast and ovarian cancer without BRCA1 or BRCA2
alterations (Ghimenti et al., 2002).

So far these observations show that BARDI
germline mutations account for a very small fraction of
familial breast cancers, thus questioning the implica-
tion of BARD1 in predisposition to gynecologic can-
cers. However, correct BARD1 expression is necessary
because homozygous BARD1 knockout mice are not
viable (McCarthy et al., 2003), and the conditional
mice knockouts of BARD1, an allele, through inducible
recombinase cre/loxp system, produce tumors in mam-
mary glands of mice several months after induction
(personal communication, Thomas Ludwig).

BRCA1 mRNA expression is often reduced in breast
carcinomas (Thompson €t al., 1995; Yoshikawa €t al.,
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2000). In contrast, BARDI1 and the two mismatch
repair enzymes, hMSH2 and hMLH]1, are not reduced
as frequently (Yoshikawa et al., 2000). However, p53
mRNA expression in sporadic breast cancers is
diminished, although the detection of a mutated p53
is frequent (Feki and Irminger-Finger, 2004).

A 2004 report examined the expression pattern of
several genes, including BARD1, Smad7, and Smad2,
that are implicated in the transforming growth factor 3
(TGFp) signaling pathways of normal and breast can-
cers. As measured by real-time, reverse transcriptase-
polymerase chain reaction (RT-PCR), a decrease was
observed in breast cancer, which supports the notion
that these genes are tumor suppressors and are repressed
in tumors (Reinholz et al., 2004). Another study also
showed a diminution of BARD1 expression at the
mRNA level in breast carcinomas (Qiu et al., 2004).
Although these studies provide evidence that BARDI is
a tumor suppressor, the specific function of BARDI in
cancer and in carcinogenesis remains unclear.

BARD1 Protein Expression in Cancer

It was shown previously that BARDI is expressed in
many tissues, including those in the breast and ovary,
on the mRNA level. The cell-type specificity has not
been determined. Analysis of BARDI1 protein expres-
sion in epithelial breast and ovarian cancers adds to the
discussion of biological functions of BARD1 in tumori-
genesis. Using antibodies against BARD1 N-terminal
(N-19) and C-terminal (C-20) regions, BARDI1 expres-
sion was determined in the mouse mammary gland.
Tissues were from mice of 3, 5, and 9 months of age.
BARDI staining was found in the cells lining the
lumen of mammary glands (Figure 6A) at all stages of
development. Staining was mostly nuclear. Interestingly,
in tumor cells BARD1 was highly expressed in the
cytoplasm. In healthy tissue surrounding the tumor,
however, little staining and nuclear localization was
observed (Figure 6B). This result contrasts with
the expression of BRCA1, which is generally down-
regulated in ovarian and breast carcinoma. Analysis
of BARDI expression in a series of sporadic breast
cancers showed that BARD1 was localized in the cyto-
plasm. The expression levels of BARD1, detected with
N-19 and C-20, were variable. The extent and pattern of
BARDI expression varied in the different pathologic
types of tumors (Wu et al., 2005).

Also, comparing expression of p53 in the same sam-
ples could not establish any correlation between p53
and BARDI expression. Unlike BARDI1, p53 levels
did not increase with tumor size or undifferentiated
state. BARDI1 expression was correlated with tumor
differentiation and tumor size, and considerably more

staining was observed in G3 grade tumors than in G1
and more in T4 staged tumors than in T1. Because
tumor differentiation, size, and stage are prognostic
factors for breast cancer, it seems likely that BARDI,
rather than p53, staining is associated with a poor
prognosis for breast cancer, and it may be a prognostic
marker of breast cancer (Wu €t al., 2005). Several
mutations of BARD1 have been reported associated
with breast and ovarian cancer, and analysis of
BARDI1 protein expression in tumors with mutation
sites A957G, A1009T, G1743C, 1144del21, respec-
tively (Ghimenti et al., 2002), showed, similar to spo-
radic breast cancers, intensive cytoplasmic staining
(Wu et al., 2005). The staining intensity and the per-
centage of positive cells were not correlated with a
specific mutation site. It was unclear at this point
whether all BARD1 mutations investigated result in a
cytoplasmic localization of the protein or whether the
cytoplasmic localization of BARDI1 is dictated by
other tumor factors and not influenced by specific
mutations. It can be concluded that aberrant location
of BARDI is a negative prognostic factor but not
necessarily associated with a specific mutation.

In the normal ovary BARDI1 is expressed in the
germ cells, as demonstrated by staining of mouse
ovarian tissue (Irminger-Finger et al., 2001). In devel-
oping and mature follicles BARD1 is expressed in the
germ cells. After ovulation no staining is observed in
granulosa or theca cells.

BARDI1 protein expression in four types of ovarian
cancers—clear cell, serous, endometrioid, and muci-
nous carcinoma—showed elevated BARD1 staining in
the cytoplasm of cancer cells but very faint staining in
the nucleus of cells in surrounding tissue. The extent of
BARDI1 expression varied considerably between the
different histologic types of ovarian cancer. In clear
cell carcinoma, all cells were stained homogeneously
and all cases had high positivity of BARD1 staining
(90% of the cells were stained in average), whereas in
the other types of ovarian carcinomas, BARDI expres-
sion varied from 0 to 95% of positive cells and showed
a mosaic expression pattern, which was most prominent
in serous carcinoma.

In the majority of the cases, N-19 and C-20 anti-
bodies stained the same regions when tested on adja-
cent tissue sections, but differences in N-19 and C-20
staining were observed in endometrioid, mucinous,
and serous carcinoma. In most of these cases N-19
staining was lost and C-20 staining was retained.
This loss of N-terminal epitopes could be explained
by changes on the gene, the transcript, or the post-
translational level.

Because BARDI1 can act as apoptosis inducer by
stabilizing the tumor suppressor p53 (Irminger-Finger
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etal., 2001), pS3 expression levels were also determined
in the same cases. Consistent with many previous reports
(reviewed in Feki et al., 2005), p53 showed nuclear
localization, whereas BARD1 was localized to the cyto-
plasm, which excluded a BARD1—p53 interaction. In
some cases, BARD1 and p53 co-localized in the same
region, in others BARD1 and p53 expression showed
completely different distributions in the same region.

Clear cell carcinoma showed the highest percentage
of BARDI1-positive cells. Whereas the variation within
the other types of ovarian tumors was from 0-90%,
80-100% of positive cells were found in clear cell
carcinoma (Wu €t al., 2005).

BARDI1 expression was not limited to tumors of
hormonally regulated tissues. BARD1 was also found
in the cytoplasm in lung cancer cells. Comparing the
expression of BARD1 and p53 expression in NSCLC
tumors of various histologic type, pathologic grade,
and clinical stage, no correlation of BARD1 with p53
expression levels was found. However, the expression
of p53 was clearly increasing with the stage of tumors
and was elevated in poorly differentiated cancers as
compared to well-differentiated NSCLC (Wu et al.,
2005). This finding is consistent with the observation
that more than 50% of lung cancers exhibit p53 muta-
tions and that p53 is the major target for mutations dur-
ing malignant transformation (Roth et al., 1999).

Aberrant Form(s) of BARD1 Expressed
in Tumors?

Several reported functions of BARDI suggest a role
in tumor suppression. Its up-regulation in tumors there-
fore led to speculation that the form of BARDI
expressed in tumors might be an aberrant form deficient
of its tumor-suppressor function. RT-PCR cloning of
BARDI1 cDNAs from frozen tissue sections of ovarian
tumor samples showed that in 70% of the cases, the 5
half of the transcript (nucleotides 74 to 1481) was very
weakly expressed or the segment including nucleotides
74 to 1441 was not expressed (Wu et al., 2005), consis-
tent with the observed loss of N-terminal but not
C-terminal epitopes detected by immunohistochemistry.

This lead to the conclusion that the form of BARDI,
overexpressed in cancer cells and localized to the cyto-
plasm, presumably presents an aberrant form of
BARDI. It is interesting that BARD1 expression is
highly elevated in clear cell ovarian carcinoma and in
poorly differentiated, large sized breast cancers that
have the worst prognosis for 5-year survival. This
expression pattern of BARDI is similar to p53 expres-
sion in lung cancer, with elevated expression in tumors,
correlated with poor prognosis, and when expressed in
tumors, mostly presenting a mutated form.

Tumor-associated mutations of BARD1 were found
for both somatic and germline mutations in a subset of
primary breast, ovarian, and uterine cancers (Ghimenti
et al., 2002; Ishitobi et al., 2003; Karppinen €t al.,
2004; Thai et al., 1998). It is generally assumed that
genetic mutations could induce structural changes of
the protein product, leading to a loss of function as a
result of a presumed decrease of protein stability.
Therefore, the striking up-regulation of BARD1 pro-
tein expression in cancer tissue as compared to normal
tissue adds to the complexity of mechanisms of
tumorigenesis (see Figure 6). BARD1 up-regulation is
even observed in tumors with BRCA1 mutations (Wu
et al., 2005), whereas BARDI destabilization would
be expected in the absence of the stabilizing binding
partner BRCA1 (Joukov et al., 2001).

BARDI1 was described as a nuclear protein (Scully
et al., 1997; Wu €t al., 1996) and in association with
apoptosis its translocation to the cytoplasm is observed
(Fabbro et al., 2004b; Jefford et al., 2004). However,
BARD1 localizes to the cytoplasm in cancer cells that
are not apoptotic. This suggests that BARD1, when
expressed in cancers, represents an aberrant form, a
form that lacks tumor-suppressor functions as a result
of post-translational modifications, or both. It even is
possible that BARDI acquires novel (dominant-
negative) functions in favor of tumor cell growth.
Alternatively, factors influencing the intracellular
localization of BARD1 and/or its stability could be
modified in tumor cells.

The observed loss of the 5 half of BARD1 tran-
script in 70% of ovarian tumors is suggestive of a
mechanism that is not the result of random genomic
instability. Indeed, a finding of a splice variant of
BARDI1 in a rat ovarian cancer cell line, missing
exons 2-7 (Feki et al., 2005), is in support of the
argument that aberrant transcripts, missing the coding
region that comprises regions upstream of the ANK
repeat, might be associated with ovarian and breast
cancer.

According to our previously proposed model
(Trminger-Finger et al., 2001) (see Figure 5) an excess of
BARDI1 over BRCA1 in BRCA1-mutated cells should
lead to BARDI-induced p53-dependent apoptosis.
Therefore, tumor cells would inactivate either BARD1
or p53 to escape from apoptosis; however, the propen-
sity for mutations or epigenetic alterations of one or
the other could depend on the specific tissue. The
prevalence of BARD1 mutations in hormonal tissues
could be the result of the reported hormonal regulation
of BARDI1 in such tissues (Feki et al., 2004b;
Irminger-Finger et al., 1998).

In conclusion, abundantly expressed BARDI in
cancer cells is likely to be an aberrant form deficient of
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its tumor-suppressor functions because BARDI1 up-
regulation is observed independently of p53, excluding
a function in p53 stabilization. BARD1 expression is
elevated in breast and ovarian cancers with reported
poor outcome, which suggests that BARD1 staining in
the cytoplasm of tumor cells might be a negative prog-
nostic factor.

SUMMARY

Mutations in the tumor-suppressor gene BARD1 have
been found in cases of inherited and spontaneous breast,
ovarian, and uterine cancers. The BARDI protein plays
a role in DNA repair and ubiquitination as binding part-
ner of BRCA1 with which it co-localizes to nuclear dots.
Independently of BRCAI1, BARDI1 can induce p53-
dependent apoptosis in response to genotoxic stress.
DNA repair and apoptosis are tumor-suppressor func-
tions that are often defective in cancer cells. In cancer
cells that escaped from apoptosis, one would expect that
either BARD1 or p53 might be defective. Investigation
of BARDI1 and p53 expression levels in breast, ovarian,
and non—small-cell lung cancers (NSCLC) showed that
BARDI1 was highly up-regulated and located to the cyto-
plasm in most cancer cells, whereas a weak nuclear
staining was observed in the surrounding normal tissue.
A maximum of BARDI1 expression was associated with
the most malignant form of ovarian cancer, clear cell
carcinoma. Similarly, in breast cancer, BARDI expres-
sion was correlated with poor differentiation, large tumor
size, and short disease-free-survival (DFS) time. Tumors
with either BARD1 or BRCA1 mutations showed simi-
lar BARD1 protein levels. In contrast to breast and ovar-
ian cancers, no correlation of BARD1 expression with
either grade or stage could be determined for NSCLC.
This suggests that an aberrant form of BARDI, deficient
of its tumor-suppressor function, might be expressed in
cancer cells and that elevated cytoplasmic expression of
BARD1 might be a poor prognostic factor for breast and
ovarian cancers.
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Angiogenesis, Metastasis,
and Epigenetics in Cancer

Claire L. Plumb and Brenda L. Coomber

Introduction

In this chapter we review the implications epigenetic
mechanisms may have in the progression of cancer, and
in particular where epigenetics may be important for
angiogenesis and metastasis, and introduce assays useful
for evaluating angiogenesis and metastasis in experi-
mental settings.

Epigenetic Influence on Gene Expression

Epigenetic control of gene expression, and its
importance in cancer and disease, has been reviewed
extensively in several articles (cited later in this chapter).
In the following sections we provide an introduction to
the processes as a background for the discussion that
follows.

Methylation and Demethylation

Methylation of cystine residues in the promoter region
of mammalian genes is an important cause of gene
silencing. Methylation of deoxyribonucleic acid (DNA)
occurs almost exclusively on the sequence CpG. As
much as 80% of all CpG dinucleotides in the mammalian
genome are methylated; the remaining unmethylated

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

CpG residues are located in promoter regions of con-
stitutively active genes—these are the CpG islands of
DNA (Cheung and Lau, 2005). When CpG islands are
methylated, the gene remains inactive and is heritably
silenced through successive cellular generations. DNA
methyltransferases (DNMTs) catalyze the transfer of
methyl groups onto DNA, resulting in maintenance of
silenced transposable elements and repression of gene
transcription (Szyf et al., 2004). Epigenetic silencing and
reactivation via methylation and demethylation is emerg-
ing as an important method of transcriptional control
(Cheung and Lau, 2005). In cancer, there are three pat-
terns of methylation changes: global hypomethylation;
hypomethylation of individual genes; and local and
discrete regions of hypermethylation at CpG islands
(Feinberg, 2004).

Global hypomethylation occurs as a result of loss of
methyl groups in the coding region and introns, leading
to chromosomal instability, reactivation of transposable
elements, loss of imprinting, loss of heterozygosity,
chromosome rearrangements, and centromeric instabil-
ity leading to aneuploidy (Esteller and Herman, 2002).
The converse, hypermethylation, also occurs at specific
areas of the genome in cancer. The enzymes that bring
about changes in methylation status, DMNTs, are
also linked to the generation of C to G transitions.
Methylation of CpG islands has been associated with

Copyright © 2006 by Elsevier (USA).
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gene silencing in tumors, affecting such genes as TGF-
type | receptor (Kang et al., 2003), BRCAL (Esteller
et al., 2000b), and O°-methylguanine-DNA methyltrans-
ferase (Esteller et al., 2000a). Depending on the cell type,
form of cancer, and its staging, the methylation status of
diverse genes changes—Ieading to the possibility of a
molecular signature of methylated genes that could be of
diagnostic, prognostic, and therapeutic importance.

Histone Alterations

Chromatin structure is determined by the packaging
of genomic DNA with histone proteins. The basic
repeating unit of chromatin is termed the nucleosome
and consists of 146 base pairs of DNA wrapped around
a core of eight histone proteins consisting of two copies
each of histones H2A, H2B, H3, and H4 (Kornberg and
Lorch, 1999). Histones exhibit post-translational mod-
ifications such as acetylation of lysines, methylation of
lysines and arginines, phosphorylation of serines and
threonines, ADP-ribosylation of glutamic acids, and
ubiquitination and sumolyation of lysine residues (Lund
and van Lohuizen, 2004). Histone acetylation and phos-
phorylation are reversible and dynamic and result in
inducible expression of individual genes; histone
methylation is more stable and thus maintains long-term
expression status (Cheung and Lau, 2005). Epigenetic
silencing by promoter methylation is almost always
associated with histone deacetylation (Egger et al., 2004).
Transcriptionally active euchromatin has acetylated
histones, whereas inactive DNA such as euchromatin
or heterochromatin exhibits hypoacetylated histones.
Histone modification is now understood to both pre-
cede DNA methylation and follow it (Szyf et al., 2004),
making histone modification an even more important
consideration in epigenetic disease. Post-translational
modifications of the histones therefore allow the cell
machinery to interpret how the DNA should be
treated—the sum of these modifications is known as the
“histone code” (Egger et al., 2004). Methylation events
on DNA are more stable modifications than histone tail
acetylations; the histone code can therefore be rapidly
reset to allow transcription and therefore rapid response
to environmental changes (Drummond €t al., 2005).

Tumor Angiogenesis

Angiogenesis

Angiogenesis is the formation of blood vessels
from the preexisting vascular architecture (Papetti and
Herman, 2002). Essential during embryonic develop-
ment, this process establishes the blood vascular system

allowing perfusion of the tissues of the body.
Angiogenesis is more restricted in the adult—it occurs
physiologically during wound healing and in the female
reproductive tract where remodeling of the vasculature
ensures proper organ perfusion to growing tissues (Davis
et al., 2003). Angiogenesis is normally controlled by an
orderly set of instructions defined by the nature of the
perfusion requirements of the tissue. The result of this
carefully orchestrated signaling system is an orderly
vascular architecture. Soluble factors, such as vascular
endothelial growth factor (VEGF), are secreted by tissues
and result in vascular recruitment and stabilization (Xie
et al., 2004). Other factors affecting angiogenesis
include angiopoietins and tie receptors, acidic and basic
fibroblast growth factor (aFGF and bFGF), platelet-
derived growth factor (PDGF), transforming growth
factor-B (TGF-P), interleukin-8 (IL-8), and tumor
necrosis factor-o. (TNF-o) (Papetti and Herman, 2002).
Endogenous inhibitors of angiogenesis are naturally
occurring proteins that have an anti-angiogenic effect.
Included in this group of soluble factors are interferon-v,
cortisone, thrombospondin, platelet factor IV, and the
more recently discovered angiostatin and endostatin
(Eliceiri and Cheresh, 2001). Several membrane bound
proteins such as integrins (specifically o, f;-integrin),
cadherins such as VE-cadherin, and Eph receptors and
ephrin ligands (Papetti and Herman, 2002) also play
prominent roles in angiogenesis. These molecules
require close cell—cell or cell-matrix contact for their
effects to be transduced.

Angiogenesis in Cancer

Angiogenesis allows growing tumors to recruit their
own blood supply. Cancer cells cannot expand as a tumor
past the minuscule size of 1 mm? because diffusion of
oxygen and nutrients is insufficient in masses larger
than that size (Kerbel and Folkman, 2002). Thus, being
able to recruit the vasculature necessary for the mainte-
nance of a supportive growth environment is an impor-
tant determinant of cancer cell survival and the ensuing
tumor growth and metastasis. Angiogenesis is also
important in hematologic malignancies where new
blood vessel growth is present in the bone marrow and
Iymph nodes of patients with acute lymphoblastic
leukemia and B-cell non-Hodgkin’s lymphoma (Kerbel
and Folkman, 2002). In contrast to the physiologic
angiogenic signaling system, the tumor generates sig-
nals that are a result of the stresses of low oxygen and
nutrient supply, or a result of oncogenic alterations,
leading to aberrant gene expression of angiogenesis
controlling substances (Rak et al., 2002), often in the
absence of normal levels of endogenous inhibitors. This
results in development of a disorganized and chaotic
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angiogenic response. Tumor blood vasculature exhibits
numerous abnormalities, including dilations, incomplete
or absent vascular endothelial linings and basement
membranes, leakiness, irregular and tortuous architecture,
arteriovenous shunts, blind ends, and lack of contractile
wall components and cellular receptors (Jain, 2005).

Vascular Targeting Therapies in Cancer

The dependence of tumors on the vasculature pro-
vided by normal endothelial cells led to the proposition
of anti-angiogenic therapies. First proposed by Dr. Judah
Folkman in the 1970s (Folkman, 1971), anti-angiogenic
therapies rely on the fact that the endothelial cells in
the tumor do not exhibit the genetic instability of cancer
cells. Therapies designed to target these cells should
therefore result in destruction of the tumor vasculature
and degradation of vascular perfusion within the tumor
without the drug resistance encountered in tradi-
tional chemotherapies (Kerbel and Folkman, 2002).
Pharmacologic inhibitors of angiogenesis may be clas-
sified as exerting their actions via indirect or direct
means. Indirect inhibitors target cancer cells and prevent
expression of proangiogenic molecules (e.g., thalido-
mide) or target their receptors on endothelial cells
(e.g., DC101; the monoclonal neutralizing antibody
of the FLK-1/KDR receptor for VEGF) (Kerbel and
Folkman, 2002). Direct angiogenesis inhibitors affect
endothelial cells (e.g., vitaxin, angiostatin) and prevent
vascular endothelial cells from proliferating or migrating
or induce apoptosis by targeting proangiogenic signal-
ing cascades of molecules such as VEGF, bFGF, IL-8,
PDGEF, and platelet-derived-endothelial growth factor
(PD-EGF) (Kerbel and Folkman, 2002). When used in
animal models, inhibitors of angiogenesis cause
regression or stabilization of a tumor’s volume resulting
from targeting of the blood vasculature. In addition,
they may initially normalize the blood vasculature and
increase the efficacy of other chemotherapeutics by
decreasing plasma leakage and thus decreasing intratu-
moral pressure and its adverse affect on drug infiltration
(Kerbel and Folkman, 2002). Whereas chemotherapeutic
agents are generally used at a maximum tolerated dose
followed by a period of rest to allow recovery of the
bone marrow and intestinal lining, anti-angiogenic
therapeutics can be administered at lower doses for an
extended period to target the endothelial lining of blood
vessels (Browder €t al., 2000). Now termed metronomic
therapy this treatment regimen was proposed and proved
effective using cyclophosphamide (Browder et al., 2000).
In February 2004, the first therapeutic agent designed
specifically to target angiogenesis was approved by
the U.S. Food and Drug Administration (FDA)
Bevacizumab (Avastin) is an antibody against VEGF,

thereby acting as a VEGF sink and blocking its ability
to stimulate proliferation, migration, and survival of
endothelial cells (Muhsin et al., 2004). Although its
clinical efficacy in combination with fluorouracil is
the subject of current debate, the drug’s availability to
patients should allow greater treatment options in clinical
trials (Sobrero and Bruzzi, 2005).

The clinical effectiveness of anti-angiogenic therapies
is currently somewhat hampered by the lack of appro-
priate surrogate markers of angiogenesis for monitoring
of their effectiveness (Kerbel and Folkman, 2002).
Without an independent method of determining thera-
peutic efficacy, it remains difficult to tailor drug
administration to the individual needs of the patient.
Endothelial cells in the vicinity of a local tumor replicate,
migrate, and invade, thereby participating in a sprouting
angiogenesis, but there is another source of endothelial
cells contributing to the newly formed blood vessels of
a tumor. The bone marrow contains endothelial progeni-
tor cells (EPCs) that can be mobilized to release their
progency, circulating endothelial progenitors (CEPs),
into the peripheral circulation (Asahara et al., 1999).
New results assessing the levels of circulating peripheral
blood endothelial cells in mice demonstrate that blood
levels of these cells reflect levels of VEGEF, Tie-2, and
TSP-1 (thrombospondin-1), known regulators of angio-
genesis (Shaked et al., 2005).

Angiogenic Assays

Studying angiogenic responses in the context of
cancer biology and response to therapy requires an
understanding of relevant models and assays. Many
useful approaches have been described in considerable
methodologic detail in a 2004 monograph (Augustin,
2004); here we will discuss the general principles and
useful features of several. At their simplest, angiogenic
assays determine the ability of endothelial cells to
respond to an angiogenic factor. At their most complex,
angiogenic assays attempt to understand the interplay
between the vasculature, the tissue microenvironment,
and the cancer cell. A critical issue in setting up an
invitro assay is the choice of endothelial cells. Although
immortalized endothelial cells are easy to use, they
have often lost some of the characteristics of endothelial
cells, including specific molecular markers, they may
exhibit changes in function (Taraboletti and Giavazzi,
2004), and they may be unable to respond to angiogenic
stimuli because they are spontaneously activated.
Primary cultures of human endothelial cells are often
obtained from the human umbilical cord vein endothelial
cell (HUVEC), and murine and bovine cells from the
aorta. Because the source of these cells is large blood
vessels, they have different phenotypic and behavioral
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characteristics than the microvessels that are responsible
for tumor angiogenesis. Microvascular cells can there-
fore be obtained from tissues such as skin, brain, adipose
tissue, and adrenal gland (Taraboletti and Giavazzi,
2004). Here again, the site from which the cells are
obtained is important because the microvascular of
different tissues and organs are often heterogeneous
(St. Croix €t al., 2000). Thus, the most ideal source of
endothelial cells is often the tumor of interest: unfortu-
nately, isolation and culture of such cells is challenging
(Nanda and St. Croix, 2004). Once in culture, endothe-
lial cells must be handled carefully because they can
easily be stimulated to proliferate rapidly by media rich
in growth factors and can lose phenotypic, antigenic, and
functional characteristics important for their site of origin
(Taraboletti and Giavazzi, 2004).

The effects of compounds of interest on cell
proliferation and apoptosis can be measured by
standard mitogenic assays (incorporation of thymidine,
5-bromodeoxyuridine) or by counting the increase in cell
number (direct counts or indirect colorimetric evaluation
such as crystal Violet or MMT). Apoptosis can be
measured by TUNEL (terminal deoxynucleotidyl
transferase biotin-dUTP Nick End Labeling) or by
analyzing the expression of apoptosis markers such as
caspases and annexin V (Taraboletti and Giavazzi, 2004).
When assessing anti-angiogenic activity, inhibition
of endothelial cell proliferation may not be the most
appropriate endpoint—this may simply indicate low
toxicity for an anti-angiogenic agent that targets another
endothelial process (Taraboletti and Giavazzi, 2004).
Further studies, of cell motility, morphogenesis, etc.,
are therefore required to understand the nuances of an
anti-angiogenic agent.

The standard motility assay is the Boyden motility
assay. The substance of interest is placed in a tissue
culture well, and a chamber with a cell-permeable filter
containing endothelial cells is placed above. After a
specified amount of time, the number of cells crossing
the membrane to meet the test agent is counted
(Auerbach et al., 2003). The system is useful for test-
ing concentration gradients and thus may reflect the
conditions that are operative in vivo (Auerbach et al.,
2003). Endothelial cells degrade the matrix and invade
tissue structures during angiogenesis. Therefore, in vitro
matrix degradation and invasion assays have been
developed to evaluate these activities. The wound-
healing assay analyzes the plannar motility of cells
by measuring the ability of a confluent nonolayer of
cells to close a wound created through it (Taraboletti and
Giavazzi, 2004). Matrix invasion assays can be per-
formed using a modified version of the Boyden chamber
assay described earlier, except a thick layer of matrix
separates the endothelial cells from chemotactic or

growth factors. Cells must be capable of both matrix
degradation and invasion to reach the underside of
the support matrix to be counted (Taraboletti and
Giavazzi, 2004).

To test the effect of substances on endothelial tube
formation, endothelial cells are layered above collagen
or fibrin clots coating plastic culture dishes. Tube for-
mation in the presence of the test agents in combina-
tion with the clot substrate is reasonably indicative of
microvascular stimulation in vivo (Auerbach et al.,
2003). In the aortic ring assay and chick aortic arch
assay, isolated murine or chick aorta is cut into pieces
and placed in culture over a support matrix such as
Matrigel. The agent of interest is placed in the growth
medium, and the sprouting of endothelial cell processes
is monitored over time (Auerbach et al., 2003). This
technique can be used with human surgical specimens
as a source of primary human tissue for research into
anti-angiogenic compounds (Woltering et al., 2003).
Digital technology has aided the quantification of vessel
outgrowth—in 2004 it was used to demonstrate that
the antiangiogenic compounds suramin and endostain
are most effective if administered early in angiogenesis
(Berger €t al., 2004), suggesting that anti-angiogenics
would be able to inhibit angiogenesis in newly forming
metastases.

The ability to assess angiogenic activity in vivo in
transgenic mice allows monitoring of both vascular
growth and tumor—vascular interactions. Microcircu-
latory preparationshave the great advantage of allowing
direct visualization of angiogenesis across time, thereby
evaluating phenomena associated with both onset and
regression. The intravital microscopic techniques
developed in these models have proved a powerful tool
for the noninvasive, continuous monitoring of cellular
and molecular events (Taraboletti and Giavazzi, 2004).
Chorio-allantoic membrance (CAM) assays are suit-
able for large-scale screening of new compounds. The
egg contents of a 72-hour-old chicken embryo are
maintained as a whole embryo culture. Angiogenesis is
stimulated by placing a coated glass or plastic matrix
on the CAM or by allografting or xenografting tumors
(Auerbach et al., 2003). Because the tests are run on
chicken cells, and because the CAM is rapidly changing
with development, CAM assays must be used with
some care (Auerbach et al., 2003). They are, however,
still useful in drug effect studies; use of the CAM assay
demonstrated the anti-angiogenic effects of FK288
(Depsipeptide), a histone deacetylase inhibitor (Kwon
et al., 2002). The rabbit ear chamber provides a method
to quantify the structural and functional chances in
newly formed vessels in an optically clear way (Hasan
et al., 2004). In this technique, the ear is stablilized and
an area is surgically cleared of vasculature, creating a
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growth chamber. After a 4-6-week period of recovery,
therapeutic agents can be introduced into the chamber
and effects on neovascularization are observed.
Because the procedure relies on wounding, this can
compound the results of the test agent. The rabbit ear
chamber is used extensively in analysis of angiogene-
sis in wound healing research (Komori et al., 2005).

The dorsal skin chamber preparation is a long-
standing assay that allows quantification of angiogenesis
by intravital microscopy or analysis of excised tissues.
The preparation involves removing one skin layer from
the back of a murine host to expose the cutaneous mus-
cle. After implantation of tumor cells or the agent of
interest, the area is enclosed using a sterile coverslip.
Newly formed blood vessels are visible on day 10, and
peak vascular density is obtained by day 25 (Hasan
et al., 2004). The dorsal-skin chamber is used to study
vascularization for wound healing angiogenesis into
tumor implants (Gelaw and Levin, 2001); this model
also allows evaluation of in vivo effectiveness of anti-
angiogenic agents including VEGF and PDGF signaling
inhibitors (Erber et al., 2004). Although this technique
allows visualization of newly forming blood vessels, it
does not display the optical resolution of techniques such
as the rabbit ear chamber or the CAM assay. Similarly,
subcutaneous air-sac preparations allow monitoring
of vascularization when cells or tissue fragments are
placed in an air pocket created on the dorsum of a rat
temporarily, creating a thin, isolated vascularized mem-
brane for the introduced substance to establish a new
blood supply (Hasan et al., 2004). Unlike the dorsal
skin chamber, it is not possible to monitor vasculariza-
tion in real-time.

The corneal angiogenesis assay is still considered
one of the best in vivo assays because the cornea itself
is avascular, and therefore any vessels arising after the
commencement of the experiment are truly a result of the
intervention (Auerbach et al., 2002). A pocket is made
in the cornea, and test tumors or tissues are introduced;
over time, angiogenic factors elicit the ingrowth of
new vessels from the peripheral limbal vasculature.
Anti-angiogenic factors can be tested simultaneously,
by both topical application via the implant and systematic
exposure via the circulatory system. This method is cur-
rently used in cancer research to test the effectiveness of
anti-angiogenic compounds (Morbidelli et al., 2003).

Matrix-implant systems are relatively easier to per-
form than the surgical preparations outlined earlier
(Hasan et al., 2004). Compounds of interest are mixed
directly with matrix, and the preparation is surgically
implanted (Hasan et al., 2004). The sponge implant
assay and the disc angiogenesis assay use inert matrices
as carriers for the agent of interest. Once implanted in
the animal, they are encapsulated by granulation tissue

and invaded by new vessels. The matrices are harvested
after 1-3 weeks and then fixed and processed for histology
and immunohistochemistry to assess vessel infiltration
and microvessel density (Hasan et al., 2004). These
assays allow studies that evaluate tumor angiogenesis, as
well as proangiogenic and anti-angiogenic compounds
in an easily reproducible manner (Hasan et al., 2004).
The sponge implant assay has been effective in demon-
strating effective gene transfer (Wang et al., 2004).
Although these matrices stimulate new vasculature,
subcutaneous tumors are not typical sites for pathologic
angiogenesis in vivo. This limits the usefulness of results
for studies of tumor—vascular interactions.

Injection of noninert carrier materials can also be
used to assay angiogenic activity. In the Matrigel-plug
assay, the gelling properties of Matrigel are used to
assay the angiogenic capacity of different compounds.
Matrigel is a laminin rich reconstituted matrix extracted
from the growth medium of the Engelbreth—-Holm—
Swarm tumor; it is a liquid at 4°C and forms a gel at
37°C. Subcutaneous plugs containing Matrigel alone
(Matrigel is itself angiogenic), or Matrigel plus test cells
or agents, are recovered after 7-21 days in the animal
and examined histologically to determine the extent of
vascular infiltration (Hasan et al., 2004). Quantification
of the vessels in histologic sections is tedious but accu-
rate (Hasan et al., 2004). Alternately, a modified
method called the sponge/Matrigel assay allows quan-
tification of angiogenesis using photometric methods
(Auerbach et al., 2002). By combining Matrigel and a
sponge or tissue fragment, new vessels can be measured
by injection of Fluorescein isothiocyanate (FITC) dex-
tran; inhibition by endostatin contained in Alzet
osmotic pumps is readily seen by this method (Akhtar
et al., 2002). Although more time consuming than the
standard Matrigel assay, the ease of imaging makes
this method attractive.

As previously mentioned, tissues grown using in vivo
techniques can be harvested for further analysis.
Tissues obtained from the CAM assay, anterior cham-
ber assays, and xenografted human cells in immune-
deficient animals are often used (Hasan et al., 2004).
Both routine histology and immunohistochemistry for
specific markers of endothelial cell activation can be
performed. In addition, specific methods can be used
to identify tumor and endothelial cell response to
chemotherapy. Syngeneic murine models allow
implantation of cancer cells into an animal of the same
species where the host response, including the vascu-
lature, is intact (Taraboletti and Giavazzi, 2004). The
classical syngeneic model is of the Lewis lung carci-
noma, which is rapid, reproducible, and metastatic; this
model has been used extensively to test anti-angiogenic
compounds (Browder et al., 2000). Xenograft models,
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where cells from one species are transplanted into an
immunocompromised recipient (e.g., athymic nude,
severe combined immunodeficient mice [SCID] or Ragl
null), reflect the growth factor expression of human
tumors (Taraboletti and Giavazzi, 2004). Unfortunately,
xenografts do not contend with host immune response,
so they cannot model the entire tumor—host environment.

Quantification of the Angiogenic
Response

Quantification of effects of experiments is relatively
straightforward in excised tissues. Techniques used
include measurement of morphometric parameters
by light or electron microscopy of vascular casts and
immunohistologic examination of tissue sections
stained with endothelial antibodies or perfused with
intravascular markers (e.g., colloidal carbon, India ink,
radioactively labeled red blood cells, high molecular
weight tracers). The “gold standard” for quantitative
evaluation of angiogenesis is the measurement of
microvessel density (MVD), which gives an estimate
of intercapillary distance in the tumor (reviewed in
Hasan et al., 2004). Weidner et al. (1991) first suggested
that counting of immunohistochemically stained tumor
blood vessels could allow malignant neoplasms to be
grouped into highly and poorly angiogenic tumors. To
count capillaries, antibodies against pan-endothelial
cell markers, which stain small and large vessels with
equal intensity, are usually used (Hasan et al., 2004).
Generally, anti-CD31 (PECAM) antibodies are used, but
von Willebrand factor (vWF), anti-CD34, and thrombo-
modulin are also effective, although the fact that CD34 is
also present on lympthatic vessels highlights the impor-
tance of carefully choosing vascular endothelial-specific
markers (Hasan et al., 2004). Using markers for activated
endothelium such as CD105, integrin o, ; and VEGF
receptors, it is now possible to distinguish between
tumor neovascularization and preexisting vessels.

Although calculation of MVD is the currently used
method of scoring tumors for vasculogenic activity, the
“edvin” (edge versus inner) method of tumor scoring
has been developed to more accurately score tumors with
varying vascular density throughout (Giatromanolaki
et al., 2004). This method uses a scoring system that
evaluates both the vascular density at the edge of the
tumor where tumor angiogenesis occurs (tumor angio-
genic activity, or TAA) and the vasculature density in
the center of the tumor where blood vessels are turning
to anti-apoptotic pathways (vascular survival) ability,
or VSA (Giatromanolaki et al., 2004). The “edvin”
method of assessing vasculogenic ability of human
tumor specimens is prognostic of metastasis and
survival (Giatromanolaki et al., 2004). This type of

scoring system may prove useful in classifying patients
into anti-angiogenic or chemotherapy groups and with
experimental models to assess the overall effect of
therapeutic agents on the vasculature of a tumor.

Tissue Invasion and the Metastatic Process

Metastasis

The metastatic process can be divided into several
steps, each of which is thought to be rate-limiting. The
steps can be described as follows: 1) primary malignant
neoplasm; 2) neovascularization; 3) invasion (lymphat-
ics, venules, capillaries); 4) embolism (aggregates of
cells survive in circulation); 5) arrest in distant organ
capillary bed; 6) adherence; 7) extravasation (response
to organ microenvironment and proliferation); 8) estab-
lishment of new tumor (metastases); and 9) metastasis
of metastasis (Fidler, 2002). Failure to overcome
the challenge of any one step presumably results in
abortion of the process, and metastasis cannot be
accomplished.

In 1889, Paget published his “seed and soil”” hypoth-
esis to explain why cancer of the breast metastasizes in
a predictable manner. He suggested that just as certain
seeds require a soil type to germinate, so too does a
cancer cell require its own fertile metastatic environ-
ment. Although Paget’s initial hypothesis explains why
a cancer cell will metastasize to a given area, it is
a simplistic interpretation of metastasis because the
process is far more complicated, both in principle and
process (Fidler, 2002). Neoplasms are heterogeneous;
cells making up the tumor exist in subpopulations of
differing growth and survival abilities. As well, metas-
tasis selects cells that are capable of one more of the
processes involved in the metastatic cascade (see earlier).
Finally, the establishment of the metastatic lesion is
dependent on the multiple interactions between
metastatic cells and homeostatic mechanisms.

Although cancer cells circulate through and
extravasate into many tissues, the tissue site in which
cells exit the circulation can be controlled by the inter-
action of receptors for chemokines and their ligands
(Moore, 2001), or the interaction of selectins and their
binding partners in organs (Kim et al., 1999). The
number of cells that survive injection into the blood-
stream, arrest in the microcirculation, extravasate, and
grow into metastatic tumors is very small (approximately
0.01%) (Chambers €t al., 2000). This inability of cancer
cells to produce growth in tissues after extravasation is
termed metastatic insufficiency. High proportions
(70-80%) of single cells that extravasate, do not divide;
instead, they enter into a dormant state (Chambers
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et al., 2000). Cells that avoid dormancy by initiation
of growth in the metastatic site may still remain as
“dormant” tumors as long as their rate of apoptosis
remains equal to their rate of cellular proliferation
(Holmgren et al., 1995). If the tumor is capable of grow-
ing and inducing angiogenesis, tumor dormancy is
reversed and rapid growth can ensue (Chambers et al.,
2000; Holmgren et al., 1995).

Factors Influencing Cell Invasion
and Survival

Once capable of detachment from the primary tumor,
the invading cancer cells migrate through the stroma of
the tissue, resulting in remodeling of the extracellular
matrix (ECM). Matrix metalloproteinases (MMPs) and
their inhibitors, tissue inhibitors of metalloproteinases
(TIMPS), are hence important effectors of the metastatic
process (Stamenkovic, 2000). Cancer cells that enter the
circulation must evade the immune system; one mecha-
nism used is the decreased expression of immune marker
molecules such as major histocompatibility complex
class (MHC), resulting in resistance to cytotoxic T-cells
(Bubenik, 2003). Normal somatic epithelial cells are
incapable of surviving estrangement from their lateral
neighbors or their basal ECM. If this occurs, they
undergo a form of apoptosis termed “anoikis” (Frisch
and Ruoslahti, 1997). The ability to become anoikis-
resistant is the process that allows cancer cells to survive
in the circulation long enough to become lodged in
another location and extravasate. Adhesion through
integrins allows cells to avoid anoikis and activates
signaling pathways associated with actin cytoskeleton
organization, cell motility, and survival. Integrins are
therefore fundamental in transducing inside-out and
outside-in signals, leading to focal adhesion kinase
(FAK) activation and stimulation of the Akt/PKB
(Protein Kinase B) and mitogen-activated Protein Kinase
(MAPK) pathways (Nicholson and Anderson, 2002).

Cell—cell contacts are mediated by integrins and other
adhesion proteins such as members of the immuno-
globulin superfamily, selectins, and cadherins. Colon car-
cinoma cells express cell-surface and secreted tumor
mucins that contain selectin binding sites (Kim et al.,
1999), providing an example of the cancer cell using
the body’s normal adhesion molecule expression to
promote metastasis. Cadherins are transmembrane gly-
coproteins that mediate calcium-dependent homophilic
cell—cell adhesion. Cadherin junctions are the major
cell—cell adhesion receptors in epithelia; they attach to
actin filaments and are the principal proteins of desmo-
somes, which link intermediate filament cytoskeletal
proteins to adhesion complexes (Goodwin and Yap,
2004). Signaling by N-cadherin prevents apoptosis in

ovarian cells by maintaining calcium homeostasis
(Pelluso, 1997). E-cadherin promotes aggregation-
induced cell survival in prostate and mammary cells
(Day et al., 1999). Together, these results suggest that
cadherin-mediated cell-cell adhesion can generate
compensatory signals that are able to suppress cell
death. Whereas cancer cells continue to survive and
grow even when detached from the substratum, cell-
cell contact is often fundamental for cell survival even
when cells grow in an anchorage-independent manner
(Santini €t al., 2000).

Metastasis Assays

Assays for angiogenesis and metastasis have numer-
ous similarities as they test some of the same cellular
properties. In culture, all cells are subjected to the same
conditions, and the effects of individual environmental
factors or genetic alterations can be examined
(MacDonald et al., 2002). Migration and invasion
studies are essentially the same; the modified Boyden
chamber assay is used for both in order to model
degradation of the ECM and in particular the basement
membrance by MMPs and the inhibitory action of
TIMP proteins (Kleiner and Stetler-Stevenson, 1999).
The standard method for zymography uses sodium dode-
cyl sulfate (SDS) polyacrylamide gels co-polymerized
with a protein substrate, in particular, gelatin, casein,
or fibrin to resolve MMP activity (Frederiks and Mook,
2004). Proteases such as MMP-2 and MMP-9 have the
ability to exert proteolytic activity, which can be ana-
lyzed using this method. By adding a crude gelatinase
mixture to SDS-polyacrylamide gelatinase gels, it is
possible to assess expression of TIMPs in a protein
sample (Snoek-van Beurden and Von den Hoff, 2005).
In situ zymography allows visualization of gelatanolytic
activity in situ, based on the principle of gel substrate
zymography (Frederiks and Mook, 2004). This method
has been made more precise by the addition of
dye-quenched (DQ)-gelatin that is reactivated by lytic
cleavage (Frederiks and Mook, 2004).

Cultures that inhibit the ability of cells to contact
substrate, such as shaking cultures, can be used to mod-
ify anoikis survival characteristics and make metastatic
variants of cell lines (Zhu €t al., 2001). To assess the
ability of cells to survive and form colonies in contact-
withdrawn conditions, cells are sometimes suspended in
soft agarose and left to incubate for long periods of time.
The soft agarose colony formation assay is still used as
a test of tumorigenic potential (Santini et al., 2000).

Assays allowing analysis of functional ability to
metastasize have also been developed. Common in vivo
models include the following: transplantable cancer
cell systems commonly characterized in rodents
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(experimental metastasis models); genetically engi-
neered mice that develop metastatic cancer; and cancers
that naturally develop in outbred large animals, primarily
companion animals such as dogs (often referred to as
comparative models). By using immune-compromised
mice, it is possible to evaluate the ability of human
cancer cells to form tumors in a metastatic site. Cells are
injected into the peripheral circulation in an area that is
appropriate for the tumor type of interest. This assay
tests the ability of cells to lodge in the microvasculature,
extravasate, and form tumors in that location. Injecting
cells into the splenic or hepatic portal veins allows cells
to travel into the hepatic portal system and infiltrate the
liver. Intracardiac injection of cells may result in metas-
tases to several sites, including bone. Injection via the
tail vein of a given number of tumor cells, and counting
of macroscopic lung tumors, tells us whether the exper-
imental conditions have an effect on the metastatic
outcome (Khanna and Hunter, 2005). Intravital videomi-
croscopy (IVVM) can be used to follow cancer cells
through the early stages of adhesion, extravasation, and
therefore the metastatic process in the living animal.
This process, although technically challenging, allows
quantification of specific criteria such as the survival of
cancer cells, formation of micrometastatics, and the fate
of cells that fail to establish (MacDonald €t al., 2002).

Orthotopic transplantation refers to the delivery of
cancer cells to the anatomic location or tissue from
which a tumor was derived (Khanna and Hunter, 2005).
Cancer cells may be directly injected, or a piece of
intact tumor may be surgically placed in the orthotopic
location (Khanna and Hunter, 2005). Metastatic ortho-
topic models produce metastatic foci originating from
the primary tumor; however, the primary tumor may
require removal because it can grow to an overwhelming
size. Xenografts grown subcutaneously in mice can be
used to test the effectiveness of treatments on metastatic
disease by first growing a tumor under the skin and
allowing metastases to form and then removing the
primary tumor—treatments can then be administered
that will affect the metastatic foci (Kerbel, 2003).
Using the Lewis lung carcinoma model allows under-
standing of how metastasis and other processes such as
angiogenesis function together in vivo (Camphausen
et al., 2001). Transgenic mice, which display sponta-
neous development of primary lesions and subsequent
metastasis, have also been developed. For instance, the
H19-Igf2 transgenic mouse overexpresses the IGF-2
(insulin-like growth factor 2) protein and after a 9-month
latency period produces mammary tumors, which
spontaneously metastasize to liver, lung, and spleen in
~40% of the mice (Pravtcheva and Wise, 1998). Such
systems most accurately model the progression of
human clinical disease.

Epigenetic Influence on Angiogenesis
and Metastasis

Gene products involved in angiogenesis, cell migra-
tion, attachment, and survival are all potential targets
for epigenetic regulation via CpG methylation and
histone modifications. This area of cancer biology is
relatively understudied, but evidence is accumulating
for both direct and indirect epigenetic influences on
angiogenic and metastatic processes in cancer.

Methylation of the TSP-1 promoter leads to its
silencing (Li et al., 1999), allowing neovascularization
of the tumor mass. Aberrant promoter methylation
leads to the silencing of the tumor-suppressor protein
and ubiquitin ligase component Von Hippet-Lindan
(VHL) (Herman €t al., 1994), which normally targets
hypoxia-inducible factors (HIFs) for proteolysis.
Cyclooxygensae-2 (Cox-2) favors tumorigenesis and
metastasis in epithelial cells by inhibiting apoptosis
and increasing invasiveness. In gastric carcinoma cell
lines, Cox-2 is overexpressed; methylation of the pro-
moter led to repression of the excess gene expression,
showing in principle that Cox-2 can be silenced by
epigenetic means (Song et al., 2001). This is important
because overexpression of Cox-2 in intestinal epithelial
cells stimulates the production of metastatic factors
such a MMP-2 and MT-MMP (Tsujii et al., 1997)
and is also implicated in VEGF up-regulation and thus
angiogenesis (Li et al., 2002).

E-cadherin gene expression or regulation is modi-
fied by promoter methylation (Graff et al., 2000),
E-cadherin promoter methylation status is associated
with adverse prognostic indicators in cancer (i.e.,
decreased survival rates) (Graziano et al., 2004). Me-
tastasized oral cancer cells show decreased E-cadherin
expression as a result of promoter methylation (Kudo
et al., 2004). This event may be spontaneously reversible
because some cells at the metastatic site have lost
methylation of this gene, leading to a situation where a
fraction of tumor cells can be in a favorable state for
invasion and yet be capable of reestablishing appro-
priate intercellular associations at a metastatic site
(Graff et al., 2000).

Molecules involved in tissue destruction and invasion
are also targets of epigenetic changes. For instance,
TIMP3 methylation leads to a decrease in MMP
inactivation and hence an increase in MMP activity
(Bachman €t al., 1999). The net effect is to cause a
loosening of the control of matrix remodeling by MMPs
and allow increased movement and thus metastatic
potential in the tumor. When the urokinase (uPA) pro-
moter is hypomethylated, it is expressed in highly
invasive cancer cells; uPA catayzes the coversion of
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the inactive zymogen plasminogen to the active protein
plasmin, which degrades the surrounding extracellular
matix (Pakneshan et al., 2004). When a hypermethylating
agent was used, UPA expression was decreased, whereas
the estrogen receptor promoter whose expression is
decreased by hypermethylation was not affected by this
treatment (Pakneshan et al., 2004). The cumulative effect
was a decrease in cell invasion in vitro and a decrease
in tumor growth rate and metastatic rate in nude mice
carrying human cancer cells in their mammary fat pads.

Therapeutic Implications

Therapeutic agents are designed to target epigenetic
effects either by altering methylation patterns on
DNA or modifying histones. Inhibitors of DNA meth-
ylation are currently in phase II/III of clinical trials.
These molecules (e.g., 5-azacytidine and 5-aza-2’-
deoxycytidine; 2’-deoxy-5-azacytidine) reactivate gene
expression by inhibiting DNA methylation. They work
as nucleoside analogs after metabolic conversion into
deoxynucleotide triphosphates. Incorporation of these
nucleoside analogs traps DNMTs and depletes these
enzymes in the cell, thus decreasing methylation on
other cytidine residues (Egger et al., 2004). DNA
methylation inhibitors therefore require DNA replica-
tion to be effective and hence target actively dividing
cells. These agents show promise, especially in
hematogenous cancers such as leukemia, because these
forms of cancer can exhibit methylation-mediated
silencing of genes such as the p53 homologue p73
(Corn et al., 1999). Defects in the mismatch repair
(MMR) pathway lead to mutation in key proteins
such as oncogenes and tumor suppressors. Tumors
with promoter methylation—induced silencing of the
MMR gene hMLH-1 display impaired DNA repair and
demethylation treatment—induced reexpression of
MLH-1 and reestablished sensitivity to the chemother-
apeutics cisplatin, carboplatin, temozolomide, and
epirubicin (Plumb et al., 2000).

Aberrant methylation of the integrin o, gene leads
to loss of gene expression in human gastric cancer
cell lines and increased invasiveness compared to their
integrin oy-expressing counterparts (Park et al., 2004).
DNMT-inhibitor treatment led to reestablishment of
integrin expression, implying that clinical treatment of
these cell lines with such agents could be effective
therapy. TIMP-3 is silenced by methylation in its pro-
moter region in cell lines derived from human kidney
and brain cancers but not in normal cells (Bachman
et al., 1999). This methylation is removed on treatment
with the demethylating agent 5-aza-2’deoxycytidine and
coincides with reexpression of TIMP-3. The picture is,

however, complicated by the fact that normal tissues
have different levels of TIMP-3 expression—a finding
that shows that demethylating agents may have variable
efficacy depending on the tumor’s type, location, and
thus specific microenvironment.

Whereas methylation inhibitors do cause demeth-
ylation of imprinted genes in cell culture, patients with
cancer who undergo treatment with azanucleosides
seem to be able to correct altered methylation status in
normal tissue within a few weeks of the end of treatment
(Egger et al., 2004). However, the effectiveness of
methylation inhibitors must be carefully weighed against
possible side effects. Hypomethylation can lead directly
to promoter demethylation and gene reexpression, as
occurs in the transcripational reactivation of the pro-
tease uPA, which may lead to induced angiogenesis
or metastasis (Szyf et al., 2004). By using DNMT-
specific antagonists (such as procainamide and pro-
caine), versus cytidine analogues (such as 5-azacytidine),
it may be possible to induce cell cycle arrest rather
than hypomethylation of DNA and the resulting increase
in expression of prometastatic molecules (Szyf et al.,
2004). This being said, it is still important to realize
that these nucleoside analogs can have effects—their
therapeutic use must be carefully considered.

Histone acetyl transferase (HAT) and histone
deacetylase (HDAC) are enzymes that act on histones
as well as many nonhistone targets. Transcription fac-
tors and signal transduction mediators are among the
additional proteins that may be affected by treatments
that target the acetylation status of histones (Drummond
et al., 2005). Histone deacetylation inhibitors are small
molecules designed to inhibit global or specific HDACs.
They cause acetylation of histone and other proteins
and therefore induce or up-regulate genes that had
been silenced (e.g., p21, p53). These agents are currently
in phase III clinical trials. Representatives from three
of the five structural classes of HDAC inhibitors exert
some clinical effect by inhibition of angiogenesis
and metastasis. Trichostatin A (TSA), a member of the
hydroxamic acid group of HDAC inhibitors, causes
up-regulation of the MMP inhibitor protein RECK and
therefore inhibits activation of MMP-2 and tumor cell
invasion (Liu et al., 2003). Depsipeptide (FK228) sup-
presses VEGF and bFGF expression (Saskawa €t al.,
2003) and thus represents a direct inhibitor of angiogen-
esis working through an epigenetic mechanism.

The anti-angiogenic and anti-metastatic effects of
these agents have only recently been demonstrated, but
TSA in particular has been administered in what can
be defined as a metronomic low-dose schedule, and it
has been shown to have antitumoral activity with little
systemic toxicity (Vigushin et al., 2001). Metronomic
therapy in general may work best for HDAC inhibitors
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because to inhibit HDAC-regulated processes in the
cell, intracellular concentrations of the drug must be
kept high (Drummond et al., 2005). Depsipeptide is
more effective against leukemia and lymphoma when
combined with another agent, the cell differentiation—
inducing retinoid ARTA (Kosugi et al., 2001), providing
an example of how HDACs with anti-angiogenic activity
can be combined successfully with other agents to bring
about stronger therapeutic effects. Combination therapy
of HDAC inhibitors and demethylation agents such as
5-aza-2’-deoxycytidine are interesting because of the
interaction between DNA methylation and histone
deacetylation. For example, 5-aza-2’-deoxycytidine
+ TSA or depsipeptide can be used to reactivate
silenced tumor-suppressor genes including MLH-1 and
TIMP-3 (Drummond et al., 2005). Alternatively, it
may be possible to “sensitize” tumors with epigenetic
therapy, followed by conventional chemotherapy
(Egger et al., 2004).

Methylation of specific genes can be identified in
peripheral blood of patients with primary undifferenti-
ated nasopharyngeal carcinoma (Wong et al., 2003).
This opens the possibility of using methylation-specific
polymerase chainreaction (PCR) as a cancer detection
method. Additionaly, CpG island microarrays contain-
ing short GC (guanine cytosine)-rich tags tethered to
glass slide surfaces can be used for methylation profil-
ing of tumors (Yan et al., 2001). However, interpreting
the methylation profile of a given patient may prove to
be the most challenging part of using methylation-
specific screening test in the clinic (Ushijima, 2005).
Similar to the case with anti-angiogenic therapies, there
currently exist no suitable surrogate markers for HAT
or HDAC inhibitor effectiveness, making it difficult to
assess these agents in the clinic (Drummond et al.,
2005). However, using CpG island hypermethylation
as a marker of cancer cells may be an informative way
to detect aberrant DNA methylation in serum samples
or biopsy specimens, as a marker for tumor behavior,
and as a predictor of response to treatment.

Beyond the Epigenome

As with traditional chemotherapeutic agents, the new
compounds that target epigenetic processes require
integration into the cell high enough concentration to be
effective. This can be a problem in areas of the tumor
that are not sufficiently perfused. In addition, regions
of the tumor that are not well oxygenated and supplied
with nutrients become areas of increased selective pres-
sure within the tumor—Ieading to mutation of the cells
(Rak et al., 2002). Collars of viable cells are located
around perfused blood vessels, with gradients of oxygen,

nutrients, and metabolites finally leading to necrotic
areas. This creates microenvironments within solid
tumors that cause altered cellular reactions and behav-
iors to a given therapeutic agent. For instance, low tissue
oxygen causes activation of the HIF system and results
in expression of angiogenic factors. Likewise, genes
involved in cellular survival become important under
stressful conditions and thus may be selected for.
Analysis of the role of the microenvironment in cellular
selection has identified factors such as hypoxia (Yu
et al., 2002) which can affect cells with altered meth-
ylation status (Okami et al., 2004) and contribute to
dynamic changes in the cells making up the tumor mass
(Graff et al., 2000).

HIF-1o. protein is subject to a variety of post-
transcriptional modifications, including acetylation.
Levels of acetyltransferases are not known to be
affected by oxygen concentration; however as a result
of hypoxic conditions, less HIF-1a is acetylated than
expected due to the down-regulation of another factor,
arrest-defective protein-1 (ARD-1) (Brahimi-Horn et al.,
2005). HIF1-o acetylation leads to its destabilization
and subsequent destruction and inability to signal. This
opens the possibility that HDAC inhibitors may inter-
act with the microenvironment and affect HIF-1a
stability; when HIF-1o is exposed to global inhibitors
of deacetylation in oxygenated tissues, its acetylation
state was maintained, leading to an anti-angiogenic
effect (Brahimi-Horn et al., 2005). HIF transcription
factor complex acts on metabolism by first inducing a
shift in cells from ATP (adenosine triphosphate) produc-
tion via oxidative phosphorylation to anaerobic glycol-
ysis. Occuring at the same time is an overexpression of
glucose transporters (GLUT-1) and catabolic enzymes
(hexokinase). Glucose is essential for hypoxia to stim-
ulate phosphorylation of the AP-1 transcription factor
c-Jun (Laderoute et al., 2004) and subsequent expres-
sion of numerous proliferation and survival factors.
Thus, cellular proliferation resulting from HIF activia-
tion may only occur at the interface of hypoxia and
hypoglycemia.

Genetic instability is also enhanced by harsh tumor
microenvironments. Hypoxia interacts with other
aspects of the extracellular environment to produce
mutations within the tumor (Bindra and Glazer, 2005).
Hypoxia can lead to point mutations, gene amplifica-
tion, and chromosomal rearrangements, thus increasing
genetic instability. In addition, hypoxia reoxygenation
results in point mutations and DNA strand break-
age leading to deletions, amplifications, and genomic
instability—a potent mutagenic force—and a harsh
tumor microenvironment is able to interface with DNA
repair mechanism (Bindra et al., 2004; Shahrzad et al.,
2005).
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How do all these factors interact to influence angio-
genesis and metastasis? Does the microenvironment
affect methylation status of genes important for muta-
tion, angiogenesis, and metastasis? Reports indicate
that hyperoxygenation leads to both increased DNA
damage and decreased DNA methylation (Panayiotidis
et al., 2004), suggesting the possibility that physico-
chemical aspects of the tumor microenvironment
may, theoretically at least, influence epigenetic cancer
progression. Although there are many unanswered
questions, a better understanding of mechanisms that
control epigenetic modifications in cancer is essential
for the effective treatment of the disease.
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Can Effector Cells Really “Effect”
an Anti-Tumor Response
as Cancer Therapy?

Susan F. Slovin

How Do We See the Inmune System?

The immune system has often been likened to that of
a divine orchestra, a milieu of different cell populations
that are intimately caressed by a multitude of different
soluble factors or cytokines that interplay in subtle
ways to generate a uniform response to foreign sub-
stances within the body. The “conductor” was the
“generator of diversity,” or “GOD,” in whose power was
the direction of this complex interplay of events, but
whose more intimate nature was still elusive. Twenty
years since the dawn of this analogy by Dr. Richard
Gershon (Cantor, 2004), who originally coined the term
“generator of diversity,” we have now come to realize
that although Dr. Gershon was correct in suggesting
that the immune response was indeed a complicated
interaction of different effector cell populations and
subtypes of these populations, he did not have any idea as
to the diversity of such populations, nor the relative
importance of each population in controlling the pro-
gression of cancer cells. These observations were par-
ticularly important in considering how to best develop
immunotherapeutic approaches for treatment of cancer.

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

Diversity: Is It a True Reflection
of Function?

Dr. Gershon (Gershon, 1975) postulated that special-
ized white cells or T lymphocytes were capable of dual
functionality. This included the ability to both enhance
and inhibit immunity by behaving as a suppressor/
cytotoxic (CD8*) cell or a helper cell (CD4*) (von
Herrath et al., 2003). With this area newly developed,
more creative immunotherapeutic strategies, which were
custom tailored to induce these specific cell populations,
have been designed. These “effector” cells can be any
cell population or subset of cells that have the ability to
carry out or “effect” a specific function, such as killing,
helping, antigen processing, or any combination of
these. They include B and T lymphocytes as well as an
unusual cell type known as a dendritic cell (DC).

The DCs are present within the skin, where they are
called Langerhans cells. They also circulate within the
bloodstream. Their function is to attack foreign proteins
or antigens, which are present on tumor cells within
the circulation, and to break them down into smaller
peptides. Once this “antigen processing” is done, these

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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peptides are displayed on the DC surface so that they
can be recognized by specialized T lymphocytes, which
will then be “primed” into recognizing this similar
molecule on tumor cells. This educational effect serves
to teach the T lymphocyte to seek, identify, and kill
tumor cells that display such unique molecules on their
surface. These interactions also cause the secretion of
cytokines and chemical signals such as B7 and CD28,
which allow cells to be targeted for killing.

Induction of Immunity

Immunotherapeutic approaches for the treatment of
either solid tumors or hematologic malignancies have
been based on a refined understanding of the mechanism
of action of these populations and how they can cause
an “anti-tumor” response. This is referred to as “active”
rather than “passive” immunization. In the former, a
treatment (i.e., a vaccine containing an immunogenic
antigen or other immune preparation) is given to the
patient so that the patient’s own immune system will
react to the immunologic stimulus. The body will gen-
erate a response to the immunogen by eliciting a series
of humoral and cellular responses. These responses
can be measured by specific assays. To assess the
presence of specific T cells that react to a specific
immunogen, one can measure the ability of the T cells
to proliferate in the presence of the immunogen. Using
the in vitro EliSpot assay, T cells, which have been
stimulated by immunogen, can be shown to secrete a
cytokine, interferon-y. The ability to secrete interferon-y
confirms that the T cell population is of CD8* or
cytotoxic T cell origin.

Passive Immunity

The “passive” approach to immunity usually infers
that in lieu of the individual making antibodies or gen-
erating specific effector cells, antibodies can be made
ex Vivo. The success of this approach was demonstrated
by the “passive” administration of sera from patients
who had been infected with hepatitis viruses to those
who wished to be prophylaxed against the disease. Use
of monoclonal antibodies (MAbs) has largely replaced
use of passively administered human sera. The MAb
represents a highly specific antibody produced usually in
a murine hybridoma. This reagent has been “humanized”
so that only a small portion of the antibody structure
has any feature of the mouse antibody component. This
prevents any reaction to the murine component if anti-
bodies can be passive, administered and specifically
sensitized DCs can be returned to a patient after ex vivo
exposure to antigen.

The B cell network induces humoral or antibody
responses. We make diverse antibodies to any molecule
that does not belong within the body. This includes
viruses and bacteria. However, whereas bacterial anti-
gens are still the most robust immunogens in inducing
high titers of antibodies, the same is not true for the
immune response to cancer.

Keep in mind that most tumor antigens are really
altered “self” antigens. There are a variety of such mol-
ecules that are expressed on normal cells, which make
up organs, throughout the body. It is unclear as to the
role of these many carbohydrate and protein antigens.
However, what is clear is that these molecules change
in very subtle ways when the normal organ becomes
malignantly transformed. This includes their overex-
pression or their under glycosylation. This is particu-
larly true in molecules known as “mucins.” An example
of this would be a patient who has received a vaccine
against prostate cancer that focuses on the prostate
specific antigen (PSA) or prostate specific membrane
antigen (PSMA). The patient has no native immunity
against these glycoprotein antigens. Following a vaccine
produced against purified PSA or PSMA proteins alone,
no immune response is generated. What is needed is an
“adjuvant,” a drug that nonspecifically stimulates the
immune system and acts together with the antigen in
question to try to break the immune status quo.

The immune status quo is termed “immunologic
tolerance.” Once a vaccine causes an antibody or T cell
response, we have “broken” immunologic tolerance and
caused an immune response. If one were to remove
T lymphocytes from the patient and stimulate them
against a similar or related antigens in vitro, the ability
of the cells to react to this molecule can be measured
by its ability to secrete a cytokine such as interferon-y or
interleukin 12, soluble factors that indicate that a certain
population of lymphocytes have been stimulated
(i.e., Tyl or helper T cell response). Similarly, if inter-
leukins 4, 6, 13, or 10 are secreted by the T cell, a T2
response has been elicited. However, in many cases, it
is still not understood how a Tyl or Ty2 response is
preferentially induced (Luther and Cyster, 2001).

Chemokines as Regulators of T Cell
Differentiation

Cellular responses do not occur without a fierce
interplay of co-stimulatory molecules, receptors on the
T cell, major histocompatibility complex (MHC) into
which the tumor antigen sits and is ultimately presented,
and chemokines. The chemokines have a well-defined
role in directing the cell trafficking necessary for induc-
tion of a cellular immune response. They are needed
to attract monocytes and immature DCs to sites of
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local inflammation. They also direct maturing antigen
presenting cells (APCs) to lymphatic structures and
bring T cells and APCs together within the various
Iymphoid pockets, which channel these cells to sites of
action. These chemokines must in some way know
which effector cell populations will be needed for
recruitment including the differential recruitment of
Tyl and Ty2 cells. Luther and Cyster (2001) have
suggested that the chemokine ligand 2 (CCL2), also
known as monocyte chemoattractant protein 1, or
MCP-1, and CCL3 (macrophage inflammatory protein
1 alpha, or MIP-10) as well as several other chemoat-
tractants influence the direction of T cell differentiation.
Of note, DCs express a variety of chemokines in addition
to CCL2-CCI15. The receptor CCR4 may have some
selectivity for Ty2 cell, and CCL22 expression by DCs
might be a mechanism to preferentially expand the Ty2
arm of the response. Similarly, DC expression of CCL3,
CCLA4, or CCL5 may favor expansion of Ty1 cells.

To add to the complexity of the pool of stimulatory
factors, which assist in the engagement of tumor cell
and lymphocyte, is another co-stimulatory molecule,
cytotoxic T lymphocyte antigen 4 (CTLA-4) (Egen
et al., 2002). It is clear that CD28 and CTLA-4 are the
critical co-stimulatory receptors that determine the
early outcome of stimulation through the T cell antigen
receptor, the business end of the T cell-tumor cell
interaction. Research during the last decade has estab-
lished that engagement of CD28 on the T cell by B7-1
and B7-2 (two co-stimulatory molecules on the APC)
provides the second signal for T cell activation with the
first signal being the actual stimulation of the T cell
antigen receptor. The messenger ribonucleic acid from
the CTLA-4 gene, a close homolog of CD28, was
detected in both activated CD4* and CD8* T cells.
Soluble recombinant CTLA-4 could bind to the same
ligands as CD28 but with higher avidity. However, the
development of a MAD specific for CTLA-4 allowed
further delineation of its function and suggested an
inhibitory role.

In animal models, anti-CTLA-4 can exacerbate
autoimmune disease. A fully humanized MAb to
CTLA-4 has been generated and found to be safe when
injected into primates. Phase I clinical trials have been
performed on patients with prostate cancer (Davis et al.,
2002) and in patients with melanoma (Tchekmedyian
et al., 2002). The former were those patients who did
not respond to androgen ablation in the face of progres-
sive metastatic disease. No significant increase in
peripheral activated T cells and no signs of overt
autoimmunity were observed. An impact on the serum
biomarker, PSA, was noted, suggesting a change or
diminution in tumor burden. These patients responded
as well to re-treatment with changes again seen serolog-
ically in the biomarker, PSA. Similarly, a trial was also

performed in patients with malignant melanoma with
tumor biopsies showing necrosis with inflammatory
infiltrates within the tumor mass. These results,
although not definitive or conclusive, suggest that this
drug may be a useful strategy for the manipulation of
T cell responses in treating human cancer. This would
be particularly useful in strategies that focus on vacci-
nation via peptides or proteins, deoxyribonucleic acid
(DNA) vaccines, antigen-loaded DCs, or even geneti-
cally engineered tumor cells given with or without the
addition of systemic cytokines such as granulocyte-
macrophage colony-stimulating-factor (Gm-CSF).

Effector Populations and Breaking
Immunologic Tolerance

The concept of immunologic tolerance is pivotal to
understanding how the immune system works. With the
exception of bacterial antigens, most of the antigens
associated with cancer are “self-antigens.” The immune
system has evolved to avert reacting against self-antigens
as a means to prevent autoimmune disease, largely
through a variety of complex mechanisms of immuno-
logic tolerance and ignorance. Overcoming these last
two mechanisms is of major importance and has been
an obstacle in the development of immunologic
approaches, especially vaccines (Wolchok et al., 2003).
However, although true cancer antigens are quite rare,
more often than not the immune system is reacting to
by-products of the tumor cells in the circulation (i.e.,
shedding of tumor cell membrane or degradation prod-
ucts, which are then picked up and processed by DCs
for efficient presentation to the immune effector cells).
The self-molecules can often result from subtle
changes in glycosylation patterns or overexpression of
specific sugars or proteins, which may change as the cell
goes from a normal to a transformed state.

Immunity can also be induced passively. This occurs
when patients do not generate their own immune
response but receive a treatment by which immunity can
be conveyed to them. This is particularly true of patients
receiving a MAD against a particular tumor-associated
antigen. Binding of the MADb to the antigen in question
on the tumor cell can often lead to internalization of the
antigen—-MADb complex and then set forth a cascade of
events leading to the generation of antibody-dependent
cell-mediated cytotoxicity or complement lysis.

Tumor Cell Escape from Effector Cells
Despite evoking cellular or humoral responses, tumor

cells may avoid recognition by the immune system by
several distinct mechanisms. One possibility is that
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the tumor cell may “shed” or lose the immunogenic
antigen as it circulates through the body. Second, the
cell may lose an important molecule on its surface that
is necessary for T cell recognition and killing. The loss
of expression of the MHC in mice or histocompatibil-
ity locus A class I molecules in humans may end up
not allowing the presentation of tumor peptides to
CD8* T cells. The production of immunosuppres-
sive cytokines such as interleukin 10 or transform-
ing growth factor-B (TGF-B) is another means by
which tumor cells may avoid recognition and lysis
by immune effector cells (Alpan et al., 2004). Tumors
may also kill attacking lymphocytes by virtue of
expression of apoptosis-inducing cell-surface mole-
cules such as FasL, although this is still under contro-
versy. In fact, a larger tumor burden may affect
the innate immune system compared with minimal
disease burden.

One should keep in mind that we do not completely
understand why the immune system allows the pri-
mary tumor to emerge, yet may actively be involved in
a vaccine approach once micrometastatic disease returns
after eradication of the primary target. A model postu-
lated by Dr. Matzinger (Fuchs and Matzinger, 1996)
argued that many cancers do not appear dangerous at
first because they can initially grow as healthy cells
and do not send out distress signals to activate APCs or
DCs. However, these danger signals may be suppressed
by other factors at the site, which may include even the
treatment for the disease itself.

Dendritic Cells as a Unique Immune
Interloper

DCs are professional APCs that have the unique
capacity to stimulate naive T cells and initiate a primary
immune response (Ridgway, 2003; Slovin, 2003). DCs
produce the T helper subset 1 (Tyl) cytokine inter-
leukin (IL)-12. However, if all DCs produce IL-12,
how can a T2 response ever be induced? This may be
explained by the fact that DCs are heterogeneous and
that, depending on the precursor cell, only certain
types of DCs may secrete IL-12 (Sallusto et al., 1999).
This was borne out by the fact that there are two distinct
types of DC precursors: myeloid monocytes (pre-DCl15s)
and plasmacytoid DC precursors (pre-DC2s). Although
humans and mice vary in their functional classification
of DC subsets, several studies showed the existence of
a high IL-12—producing DC subset that induces Tyl
responses and a low IL-12—producing subset that
induces Ty2 responses (Rissoan et al., 1999). Despite
the controversy regarding DC classification, the find-
ings suggest that a given DC subset has a remarkable

“plasticity” in channeling different types of T cell
responses (Kalinski et al., 1999).

The DCs are bone marrow—derived monocytic cells,
which are potent APCs that are able to migrate to pri-
mary and secondary lymphoid organs and stimulate
T cell responses to antigens associated with MHC mol-
ecules on the DC surface. A specific population of DCs
are found in the skin and are known as Langerhans
cells. They, too, can process antigens, particularly in the
setting of an intradermal vaccine. Techniques have been
developed to generate large quantities of DCs in vitro
using cytokine mixtures to selectively stimulate the
DCs from the peripheral mononuclear cell population
(Figure 7). DCs produced in this fashion can be “loaded”
or co-incubated with peptides of interest and reinfused
into patients for use as an immunotherapy (Ridgway,
2003; Slovin, 2003). In many clinical trials, autologous
leukocyte preparations obtained through peripheral
blood leukopheresis were enriched for DCs by density
gradients, selective adherence, monoclonal depletion
steps, or cytokine stimulation culture or any combination
of methods. The ex vivo exposure of DCs with known
soluble tumor antigens, and their subsequent expan-
sion using cytokines such as IL-4 and GM-CSF, has
been a straightforward preparation strategy. This has
been particularly true in the face of several malignancies
where well-characterized tumor-differentiation antigens
have been identified, such as PSA and acid phosphatase
(ACP) in prostate cancer, Mart 1, Mage 3, gpl0OO in
malignant melanoma and colorectal carcinoma using
Mart peptides, or peptides derived from carcinoembry-
onic antigen (CEA) (Smyth et al., 2001).

In some studies, DCs have been exposed €x Vivo to
mRNA for CEA or PSA resulting in cytoplasmic gene
expression and appropriate appearance of the tumor
antigen on the cell surface. In a review, Ridgway (2003)
cites more than 1000 clinical trials in the literature that
have used DCs as an immunologic therapy not only
in malignancies but also in autoimmune diseases. In 21
trials, DCs were exposed to total tumor RNA, apoptotic
tumor cells, transfection with tumor protein DNA, the
protein component of lysed tumor cells, and the forma-
tion of a hybrid or fusion product composed of DCs and
tumor cells.

It needs to be noted that, although approach of DC
immunotherapy is very attractive in that there is mini-
mal toxicity to the patients, who are receiving back
their own primed DCs, the technology has been further
enhanced such that pharmaceutical company-sponsored
trials are now underway in different malignancies.
However, eX Vivo expansion is labor-intensive and expen-
sive, requiring that the patient not only be present for
the initial removal of the cells but return within 48 hours
to receive back the primed cells. To improve recruitment
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Figure 7. Cartoon demonstrating the complex interplay between cytokines, T cell, APC (antigen pre-
senting cell), and antigen. MHC, Major histocompatability complex; PSMA, prostate specific membrane

antigen; mRNA, messenger ribonucleic acid.

of DC:s to sites of vaccination, GM-CSF has been used
in both the protein and DNA formulation. Intradermal
or subcutaneous delivery of GM-CSF results in infiltra-
tion of DCs at the site of application. After several days,
the same site is used to administer the vaccine (peptide,
DNA, protein, etc.), and the hypothesis is that the locally
concentrated DCs will present antigen efficiently and
induce an immune response to the vaccine. This approach
has been used previously in a variety of vaccine trials.
The use of the GM-CSF gene may obviate the need for
using exogenous GM-CSF (Wolchok et al., 2003).

Vaccines for Cancer

One of the biggest problems facing any vaccine strat-
egy is determining what is the appropriate end point for
the trial in question. There is no question that breaking
immunologic tolerance to “self” antigens implies that
an immune response has occurred and can be easily
measured for its cellular or humoral response by a series
of validated assays. It remains unclear as to what the
optimal patient population should be (i.e., heavy tumor
burden versus those patients who have minimal measur-
able disease). However, although scientists can monitor

immune induction, there still remains the problem of
how to judge clinical response, especially in patients
who have micrometastatic disease without frank evi-
dence of radiographic metastases. Therefore, scientists
and clinicians must join forces at the outset of clinical
trial investigations and decide how “response” will be
evaluated in such trials.

A theoretic concern related to the use of DC vac-
cines prepared from host tumor cells is that indiscrim-
inate adoption and presentation of host proteins by DC
cells might result in T cell-mediated autoimmunity.
To date, no reports of patients who have developed
autoimmune disease have been reported. This includes
the approaches of DCs primed with tumor lysate, total
tumor RNA, or tumor DNA following synthetic peptide-
pulsed DCs.

Although the DC vaccination approach has been
shown to be feasible and safe, many of the studies to
date were not designed with an immunologic end point
in mind. This may well be because many of the popu-
lations studied were patients with heavy tumor burden
who failed conventional therapy compared with those
patients who may have had minimal disease in the set-
ting of failing first-line therapy (Fong and Small 2003;
Lodge et al., 2000). None of the clinical trials that
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claimed a “response” had large numbers of patients
enrolled, so the statistical significance was severely
lacking. However, complete responses were reported
in 1 of 4 patients with bladder cancer (Nishiyama et al.,
2001), 2 of 12 patients with lung or colorectal cancer
(Fong et al., 2001), 3 of 26 with lymphoma (Hsu et al.,
1996), 15 of 168 with malignant melanoma (Cajal et al.,
2000; Fay et al., 2000), 8 of 46 with multiple myeloma
(Lacy et al., 2000, 2002), and 4 of 17 with renal cell
carcinoma (Kugler et al., 2000). Although the observed
responses in multiple trials have been variable and
insufficient and unconvincing data have not encouraged
phase III investigations in some diseases, there are rea-
sons to pursue a treatment that is labor-intensive and
mandates significant patient cooperation.

By exploring DC immunizations, we have been
obliged to further investigate the nuances associated
with the ability of the DC to do its job more efficiently
and to entertain questions that would not have been
addressed through other venues. These include whether
DCs can be manipulated in vivo, rather than ex vivo;
the use of FLt-3L or other cytokines to induce DC mat-
uration; the relationship of DCs with other effector cell
populations such as natural killer (NK) cells; the stim-
ulatory effect of DCs on NKT cells, and further char-
acterization of sensitized T cells after induction by
DCs. The DCs should not be glorified as the only suc-
cessful means by which a targeted approach to a partic-
ular antigen can be attained. It is, however, tantalizing
to think of the many consequences of this approach that
could lead to enhanced understanding of the immune
response to cancer. Thus, a negative trial may still
contribute information of interest.

Enhancing Cellular Immune Responses—
The Prime-Boost Strategy

Immnunologic strategies involving effector cells
have their limitations, particularly in the face of the need
for repetitive immunizations to maintain immunologic
memory. This is true whether it is for reinduction
of humoral or cellular responses and leaves open the
concern about how to reestablish robust antigen pres-
entation and the generation of appropriate inflamma-
tory signals over a longer period of time. To date, there
has not been any one means by which to maintain an
anti-tumor response with any length of durability.

No one vaccination schedule has succeeded in
maintaining immunity unless used in what is known as
a “prime-boost” strategy (Woodland, 2004). The basic
prime-boost strategy involves priming the immune
system to a target antigen, which can be delivered by
one vector, and then selectively “boosting” this immu-
nity by readministration of the antigen in the context of

a second and distinct vector. Greater levels of immunity
can then be established by a heterologous prime boost
than can be attained by a single vaccine administration
or homologous boost strategy (Wolchok et al., 2003).
As a means to overcome the limitations caused by
immunodominant responses to viral vectors, for exam-
ple, investigators studying vaccines for infectious dis-
eases have used plasmid DNA for prime immune
responses and recombinant viruses as a boost. This
capitalizes on the limited immunogenicity of the plasmid
backbone of DNA vaccines and the potency of single
administration of recombinant viral vaccines.

It should be noted that early approaches of the prime-
boost strategy were merely “additive,” whereas with
newer vaccine strategies, which use poxvirus or ade-
novirus boosting, significant “synergistic” effects can be
attained. Any vaccine that is designed to promote cel-
lular immunity must depend on long-lived memory
T cells. As mentioned earlier, central memory T cells
express CCR7 and CD26L and can persist in secondary
Iymphoid organs. Other effector memory T cells express
no, or low, levels of CCR7 and CD62L and persist
in various peripheral sites as well as the secondary
lymphoid sites.

Both populations are able to mediate recall
responses, but effector memory cells are located at key
entry points where pathogens may enter, as an example.
Central memory T cells exist to deal with systemic
infections. It is essential that vaccines be developed that
can promote the specific cellular immunity that is
required (i.e., Tyl versus Ty2, or CD4 versus CDS).
Clearly, different prime-boost strategies will be
needed to generate distinct types of immunity, and it is
fundamental that an inappropriate immune response
(autoimmunity) not be generated.

In conclusion, as can be appreciated from the dis-
cussion, the immunologic orchestra remains a complex
chorus that still needs refinement to achieve maximum
immunity in humans. The nature of the immune system,
although varied, is nevertheless somewhat predictable
in how it will behave if certain components do not
interact maximally, as long as the inherent systems of
checks and balances are maintained. Clearly, we have
made enormous strides in understanding the complex
nature of the immune system and have developed strate-
gies that allow us to try to assist it in maximizing in vivo
reactions. This review has been merely an introduction to
a diverse and complex system, which we hope can be
used in novel capacities to “effect” anti-tumor responses.

Acknowledgments

Supported by the Prostate Cancer Foundation, The Byrne
Foundation, The Carol Ann Mazzella Fund, and The John B. Reed
and Sharon Hels Fund.



5 Can Effector Cells Really “Effect” an Anti-Tumor Response as Cancer Therapy? 65

References

Alpan, O., Bachelder, E., Isil, E., Arnheiter, H., and Matzinger, P.
2004. “Educated” dendritic cells act as messengers from memory
to naive T helper cells. Nat. Immunol. 5:615-622.

Cajal, R., Mayordomo, J.I., Yubero, A., Lasierra, P., Isla, D.,
Blasco, C., Fuertes, M.A., Palomera, R., Sousa, R., Guemes, A.,
Escudero, P., Saenz, A., Garcia, M., Larrad, L., and Tres, A. 2000.
Immunological and clinical effects of immunotherapy with den-
dritic cells pulsed with tumor lysates in patients with advanced
cancer. A pilot trial. Proc. Am. Soc. Clin. Oncol. 19:454a (Abstr).

Cantor, H. 2004. Reviving suppression? Nat. Immunol. 5:347-349.

Davis, T.A., Tchekmedyian S., Korman, A., Keler, T., Deo., Y., and
Small, E.J. 2002. MDZ-010 (human anti-CTLA4): a phase |
trial in hormone refractory prostate carcinoma (CaP). Proc. Am.
Soc. Oncoal. 24:19a (Abstr#74).

Egen, J.G., Kuhns, M.S., and Allison, JP. 2002. CTLA-4: new
insights into its biological function and use in tumor
immunotherapy. Nat. Immunol. 3:611-618.

Fay, J., Palucka, K., Dhodapkar, M., Burkeholder, S., Taque, N.,
Rolland, A., Bhardwaj, N., Piniero, L., . Stone, M., Steinman, R.,
and Banchereau, J. 2000. Dendritic cell immunotherapy of
metastatic melanoma using CD34+ hematopoietic progenitor-
derived cells (CD34-DC) induced immune responses to
melanoma antigen and results in clinical regression of metastatic
disease. Blood 96:807a (Abstr).

Fong, L., Hou, Y., Benike, C., Wu, L., and Engleman, E.G. 2001.
Altered peptide ligand vaccination with Flt3 ligand expanded
dendritic cells for tumor immunotherapy. Proc. Natl. Assoc. Sci.
98:8809-8814.

Fong, L. and Small, E.J. 2003. Immunotherapy for prostate cancer.
Semin. Oncol. 30:649-658.

Fuchs, E.I. and Matzinger, P. 1996. Is cancer dangerous to the
immune system? Sem. Immunol. 8:271-280.

Gershon, R.K. 1975. A disquisition on suppressor T cells. Transplant.
Rev. 26:170-185.

Hsu, F.J., Benike, C., Fagnoni, F., Liles, T.M., Czerwinski, D.,
Taidi, B., Engleman, E.G., and Levy, R. 1996. Vaccinations of
patients with B-cell lymphoma using autologous antigen-puled
dendritic cells. Nat. Med. 2:52-58.

Kalinski, P., Hilkens, C.M., Wierenga, E.A., and Kapsenberg, M.L.
1999. T-cell priming by type-1 and type-2 polarized dendritic
cells: the concept of a third signal. Immunol. Today 20:561-567.

Kugler, A., Stuhler, G., Walden, P., Zoller, G., Zobywaslci, A.,
Brossart, P, et al. 2000. Regression of human metastatic renal
cell carcinoma after vaccination with tumor cell-dendritic cell
hybrids. Nat. Med. 6:332-336.

Lacy, M., Wettstein, P., Gertz, M.A., Gastineau, D.A. Greipp, PR.,
Folneca, R., et al. 2002. Postautologous transplantation consol-
idation of multiple myeloma with idiotype-pulsed antigen pre-
senting (dendritic) cells (APC8020). Proc. Am. Soc. Clin.
Oncol. 21:31a (Abstr).

Lacy, M.Q., Wettstein, P., Gertz, M.A., Gastineau, D.A., Greipp, PR.,
Fonseca, R., Lust, J., Witzig, T., Rajkuman, S.V., Valone, F., and
Kyle, R.A. 2000. Dendritic cell-based idiotype vaccination in
post transplant multiple myeloma. Blood 96:374a (Abstr).

Lodge, P.A., Jones, L.A., Bader, R.A., Murphy, G.P., and
Salgaller, M.L. 2000. Dendritic cell-based immunotherapy of
prostate: immune monitoring of a phase II clinical trial. Cancer
Res. 60:829-833.

Luther, S.A. and Cyster, J. 2001. Chemokines as regulators of
T cell differentiation. Nat. Immunol. 2:102-107.

Nishiyama, T., Tafchibana, M., Horiguchi, Y., Nakamura, K.,
Ikeda, Y., Takesako, K., and Murai, M. 2001. Immunotherapy of
bladder cancer using autologous dendritic cells pulsed with
human lymphocyte antigen-A24-specific MAGE-3 peptide.
Clin. Cancer Res. 7:23-31.

Ridgway, D. 2003. The first 1000 dendritic cell vaccines. Cancer
Invest. 21:873-886.

Rissoan, M.-C., Soumelis, V., Kadowaki, N., Grouard, G., Briere, E.,
Maleft, R., and Liu, Y-J. 1999. Reciprocal control of T helper
cell and dendritic cell differentiation. Science 283:1183-1186.

Sallusto, F., Palermo, B., Lenig, D., Miettinen, M., Matikainen, S.,
Julkunen, I., Forster, R., Burgstahler, R., Lipp, M., and
Lanzavecchia, A. 1999. Distinct patterns and kinetics of
chemokine production regulate dendritic cell function. Eur. J.
Immunol. 29:1617-1625.

Slovin, S.F. 2003. Dendritic cell vaccines—Hopeful or hopeless?
Cancer Invest. 21:969-970.

Smyth, M.J., Godfrey, D.I., and Trampani, J.A. 2001. A fresh look
at tumor immunosurveillance and immunotherapy. Nat. Immunol.
2:293-299.

Tchekmedyian, S., Glasby, J., Korman, A., Keler, T., Deo, Y., and
Davis, T.A. 2002. MDX-010 (human anti-CTLA4); a phase I
trial in malignant melanoma. Proc. Amer. Soc. Clin. Oncol. 24:
15a (Abstr#56).

Von Herrath, M. and Homann, D. 2003. Introducing baselines for
therapeutic use of regulatory T cells and cytokines in autoim-
munity. Trends Immunol. 24:540-545.

Wolchok, J.D., Gregor, P.D., Nordquist, L.T., Slovin, S.F., and
Scher, H.I. 2003. DNA vaccines: an active immunization strategy
for prostate cancer. Semin. Oncol. 30:659-666.

Woodland, D.L. 2004. Jump-starting the immune system: prime-
boosting comes of age. Trends Immunol. 25:98-104.



This Page Intentionally Left Blank


mahesh
This Page Intentionally Left Blank


Circulating Cancer Cells

Eiji Oki, Eriko Tokunaga, Yoshihiro Kakeji, Hideo Baba, and Yoshihiko Maehara

Introduction

When only a very small amount of cancer cells is
found in the bloodstream, it is defined as circulating
cancer cell (CCC). In a broad sense, all small amounts
of cancer cells discovered anywhere except in a pri-
mary or metastatic lesion can be called CCC. A similar
phrase that can be used to describe CCC in a TNM
(tumor, node, metastasis) classification is “isolated
tumor cells” (ITC). A paragraph concerning the ITC
was added into the TNM classification in 2002. This
phrase is explained as a single cancer cell or a small
cancer cell cluster less than 0.2 mm in diameter that
can be detected by the molecular method, immuno-
staining, or conventional staining. Recently, ITC has
been treated separately from conventional pathologic
findings. The detection of CCC and micrometastases
has an important prognostic and therapeutic implica-
tion. Because there are so few of these cancer cells,
they cannot be easily detected with conventional meth-
ods. In 1995, Engell used a cell block technique and
reported the detection of CCC in patients with various
types of carcinomas. Several researchers followed this
method between 1955 and 1965 (Christopherson, 1965;
Engell, 1955). These initial studies reported a very high
positive rate among patients with cancer. However,
these observations were soon shown to be false-
positive results, and so these assays were abandoned
for many years. After immunostaining became popular,
the CCC and micrometastases issue began to attract
attention again. In the last decade, numerous groups
have attempted to detect CCCs in solid malignancies

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

using the highly sensitive reverse transcription-
polymerase chain reaction (RT-PCR). However, not
all of the methodologic problems have been solved,
and many groups are now developing new approaches
toward the detection of CCC. Approaches, such as flow
cytometry, video microscopy, and confocal laser scan-
ning microscopy, are being used for studying CCCs.

METHODOLOGY

Target Organ and Sample Collection

There are three patterns for cancer metastasis: the
blood circulation pattern, the lymph-node pattern,
and the abdominal-dissemination pattern. These sites
have been targeted to find recurrence or metastasis
for the post-operative imaging investigation. The
investigation for ITC or CCC is mainly focused on
peripheral blood (PB), lymph nodes, ascites, and bone
marrow (BM).

Peripheral Blood

The shedding of cancer cells from either primary
tumors or lymphatic organs into the circulating blood
can be a result of primary dissemination. However,
secondary events during certain procedures, such as
biopsies and operations, can sometimes be the cause.
On entering circulation, many of these cells are killed
by immune cells. However, a certain percentage of these
cells will eventually survive and successfully extrava-
gate. The detection of the presence or quantity of these

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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cells could be valuable in monitoring treatments
and predicting prognoses, as well as in understanding
underlying metastatic biology.

Lymph Nodes

Despite the abundant knowledge of the biology of
cancer, the single most important prognostic factor
for most solid tumors is the presence of histologically
detectable regional lymph-node metastases. Patients
without metastasized regional lymph nodes tend to do
far better than patients with lymph-node metastasis.
However, a significant amount of patients who are node
negative will develop distant metastasis. In reality, the
routine histopathologic examination of lymph nodes is
only a sampling. In all cases, it is evident that routine
processing and histologic examination of regional lymph
nodes are inadequate when attempting to detect the pres-
ence of tumors. There have been several reports con-
cerning the detection of occult lymph-node metastases
in the breast, colon, lung, and prostate. As a target organ
in finding ITC, the lymph node is a solid organ and is
easy to study with immunohistochemistry (IHC) or PCR.

Bone Marrow

Bone marrow is a specific organ. Even in cancers such
as carcinoma of the stomach and colon, where overt
skeletal metastasis is rare, bone marrow is still a prognos-
tically relevant indicator for micrometastasis. (Thorban
et al., 1996a, 1996b). One explanation is that BM might
function as an important reservoir for disseminated
epithelial cancer cells, which may be destined for other
organs. Isolated tumor cells in BM can be used to estab-
lish cancer cell lines and can also be used for the prepa-
ration of tumor cell vaccines because cancer cells in BM
can disseminate and grow in vitro (Pantel et al., 1995;
Putz et al., 1999). Based on this evidence, the investiga-
tion of cancer cells in BM may prove to be a pertinent
diagnostic technique when identifying metastasis.
Preoperatively, in the case of BM, 1 ml to 2 ml aliquots of
BM aspirates were taken from the sternum into syringes
containing 100 units of heparin/ml marrow. The BM cells
were then prepared. After density centrifugation through
Ficoll-Hypaque (Pharmacia Biotech AB, Uppsala
Sweden, 400 g, 30 min), interphase mononuclear cells
were collected and RNA extraction was carried out.

Ascites

The routine cytologic method for finding metastasis
in ascites is microscopic examination. Metastasis in
ascites provided important information that can change
the operative procedure. Japanese groups have mainly

been using the PCR to find ITC in the ascites of
patients with gastric cancer (Kodera €t al., 2002). The
sample collection of ascites is sometimes controver-
sial. Usually, 50 ml of ascites is aspirated after being
washed with 100 ml of normal saline. The obtained
lavage is then placed into a centrifuge, and the cell
component is collected.

Immunohistochemistry

A number of groups have used the immunohisto-
chemical method to identify ITC or CCC in the bone
marrow and lymph nodes of patients with cancer.
Immunohistochemical methods are based on the ability
of monoclonal or polyclonal antibodies to distinguish
specific histogenesis cells among others. The antibodies
most widely used to detect ITC are the antibodies of
epithelial specific antigens because there are normally
no epithelial cells in the BM or lymph nodes. Since
1992, we have been using IHC for investigating cancer
cells in the BM of patients with gastric cancer (Maehara
et al., 1996b). Preoperatively, 1 ml of BM aspirates were
taken from the sternum in syringes containing 100 units
of heparin. The BM cells were then diluted with 10 ml
of Hanks’ balanced salt solution, and the marrow fat
was separated by centrifugation (180 g, 10 min). After
density centrifugation through Ficoll-Hypaque (400 g,
30 min), the mononuclear cells were collected from
interphase. After being wasted twice in phosphate
buffer saline (PBS) and centrifuged (200 g, 5 min), the
cells were suspended in 0.5 ml of RPMI 1640 medium
containing 10% fetal calf serum yielding a concentra-
tion of 2 X 10%ml on glass slides. They were then fixed
with acetone (30 min, 4°C). Ten to 20 slides contain-
ing 6 x 10°-nucleated cells were routinely examined
for each patient. One additional slide served as an
immunoglobulin G (IgG) isotype control. For immuno-
staining, a monoclonal antibody such as cytokeratin
was used. The antibody reaction was developed using
the labeled avidin—biotin technique. Figure 8 shows the
photomicrograph obtained from the BM samples.

Polymerase Chain Reaction—Based Method

The PCR technique is a molecular biological proce-
dure that was developed in the 1980s to amplify
deoxyribonucleic acid (DNA) with thermostable
DNA polymerase. The procedure consists of a repetitive
series of cycles, each consisting of template denatura-
tion, primer annealing, and extension of the annealed
primers to create the exponential accumulation of a
specific DNA fragment whose ends are determined by
the 5" ends of the primers. The PCR amplification can
be accomplished using ribonucleic acid (RNA) as
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Figure 8. Photomicrophotograph of isolated cancer cells
in the lymph node and bone marrow. High-power photomi-
crograph of lymph node for those with a single cytokeratin-
positive cell (A) or a small cluster of cells in bone marrow (B).
(Reproduced with permission of Maehara et al., 1996a,
1996b.)

starting material. This procedure is known as RT-PCR.
It is used for the modification of genomic PCR so that
amplification is preceded by reverse transcription of
RNA into complementary DNA (cDNA). The main PCR
strategy for the detection of CCC involves the amplifi-
cation of cancer-tissue—specific messenger RNA
(mRNA) by RT-PCR. Table 2 shows the specific mRNA
that has been most often used for the detection of CCC
and ITC is solid tumors. This approach was used because
malignant cells continue to characteristically or specifi-
cally express markers or the normal tissue from which
the tumor originated or shares a histotype. It is neces-
sary to find the specific mRNA in an organ where these
transcripts are not normally present, implying that a
tumor has spread.

The detection of CCC using RT-PCR has attracted
much interest. However, although many investigators
have published encouraging results (Fields et al.,
1996; Moscinski €t al., 1996; Slade €t al., 1999; Soeth,
et al., 1996), other studies have raised some serious
problems (Champelovier et al., 1999; Lambrechts et al.,

Table 2. Markers for RT-PCR Methods for Detecting
Circulating Cancer Cells in Solid Tumors

Tumor Type Molecular Target

CEA

MUC1
Cytokeratin 19
Prostate PSA

PSMA

PTI-1

hK2-1

CEA
Cytokeratin 19
Cytokeratin 20

Breast carcinoma

Gastrointestinal carcinomas

MUC2, MUC6
k-ras
Hepatocellular carcinoma AFP
Albumin
Lung carcinoma CEA

Cytokeratin-19
Surfactant protein

Melanoma MAGE-3
MART-1
p97

Ovarian cancer MUCI1

AFP, Alpha fetoprotein; CEA, carcinoembryonic antigen; hK2-1, human
kallikrein 2-1; MAGE-3, melanoma antigens-3; MART-1, melanoma anti-
gen recognized by T cell 1; MUCI, mucin 1; PSA prostate specific antigen;
PSMA, prostate specific membrane antigen; PTI-1, prostate tumor-inducing
gene; RT-PCR, reverse transcription-polymerase chain reaction.

1998). At present, these problems are as follows: First,
in the usual RT-PCR, the amplified PCR products are
quantified only after all cycles of amplification, even
though the amplification products increase. This shows
a sigmoidal curve at the same time as the increase in
the PCR cycle. It was not considered whether each
sample reaches a plateau phase. Thus, the positive rate
might change if the PCR cycle number decreases or
increases. For a quantitative RT-PCR, an internal con-
trol co-amplified with the target sequence is needed
(Slade et al., 1999). Absolute quantitation requires an
accurate determination of the internal control concen-
tration. Thus, well-trained staff capable of perform-
ing this kind of complicated procedure should carry out
a quantitative RT-PCR. However, the quantity of the
amplified targeted and the co-amplified internal control
is usually determined by the assessment of the ethidium
bromide staining intensity of the PCR products on the
agarose gel, and approach not without contradictions.
Another problem is the target gene. For epithelial
tumors, genes that are thought to be tissue specific for
epithelium-derived cells are the logical choices for
RT-PCR investigations. Thus, target genes such as CEA,
CK18, CK19, and CK20 have been independently
tested (Schoenfeld, et al., 1997; Wulf, et al., 1997; Wyld
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et al., 1998). Defining the best marker has remained
contestable. It is also possible that low transcription
levels of the epithelial-specific genes in nonepithelial
cells could be detected in RT-PCR (Champelovier et al.,
1999; Lambrechts et al., 1998).

We used real-time quantitative RT-PCR to develop a
highly sensitive diagnostic device that could detect
ITC and CCC in BM and PB. Real-time quantitative
RT-PCR requires a hybridization probe labeled with
two different fluorescent dyes (Heid et al., 1996). When
the probe is intact, fluorescent energy transfer occurs,
and the fluorescent emission is absorbed by one dye.
During PCR reactions, exonuclease activity of the Taq
polymerase will cleave an oligonucleotide probe that is
hybridized to the target DNA (Holland et al., 1991).
The fluorescent reporter FAM (6-carboxyfluorescein),
which is located on the 5" end of the probe, is released
from the quencher dye (TAMRA, 6-carboxytetramethyl-
rhodamine) on the 3’ end, resulting in an increase of
the reported dye’s fluorescent emission spectra.
Fluorescent emission is measured in real time, and the
calculated threshold (Ct) value reflects the quantity of
the starting target (Figure 8). Lower Ct values reflect a
greater amount of starting target molecules. First, we
generated three control plasmids containing human
cDNAs of CEA, CK18, and CK20, which were obtained
from healthy human volunteers. To verify the detection
characteristics of this system, we first examined the Ct
value in cases of various amounts of PCR template.
Figure 9A shows the amplification plots of serial 10-
fold dilutions of control plasmids containing cDNA of
CEA. Figure 9B represents the Ct value versus the sam-
ple dilution value. The Ct value decreased linearly with
the increasing target quantity from 10 copies per tube
to 100 million copies per tube. Thus, this system has a
10 million-fold range of input target molecules. We
investigated CEA, CK18, and CK20 mRNA expression
in several human cancer cell lines and the nonepithelial
normal tissue cell lines. Each sample was amplified in
triplicate, and Figure 10 shows the mean value with the
standard deviation. Although CK20 expression was
lower than that of CK18, all of the cancer cell lines
showed a similarly high expression level. However, we
found 50- to 100-fold differences between the carcinoma
cell lines and the normal tissue cell lines. Concerning
CEA, we found a huge difference in expression among
four carcinoma cell lines. For a 2—cancer cell line, the
expression was 50,000-fold higher than it was for
the other 2—cell lines. The 2—cancer cell line showed the
same low CEA mRNA expression that is seen in nor-
mal cell lines. Thus, real-time quantitative RT-PCR is
sensitive and quantitative for detection of ITC and CCC.
To evaluate the clinical significance of this method,
development of other dependable markers and further
long-term clinical follow-up studies are needed.
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Figure 9. A: Amplification of carcinoembryonic antigen
(CEA) messenger ribonucleic acid (mRNA). Serial dilutions
of pT7Blue T-vectors, including human carcinoembryonic
complementary deoxyribonucleic acid (cDNA), were ampli-
fied using real-time “Tagman™” technology and analyzed
using Model 7700 Sequence Detector (Perkin-Elmer Corp.).
B: Input cDNA concentration (serial dilutions of pT7Blue
T-vector) of samples plotted versus Ct (threshold cycle).
(Reproduced with permission of Oki et al., 2002.)

Investigation of Various Cancers

Breast Cancer

Many patients with breast cancer can be diagnosed
at an early stage. Usually, after primary surgery most
of the patients are free of any detectable disease using
usual imaging procedures (Seiden and Sklar, 1996).
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Figure 10. Quantitated copy number of messenger ribonucleic acid (mRNA). Copy numbers
are calculated based on the Ct (Calculated threshold cycle) value and are plotted on histo-
grams. A: CEA (Carcinoembryonic antigen); B: CK18; C: CK20. Solid circles represent
mRNA expression of each gastric cancer cell line (KATO-III, MKN45, MKN74, NUGC4),
and solid squares represent the mRNA expression of normal tissue cell lines (MRCS, WI38,
HASMC). Broken line shows the assessible lower limit of this assay (1 X 10! copy/tube).

Despite highly efficient locoregional therapy, 30-40%
of these patients will develop clinically detectable
metastases within 10 years if no further treatment is
performed (Seiden and Sklar, 1996). The main reason for
these relapses is that breast carcinoma cells dissemi-
nate throughout the body early during tumor develop-
ment (Schlimock and Riethmuller, 1990). As a result,
several groups have recommended adjuvant treatment
for patients with no metastasis, and so approximately
two-thirds of the patients diagnosed with breast cancer
in stages I to III are candidates for adjuvant or neoadju-
vant chemotherapy. In these groups, the patients who
have occult metastasis should be the most successful
with adjuvant therapy. The detection of occult cancer
cells in these patients could be extremely beneficial in
the determination prognosis and in making treatment
decisions. A number of methods have been used for
detecting micrometastasis and circulating breast cancer
cells.

One of the sites most often visited by metastatic
breast cancer cells is BM. To find the patients who will
most benefit from adjuvant chemotherapy, several groups
have attempted to detect BM micrometastases using
IHC or RT-PCR (Yu €t al., 2004). Some authors have
reported encouraging information about the prog-
nostic significance of immunocytochemical assays
(Cote €t al., 1991; Diel et al., 1992), but others have
failed to demonstrate such relevance (Salvadori €t al.,
1990; Singletary et al., 1991). Some patients whose
BM results were positive by IHC have remained free
of recurrent and metastatic diseases after long intervals
(Seiden et al., 1996). These findings could be the result
of several factors, one being that some micrometastases

may be incapable of developing into clinically signifi-
cant lesions (Seiden et al., 1996). Alternatively, the
antibodies may have cross-reacted with normal mar-
row cells, leading to false-positive results. The CEA
and CK19 assays showed good specificity as markers
that could be used to detect BM micrometastasis using
RT-PCR. The study of 42 patients showed that CK19-
and CEA-positive RT-PCR assays in BM positively
correlated with a positive axillary lymph-node status.
We have tried to use RT-PCR to reduce the amount of
false-positive results (Tokunaga et al., 2003).

Several authors were able to use highly sensitive
RT-PCR assays to detect tissue-specific transcripts in
the PB of patients with breast carcinomas (Brown et al.,
1995; Mori et al., 1996a, 1996b). When Tagman was
performed for RT-PCR analysis of CEA, it was revealed
that as little as one breast cancer cell could be reliably
detected in 5 ml of blood. Some investigators found
abnormally high levels of CK19 mRNA in the PB of
patients with metastatic breast cancer and in patients
with primary tumors. The clinical impact of their find-
ings is unknown because of the lack of a follow-up.
Clearly, there is a need for more specific PCR markers
in breast carcinoma.

A few of the earliest destinations during the
metastatic spread of breast cancer cells are the local
lymph, axillary, and costal nodes. As one would expect,
most of the studies have used axillary lymph nodes,
which were dissected from mastectomies. Using keratin
19 as a marker, Schoenfeld et al. (1994) has demon-
strated that 18 of the 57 axillary nodes examined were
positive for K19 staining, compared to the 32 positive
nodes that were revealed when RT-PCR and Southern
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blotting of K19 molecules were used. Mucins and
MUCIT are also useful in finding micrometastases in
breast cancer PB.

Mammaglobin is a recently described marker that
was found to be present only in adult mammary tissue
(Zehentner and Carter, 2004). This is frequently over-
expressed in 80-95% of primary breast carcinomas
(Watson and Fleming, 1996). According to Min et al.
(1998), this marker is present in the breast carcinoma cell
lines and absent in the 20 normal lymph nodes when
using RT-PCR. Zach et al. (1999) were able to detect
mammaglobin mRNA in the PB of 28% of the patients
with breast carcinoma in various stages, in 5% of the
patients with non-breast carcinoma malignancies, and in
none of 27 healthy volunteers. In a small group of patients
with breast carcinoma, Aihara et al. (1999) found mam-
maglobin transcripts by using RT-PCR in all of the
histologically proven metastatic lymph nodes and in 31%
of histologically negative lymph nodes. Some groups
have recently used immunomagnetic-based assays for
the detection of CCC in breast cancer (Choesmel €t al.,
2004; Hu et al., 2003). In one instance, the immuno-
magnetic procedure was followed by the assessment of
telomerase activity using PCR (Soria et al., 1999).
This latter technique revealed telomerase activity in 21
out of 25 (84%) patients with metastatic breast carci-
noma, whereas all of the healthy volunteers were telo-
merase negative. Engel et al. (1999) used immunobead
isolation, which was followed by fluorescence in situ
hybridization (FISH) and immunocytochemistry.

Prostate Cancer

Many patients with prostate cancer who undergo
radical prostatectomies will suffer recurrence, even in the
absence of clinically or pathologically detectable
regional or systemic metastasis. The thought of devel-
oping a method to reliably determine the risks of
developing advanced disease using a simple PB test is
alluring. Because prostate specific antigen (PSA) has
been thought to be specific for prostate cancer, the
longstanding clinical use of serum PSA levels in patient
follow-ups has been shown to be valuable. Methods
have been developed to increase the sensitivity of PSA
detection in the blood. The most promising methods
have been the use of RT-PCR on peripheral blood sam-
ples to determine the presence of PSA. Some investi-
gators have used RT-PCR to detect circulating cancer
cells in the PB and BM of patients with prostate cancers
(Ghossein €t al., 1995).

The frequency of RT-PCR positivity in PB increases
with the tumor stage and high serum PSA levels
(Ghossein et al., 1995). One article reported the detec-
tion of CCC in 20% of the patients who were previously

RT-PCR negative after needle biopsies (Price €t al.,
1998). Most patients showed CCC after their biopsy
reverted to a RT-PCR negative PCR assay with 4 weeks
(Price et al., 1998). Two groups showed the presence
of CCC by RT-PCR correlated with both capsular
penetration and positive surgical margins (Grassa et al.,
1998; Katz et al., 1994). They found that RT-PCR was
better than other staging modalities in predicting the
pathologic stage, and they proposed the use of this test
as a staging modality for radical prostatectomy candi-
dates. No other groups found a statistically significant
correlation between blood RT-PCR positivity and the
pathologic stage (Gao et al., 1999; Sokoloff et al., 1996).
Some groups have found a statistically significant cor-
relation between the preoperative RT-PCR positivity of
PSA mRNA in the PB and its outcome (de la Taille
et al., 1999). However, there are indications from some
groups that the RT-PCR methods used to detect PSA
may be too sensitive.

RT-PCR for PSA mRNA has also been used to detect
ITC in lymph nodes and in the BM of patients with
prostate cancers, as stated earlier (Corey et al., 1997).
This technique was shown to be more sensitive than IHC
and standard histopathology in detecting lymph-node
micrometastases in localized diseases. All of the con-
trolled lymph nodes and BM tested negative for PSA
RT-PCR (Olsson et al., 1997). Wood and Banerjee
(1997) investigated 86 patients with clinically local-
ized diseases in which preoperative BM PSA RT-PCR
was performed. They found that 4% of the patients
who were RT-PCR negative had recurrences after their
prostatectomies, Whereas 26% of the patients who
were RT-PCR positive failed post-operatively. In the
last few years, RT-PCR assays for two additional pro-
static markers, the prostate tumor-inducing gene (PTI-1)
and prostate specific membrane antigen (PSMA), have
been reported (Gao et al., 1999; Schmidt et al., 2003).
PTI-1 is a novel oncogene that was cloned from an
LNCaP cDNA library (Shen et al., 1995). Sun et al.
(1997) reported that they were able to detect PTI-1
mRNA in the PB of patients with metastatic prostate
cancer using RT-PCR. A cell-surface protein with
sequence homology, PSMA is used in transferring.
Transcripts were detected in the PB of patients with
localized and metastatic prostate cancer using RT-PCR
(Sokoloff et al., 1996). However, some investigators
reported a high PCR positive rate for PSMA mRNA in
the blood of healthy individuals (Hisatomi et al., 2002).

Gastrointestinal Cancer

Gastrointestinal (GI) cancer is one of the most com-
mon malignancies in the Western and Asian coun-
tries. The detection of early metastatic spread of GI
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malignancies may help stratify patients for radical sur-
gery and guide adjuvant therapies. Several authors have
reported the detection of CEA mRNA in the PB, BM,
ascites, and lymph nodes of patients with gastric, co-
lorectal, and pancreatic carcinomas but in none of the
control subjects (Mori et al., 1996a).

Several investigators have demonstrated the immuno-
histochemical detection of ITCs in patients with local-
ized diseases (Dukes’B). Although most of the studies
showed that a substantial portion of patients with local-
ized colorectal cancer demonstrated I'TC in the regional
Iymph node, not all of the studies showed the prognos-
tic significance of finding these ITCs. We reported that
micrometastases in lymph nodes were found in patients
with pathologically negative nodes (Maehara et al.,
1996a, 1996b). In patients with tumor node metastasis
gastric carcinomas (there are no histologic lymph-node
metastases), the detection of micrometastasis in regional
lymph nodes was shown to correlate with a poorer 5-
year survival rate. Cytokeratin 20 mRNA has also been
used as a marker for colorectal carcinoma cells in the
lymph nodes, BM, and blood (Weitz et al., 1999). We
reported that the micrometastasis of gastric cancer in
bone marrow was detectable by the real-time quantitative
RT-PCR using cytokeratin 2 as a marker (Oki et al.,
2002; Tokunaga et al., 2000). However, clinical impor-
tance of BM metastasis is not yet identified.

Some investigators have reported the clinical impor-
tance of CCC in PB of colorectal cancers for monitor-
ing the early marker for recurrence and relapse and for
monitoring the response of chemotherapy (Molnar €t
al., 2003). We have investigated the CCC in the PB of
patients with gastric cancer and have demonstrated
that the detection of CCC or ITC in PB could be feasi-
ble by real-time quantitative RT-PCR. The patients
with gastric cancer of the CK19- or CK20-positive
cases were more advanced in their cancer and had
shorter survivals (unpublished data).

Future Prospects

Over the years, many investigators have attempted to
improve techniques for the detection of CCC and
occult metastatic cells and to attribute clinical signifi-
cance to the detection of such micrometastases.
Because of the methodologic problem of PCR, it is
now clear that other approaches are needed to detect
CCC. In recent years, some investigators have used an
immunomagnetic separation technology as a means to
improve such detection (Nozawa et al., 2003; Ulmer
et al., 2004). In this technique, the specimen is incubated
with magnetic beads coated with antibodies and
directed against a specific tissue type to select only the

tumor cells. Frequent hypermethylation of DNA is also
a prominent feature in malignant cells. It has been
shown that methylation-specific PCR can be used to
detect hypermethylated cyclin D2, retinoic acid receptor
RAR, and p16 (Evron et al., 2001; Wong et al., 2003).
This approach should be useful in detecting cancer
cells, specifically those that are in circulation.
Immunocytochemical analysis of the specimen also
promises better quantification of the tumor cells and
their assessment for various markers of tumor prolifer-
ation and progression. This will help to monitor the
effect of molecular targeted therapy. Many investiga-
tors have been improving their methods to detect CCC.
Although larger prospective randomized control stud-
ies are required to confirm the prognostic significance
of detecting ITC and CCC, the molecular biological
methods for finding CCC will be the main factor that
will indicate the tumor stage and patient prognosis in
the near future.
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and Thomas Dittmar

Introduction

Cancer as a disease is described in the earliest medical
records found in the history of mankind, dating back
to ancient Egypt. The term “cancer” is attributed to
the Greek physician Hippocrates and is derived from
bizarre “crablike” growth forms of tumors (karkinoma
is the Greek word for crab). Today, cancer is the second
most prevalent cause of death, after heart disease, in
the industrialized world, and the formation of metastasis
is the primary cause of death in cancer. Metastasizing
tumor cells must traverse natural barriers, such as
connective tissue components and organ epithelia at
multiple stages of the metastatic process. The events
leading to metastasis can be summarized as follows: 1)
detachment from the primary tumor, 2) accession of
the lymphatic or blood circulatory system, 3) survival
in the circulation, 4) arrest at distant sites, 5) transfer
of cancer cells across the vessel wall into the parenchy-
mal tissue, and 6) tumor growth at the secondary site
(Figure 11).

The process of extravasation, the active migration
of tumor cells across the endothelial barrier, has been
described as a rate-regulating event in metastasis

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 4: Molecular Genetics, Gastrointestinal Carcinoma, and Ovarian Carcinoma

(Haier et al., 2003; Orr et al., 2000). Thereby, it can be
subdivided into the following steps: 1) adhesion of
tumor cells to the vascular endothelium, 2) transmigra-
tion across the endothelial lining and the underlying
basement membrane, and 3) invasion of the surround-
ing tissue. Our understanding of the sequential steps of
tumor cell extravasation is mainly based on in vitro
models using fixed sample preparations and electron
microscopy (Akedo et al., 1989). However, it is inherent
in this approach that the time dimension of the dynamic
cellular and molecular interactions cannot be resolved.
Recent investigations overcome this restriction by
using fluorescent-labeled tumor cells, which allows for
the time series recording of metastatic processes using
intravital microscopy (Al-Mehdi et al., 2000). Here, we
will describe an in vitro model to study the extravasation
of tumor cell clusters. The advantage of this in vitro
model is that the transmigration process is viewed per-
pendicular to the endothelial monolayer, which allows
visualization of endothelial cell-tumor cell interactions
with the aid of fluorescence staining and live microscopy.
By using this in vitro extravasation assay we were able
to see the transendothelial migration of tumor spheroids
in real-time and, more importantly, we could see that

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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Figure 11. Metastasis cascade. The schematic overview summarizes the single steps leading to metastasis
formation. The metastasis cascade is initiated by detachment of single tumor cells or cell clusters from
the primary tumor and subsequent migration through the extracellular matrix. To spread to distant organ
metastazing tumor cells or cell clusters must gain access to the circulatory blood vessel system. Finally,
tumor cells or cell clusters adhere to the endothelium at distant sites and subsequently extravasate into

the underlying tissue to form a secondary tumor.

extravasation of tumor spheroids leads to irreversible
damage of endothelial cells located at the infiltration site.

Also, see Chapter 6, in Part I discussing immunohis-
tochemistry and polymerase chain reaction of circulating
cancer cells in cancers of breast, prostate, and
gastrointestine.

MATERIALS AND METHODS

Protocol 1. Isolation of human umbilical cord
endothelial cells (Jaffe et al., 1973).

1. Dissolve 100 mg collagenase IV (Sigma-Aldrich)
in 50 ml Hank’s Balanced Salt Solution (HBSS; PAA)
and prewarm the solution to 37°C.

2. Wash the vein of an umbilical cord 2x with 10 ml
phosphate buffer saline (PBS). Use a syringe for this
step. Note: Only umbilical cords from cesarean delivery
should be used because they are sterile. Umbilical
cords can be stored in PBS at 4°C prior to isolation
of endothelial cells for 24-48 hr.

3. Close one end of the umbilical cord with a clamp and
inject 20 ml of prewarmed collagenase intravenous (IV)

solution into the vein. Use a syringe for this step. Close
the other end with a clamp and incubate for 15 min at
room temperature.

4. Remove one clamp and transfer the collagenase IV
solution (now containing endothelial cells) into a 50 ml
Falcon tube prefilled with 5 ml fetal calf serum (FCS)
to stop collagenase activity. Wash the vein 1x with
10 ml PBS. Use a syringe for this step.

5. Centrifuge the cells (310 x g, 10 min, room
temperature) and wash 2x with PBS.

6. Seed human umbilical vein endothelial cells
(HUVEQ) in either three T25- or one T75-cell culture
flask(s) HUVECs are maintained in endothelial cell
growth media (ECGM; PAA) containing 2% FCS, 0.4%
ECG supplement/heparin, 0.1 ng/ml epidermal growth
factor (EGF), 1 ng/ml basic fibroblast growth factor
(FGF), and 1 pg/ml hydrocortisone in a humidified
atmosphere at 37°C and 5% CO.,.

7. The following day, unattached cells are discarded
by removal of supernatant. Wash cells 3x with PBS
and add fresh culture media.

8. Replace culture media every second day until
HUVECs reach a confluency of 80%. HUVEC can
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be passaged in 1:3 ratio using 0.25%/0.02% Trypsin
ETDA (ethylene diamine tetracetic acid) (Sigma).
HUVECS up to passage 2 were used for experiments.

Protocol 2. Quantification of transendothelial
tumor cell migration through a HUVEC monolayer by
flow cytometry.

1. Coat transwell inserts (pore size: 8.0 wm;
Becton-Dickenson Falcon) with 0.1% gelatine solution
(Sigma) or Vitrogen 100 (Nutagon) and place them in
12-well plate. Air-dry transwell inserts under sterile
conditions and rinse 3x with PBS/HBSS.

2. Seed 1 x 10° HUVEC per transwell insert and
cultivate cells in ECGM until they form a confluent
monolayer.

3. Seed tumor cells (2.5-5 x 10°) in a 6-well plate
and incubate overnight.

4. Stain tumor cells with CellTracker Green.
Prepare staining solution by dissolving 0.8 uM
CellTracker Green (Molecular Probes) in 1.5 ml of
serumfree media and prewarm to 37°C. Replace old
media with staining solution and incubate for 30 min
at 37°C. Replace staining solution with fresh media
(containing supplements) and incubate again for 30 min
at 37°C.

5. Add 2.5 x 10* CellTracker Green—stained tumor
cells to HUVEC in the upper compartment and incubate
cells in a humidified atmosphere at 37°C and 5% CO,
for 16 hr.

6. Aspirate the media in the upper compartment and
clean the upper side of the membrane containing the
HUVEC monolayer with a cotton swab.

7. Aspirate the media in the lower compartment
and store on ice. Remove the transmigrated cells that
adhered to the underside of the porous membrane in
the lower compartment by trypsinization for 10—12 min.
Stop trypsinization by addition of 20% FCS (final
concentration) and combine with the media from the
lower compartment.

8. Wash samples 2x with PBS, resuspend in 350 pl
of PBS, and store on ice prior to flow cytometry.

9. Determine number of CellTracker Green—stained
tumor cells by flow cytometry for a predefined time
(1-2 min) at a constant flow rate or, alternatively, by
determining the fluorescence intensity using a fluo-
rimeter using a standard curve.

Protocol 3. Generation of tumor cell spheroids.

1. Add 1.5 g agar (Agar Noble, DIFCO Laboratories)
to 20 ml of deionized water, autoclave, and add 80 ml
of prewarmed (56°C) RPMI 1640 media.

2. Use 9 ml of the agar solution per one T75-cell
culture flask.
Note: Use only cell culture flasks without filter caps.

3. Air-dry cell culture flasks under sterile conditions
for approximately 2 hr.

4. Store agar-coated cell culture flasks at 4°C. Seal
the cap with parafilm.

5. Resuspend harvested tumor cells (2 X 10°) in 25 ml
of the appropriate media and add to an agar-coated cell
culture flask. Incubate the cells in a humidified atmos-
phere at 37°C and 5% CO, and cultivate until spheroids
have formed. Change media every second or third day.

6. Tumor spheroids of 5-200 cells were used for
experiments.

Protocol 4. Analysis of transendothelial migration of
tumor cell spheroids by timelapse video microscopy.

1. Build transmigration chambers by mounting a
coverslip on a glass slide by use of separating U-shaped
paraffin/petroleum jelly barrier of 1-1.5 min thickness
(Figure 12). Prepare a minimum number of 10 trans-
migration chambers per experiment.

2. Prepare collagen solution by dissolving liquid
collagen type I (Vitrogen 100, Nutagon) in ECGM (pH
7.2—7.4) to a final collagen concentration of 1.67 mg/ml.

3. Fill transmigration chambers with 100-150 pl of
collagen solution, store chambers in an upright position,
and incubate in a humidified atmosphere at 37°C and
5% CO, until the collagen is polymerized. Avoid the
generation of air bubbles in the collagen lattice.

4. Seed 1 x 10* HUVEC on the collagen lattice. Fill
transmigration chambers with ECGM and incubate
them overnight in an upright position under the cultur-
ing conditions stated earlier, allowing the cells to settle
down, to spread, and to build a confluent monolayer.

5. Harvest tumor cell spheroids (see Protocol 3),
wash 2x with PBS at low speed (80 rcf), and resuspend
carefully in ECGM.

Microscope
Cens
¢ Collagen

Oumor Cell
Cluster

HOOEC Monolayer

Figure 12. Transmigration chamber. Experimental setup
for monitoring extravasation events by confocal laser scanning
microscopy.
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6. Add 50 pl of collagen solution (see Step 2) to the
HUVEC monolayer and apply single spheroids with a
GelLoader tip to the collagen solution. Store the trans-
migration in an upright position and incubate in a
humidified atmosphere at 37°C and 5% CO, until the
collagen is polymerized.

Note: It is important that the collagen solution is still liquid when

the spheroids are applied. Otherwise they will not sink into the
collagen solution close to the HUVEC monolayer.

7. Fill up transmigration chambers with ECGM and
seal the fourth side with wax.

8. Place transmigration chambers under a light
microscope, under constant temperature conditions
(37°C), and record transendothelial migration by time
lapse using a factor of 1800 (1 hr real-time is com-
pressed to 2 seconds).

Protocol 5. Analysis of transendothelial migration
of tumor cell spheroids by confocal laser scanning
microscopy.

1. Prepare transmigration chambers as described in
Protocol 4 Steps 1-4.

2. Prepare a 0.8 uM Calcein AM (Molecular
Probes) staining solution.

3. Remove old media carefully using a GelLoader
tip, add Calcein AM staining solution, and incubate for
90 min at 37°C. Carefully wash Calcein AM-stained
HUVEC 3x with ECGM.

4. Harvest tumor cell spheroids (see Protocol 3),
wash 1x with PBS at low speed (80 rcf), and resuspend
spheroids carefully in 500 ul Diluent C (Sigma).

5. Prepare 500 pl of a 2 uM PKH-26 (dissolved in
Diluent C; Sigma) staining solution, add the staining
solution to the tumor spheroid suspension, and incubate
for 4 seconds.

6. Stop staining reaction by applying 500 pl of
heat-inactivated FCS. Wash tumor spheroids carefully
3% with culture media supplemented with 10% FCS.

7. Apply single PKH-26—stained tumor spheroids
to the Calcein AM-stained HUVEC monolayer.
Incubate the transmigration chambers in an upright
position at 37°C and 5% CO, for 30 min to allow the
tumor spheroids to settle on the HUVEC monolayer.

8. Seal the fourth site with wax, place transmigra-
tion under a confocal laser scanning microscope, and
keep them at a temperature of 37°C. Record images
at specified time intervals.

Protocol 6. Visualization of apoptotic events during
transendothelial migration of tumor cell spheroids by
confocal laser scanning microscopy.

1. Prepare transmigration chambers as described in
Protocol 4 Steps 1-4.

2. Prepare tumor cell spheroids as described in
Protocol 3 and apply a single tumor spheroid to the
endothelial monolayer.

3. Add Annexin V-Cy3 conjugate (final concentration:
0.8 ng/ml; Sigma) and Calcein AM (final concentra-
tion: 2 uM; Molecular Probes) to the sample to distin-
guish apoptotic cells from necrotic cells.

Note: The plasma membrane integrity of early apoptotic cells is in
an uncompromised stage. Therefore, apoptotic cells are labeled by
Annexin V-Cy3 (plasma membrane) as well as by the vital-dye
Calcein AM (cytosol).

4. Incubate the transmigration chambers in an
upright position at 37°C and 5% CO, for 30 min to
allow the tumor spheroids to settle on the HUVEC
monolayer.

5. Seal the fourth site with wax, place transmigra-
tion under a confocal laser scanning microscope, and
keep them at a temperature of 37°C. Record images at
specified time intervals.

Protocol 7. Visualizing tumor metastasis by in vivo
imaging.

1. Generate tumor cell lines stably transfected with
either enhanced green fluorescent protein (EGFP)
or firefly luciferase by using commercially available
vectors.

2. Screen EGFP-transfected cells by flow cytometry
and luciferase-transfected cells by using a luminome-
ter or a cooled charge-coupled device (CCD) camera
(C4742-98-24L.WG; Hamamatsu Photonics, Herrsching,
Germany).

3. Anesthetize immunodeficient mice with Ketamin
and inject EGFP or luciferase stable expressing cells.

Note: The number of cells that are injected into mice depends on
the following: 1) the relative EGFP or luciferase expression of the
stable transfected tumor cells, and 2) the tumorigenecity of the
tumor cells. Therefore, different amounts of tumor cells should be
tested first. In addition to this, luciferase activity could be viewed
in both nude and nonnude mice, whereas EGFP fluorescence could
only be viewed in nude mice as a result of the autofluorescence of
hairs and the hair follicles.

4. Breed mice for a specified time interval. Check
tumor status once a week by in vivo imaging. Before
imaging, anesthetize mice with Ketamin (20 mg/kg)
and place them in a light-tight chamber. If luciferase-
expressing tumors are used, inject an aqueous solution
of the substrate luciferin (50 mM; Molecular Probes)
into the peritoneal cavity 5 min before imaging. Take
a grayscale body-surface reference image either by
slightly opening the door or by switching on the internal
light source.

5. Close the door and shut down the light in the
room. Collect the EGFP fluorescence or the photons
emitted from luciferase using a cooled camera
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(Hamamatsu Photonics). Generate a pseudocolor image
(blue least intense and red most intense) using the
WASABI Imaging Software (Hamamatsu Photonics).

RESULTS AND DISCUSSION

Flow Cytometry Based on Quantification
of Transendothelial Migration of Various
Tumor Cell Lines

Transmigration of malignant cells across the
endothelial barrier at the site of secondary tumor for-
mation comprises strong interactions of transmigrating
tumor cells with vascular endothelium. Many studies
concerning the transendothelial migration of tumor cells
are performed using modified Boyden chamber, or trans-
well, assays (Boyden, 1962). The advantage of these
systems is their relative simplicity, which reduces the
number of involved variables to a minimum, thereby
allowing the isolated investigation of selected aspects
of adhesive or migratory processes. Cells of interest
are seeded into the upper compartment, the system
is incubated for a specified time interval (mostly
overnight), and on the following day transmigrated
cells are stained with hematoxilin and subsequently
counted. However, it has to be considered that the
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analysis of transendothelial migration is necessarily
carried out in a two-cell system consisting of endothe-
lial cells and the appropriate cell type, for which trans-
migration capacity is of interest. Because endothelial
cells can migrate, which in turn is a prerequisite in
angiogenesis, the to-be-counted fraction of transmigrated
cells may be contaminated by an unknown number of
endothelial cells. For instance, we observed in control
experiments of transendothelial migration studies that
an average amount of 3.6% of HUVEC migrated into
the lower compartment (Figure 13).

Thus, it is recommended that one or both cell
type(s) are stained for subsequent analysis to exclude
HUVEC contamination. We recommend that the cells
(both cell types or solely one cell type) be stained
with fluorescent dyes because the usage of such mark-
ers allows for the subsequent quantification by flow
cytometry or by fluorimetry. However, it is also possi-
ble to quantify the number of transmigrated cells by
using a fluorescence microplate reader. The advantage
of both systems is that all transmigrated cells are quan-
tified automatically, which has less risk of error than
if transmigrated cells are counted manually. Several
fluorescent dyes that are suitable for live imaging can
be used.

Lipophilic tracers such as DiD or PKH-26 label
cells by lateral diffusion in the plasma membrane.
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Figure 13. Intercellular dye transfer during extravasation of DiD-labeled T24 tumor cells across
the HUVEC (human umbilical cord vein endothelial cell) monolayer stained with Calcein AM.
Extravasation of tumor cells can be quantified by flow cytometry. However, because the analysis of
transendothelial migration is necessarily carried out in a two-cell system and HUVECsS are also migratory
active, one or both cell types have to be stained with vital dyes for subsequent analysis to exclude HUVEC
contamination. Depending on the used dyes it is possible that an intercellular dye transfer can occur,
which might result in false-positive findings. Here, HUVEC and T24 tumor cells were stained with
Calcein AM and DiD, respectively. Both cell types display a bright fluorescence (staining control). During
the transmigration process an intercellular dye transfer occurred in both cell types indicated by originally
Calcein AM-labeled HUVECs, which now display a faint DiD fluorescence and vice versa.
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Although the plasma membrane—bound dyes should
not transfer from labeled to unlabeled cells, some
transfer could occur when the membrane is disrupted or
if clumps of nonbound dyes remain on the cell surface.
Acetoxymethyl (AM) ester derivates of fluorescent
indicators, such as Calcein Green AM, are uncharged
molecules that can permeate cell membranes. Once
inside the cell, the lipophilic AM blocking groups are
cleaved by nonspecific esterases, resulting in a charged
form that leaks out of cells far more slowly than its
parent compound does. As a consequence of this, unla-
beled cells are stained with both uncleaved and cleaved
Calcein Green AM. An example of this intercellular
dye transfer in a transendothelial migration assay is
shown in Figure 13. Here, HUVEC were stained with
Calcein Green AM, and T24 cells were labeled with
DiD. After the specified time interval, cells that moved
into the lower compartment were collected and analyzed
by flow cytometry. From flow cytometry data it can
be clearly deduced that originally Calcein Green
AM-labeled HUVEC now display a faint DiD fluores-
cence and vice versa. However, because the sensitivity
of a flow cytometer is very high, it is possible to titrate
different concentrations of these fluorescent dyes to
minimize the intercellular dye transfer.

We obtained better results and observed no intercel-
lular dye transfer when cells were stained with a fluo-
rescent dye that is covalently linked to intracellular
structures. An example for such fluorescent dye is
the CellTracker probe (Molecular Probes). Once a
CellTracker probe has entered a cell, its chloromethyl
group reacts with free thiol residues of amino acids. As
a result of this covalent linkage to cytoplasmatic pro-
teins, the CellTracker probe stays in the cell and is not
transferred to adjacent cells in a population as would
be the case for AM ester derivates of fluorescent indi-
cators or lipophilic tracers.

Here, we used this method to determine the trans-
migration rates of different tumor cell lines. As men-
tioned earlier, the extravasation of tumor cells is a
rate-limiting step in metastasis, and a broad variation
concerning the ability to transmigrate through the
endothelial barrier is observed between cell lines and
even among single cells. As a consequence, it is rec-
ommended that the respective cell line or cell lines are
tested in regard to their transendothelial migration
capacity first. Five different tumor cell lines were tested
for their ability to transmigrate across an endothelial
monolayer in a transwell assay setup (Figure 14). The
urinary bladder carcinoma cell line T24 was the most
effective in traversing the HUVEC monolayer, followed
by the fibrosarcoma cell line HT-1080. The breast
adenocarcinoma cell lines MDA-MB-468 and MCF-7
were also capable of transmigrating across the
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Figure 14. Endothelial transmigration of different
tumor cell lines. Transmigration rates were determined
using a transwell assay combined with subsequent flow
cytometry—based quantification as described in Protocol 2.
The urinary bladder carcinoma cell line T24 was the most
active cell line (approximately 3%) in traversing a HUVEC
(human umbilical cord vein endothelial cell) monolayer.

endothelial layer, although to a lesser extent. The colon
carcinoma cell line SW480 showed the least transmi-
gratory activity in this assay. These data clearly show
the differences between tumor cell lines and their capacity
for transmigration. Furthermore, the results demonstrate
the feasibility of quantifying transendothelial migrating
tumor cells using fluorescent dye—labeled cells combined
with flow cytometry.

Investigating Transendothelial Migration
of Tumor Cell Spheroids by Time-Lapse
Video Microscopy

Transendothelial migration studies are mostly per-
formed using modified Boyden chambers. However,
regarding the dynamic, cross-wise influencing changes
of regulatory events taking place during the extravasation
process, a transmigration assay is necessary that allows
continuous monitoring of transendothelial migration
of tumor cells.

The three-dimensional collagen matrix migration
assay allows for a continuous observation of an appro-
priate cell population. In this assay, cells are embedded
within a three-dimensional collagen environment, and
real-time cell migration is recorded by timelapse video
microscopy and subsequently analyzed by computer-
assisted cell tracking. A broad range of cell types can
be analyzed using this system, including tumor cells
(Dittmar €t al., 2002; Katterle et al., 2004), immuno-
competent cells (Dittmar et al., 2000a), and stem cells
(Weidt et al., 2004). Furthermore, the advantage of this
system is that it allows for the visualization of the
dynamics of cell migration in real-time and changes



7 Circulating Cancer Cells

83

in the migration pattern on a single cell level (Weidt
et al., 2004).

Here, we used the three-dimensional collagen
matrix migration assay for analyzing the dynamics of
the transendothelial migration of a single MV3 tumor
cell spheroid. MV3 tumor spheroids were embedded
within a three-dimensional collagen lattice close to the
endothelial monolayer as described in Protocol 4. To
visualize the dynamics of transendothelial migrating
tumor cells or cell clusters, the transmigration process is
viewed perpendicular to the endothelial monolayer. The
image sequence, which was recorded for 39 hr, is shown
in Figure 15. After 3 hr in culture the MV3 tumor sphe-
roid changed its morphology from a round shape toward
a more oval shape. Furthermore, single MV3 cells (see
Figure 15, 3 hr, black arrowheads) already started to
migrate out of the spheroid body. An initial contact
between the MV3 tumor spheroid and the endothelial
monolayer is formed after 6 hr. We observed that the
embedded MV3 tumor spheroid divided itself into two
parts, which takes about 9 hr (see Figure 15, 9-18 hr,
black and white arrows). The larger MV3 tumor mass
moved away from the endothelial monolayer deeper
into the collagen lattice. The minor MV3 tumor mass
resides close to the HUVEC monolayer. Approximately
12 hr after starting the experiment, the first single MV3
tumor cells successfully transmigrated through the
HUVEC monolayer (see Figure 15, 12 hr; white arrow-
heads). In the following, an increased number of MV3
tumor cells passed the endothelial monolayer and moved
into the underlying collagen lattice. Because of the mass
of transendothelial migrating MV3 cells it can be
assumed that transendothelial migration of tumor cells
goes along with an irreversible damage of the endothe-
lial monolayer. In summary, these results clearly demon-
strate the dynamics of the transendothelial migration
of tumor spheroids and the advantages of the three-
dimensional collagen matrix assay combined with time-
lapse video microscopy, which cannot be resolved using
a simple modified Boyden chamber assay.

Investigating Transendothelial Migration
of Tumor Cell Spheroids by Confocal Laser
Scanning Microscopy

The study of transendothelial migration of tumor
spheroids by light microscopy combined with timelapse
video microscopy reveals the dynamics of this rate-
limiting process of the metastasis cascade. To date,
there are contradicting reports regarding the fate of
endothelial cells in the extravasation sequence. It
is a matter of controversy whether the retraction of
endothelium is a reversible phenomenon as described

for melanoma cells (Nicolson, 1988) or if endothelial
cells are permanently impaired during the process
of tumor cell extravasation (Kebers et al., 1998; Voura
et al., 1998).

Therefore, we analyzed the infiltration of the endothe-
lial monolayer by tumor spheroids in real-time by con-
focal laser scanning microscopy. Endothelial cells and
tumor spheroids were stained with fluorescent dyes
(endothelial cells: calcein AM; T24 tumor spheroids:
PKH-26) prior to analysis. Calcein Green AM remains in
the cytosol after esterase-mediated cleavage of the AM
group, and PKH-26 is a lipophilic tracer, which labels
cells by lateral diffusion in the plasma membrane. As
mentioned earlier, both fluorescent dyes are capable of
intercellular dye transfer. However, because both cell
types can be discriminated by their morphology, the
intercellular dye transfer could be neglected in this assay.

The image sequences in Figure 16 show the trans-
migration process of a single T24 tumor spheroid
through the endothelial monolayer. In Figure 16A only
the endothelial cells were stained with Calcein Green
AM, whereas in Figure 16B both endothelial cells and
tumor spheroids were stained with Calcein Green AM
and PKH-26, respectively. Overlay images were created
using the appropriate channels. Both image sequences
clearly indicate that the complete T24 tumor spheroid
transmigrates across the endothelial monolayer within
a time period of 4 hr. Approximately 90 min after addi-
tion of the T24 spheroid, tumor cells established a close
contact to the apical surface of the endothelial cells. In
Figure 16A and B the same T24 spheroid is shown but
in different focal planes (step size 4 um). One hour later,
the endothelial cells showed a contracted morphology
(see Figure 16A, B; white arrows) at the site of contact
to the T24 tumor cell cluster, finally assuming an
almost rounded shape after 3.5 hr (see Figure 16A, B;
yellow arrows). During this time period, the T24 tumor
spheroid completely invaded the collagen matrix
beneath the endothelium, concomitant with a complete
destruction of the endothelial layer at the site of infil-
tration. Single endothelial cells showed a rounded
morphology with structures resembling membrane
blebbing (see Figure 16B; red arrows). The cell-to-cell
contacts between the endothelial cells were completely
destroyed at the site of transmigration. The image
sequences indicate that the T24 tumor spheroid estab-
lished a close contact to the endothelium before this
barrier was ruptured. The destruction of the endothelial
monolayer was restricted locally to the site of transmi-
gration and did not occur in more distant parts of the
endothelium. This was verified at a lower magnifica-
tion view (see Figure 16A).

For a better definition of the processes involved
in the destruction of the endothelial monolayer, an
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Figure 15. Time-lapse video microscopy image sequence reveals the dynamics of the extravasation
process of a MV3tumor spheroid. The three-dimensional collagen matrix migration assay allows for a
continuous observation of an appropriate cell population. Because of the combination with time-lapse
video microscopy and computer-assisted cell tracking this system allows for resolution and quantification
of the dynamics cell migration and extravasation. Here, a MV3 melanoma spheroid was embedded within
the three-dimensional collagen matrix close to a HUVEC (human umbilical cord vein endothelial cell)
monolayer. To visualize the dynamics of extravasation, the transendothelial process is viewed perpendi-
cular to the endothelial monolayer. The complete extravasation sequence was recorded for 39 hr. It is
interesting, that the applied MV3 tumor spheroid divided itself into two parts (3-9 hr), whereby the larger
spheroid mass moved away from the HUVEC monolayer deeper into the collagen lattice (black arrows).
The smaller MV3 tumor mass resides close to the HUVEC monolayer (white arrows). Approximately 12 hr
after starting the experiment, the first single MV3 tumor cells successfully transmigrated through the
HUVEC monolayer (12 hr, white arrowheads). In the following, more MV3 tumor cells passed the
endothelial monolayer. Because of the mass of transendothelial migrating MV3 cells it can be assumed
that endothelial monolayer is irreversibly damaged at the extravasation site. The bar represents 150 pum.
A movie file (Quicktime) of the complete image sequence can be viewed at www.uni-wh.de/immunology.

Annexin-V-based assay was conducted to test if
endothelial cells undergo apoptosis or necrosis at the
site of transmigration (see Figure 16C). During early
stages of apoptosis, the phospholipid phosphatidylser-
ine (PS) changes its position from the inner to the outer
leaflet of the plasma membrane, where it can be
detected by the PS-binding protein Annexin-V. Here, a
red fluorescent Annexin-V-Cy3 conjugate was used in
conjunction with Calcein Green AM staining. In early
apoptosis, the plasma membrane integrity is still
uncompromised, and cells are thus stained by Annexin-
V-Cy3 (plasma membrane) and by Calcein Green AM
(cytosol) simultaneously. Tumor cells (see Figure 16C;
blue arrow) and endothelial cells (see Figure 16C; white
arrow) were distinguished by their different morphol-
ogy. After 3.5 hr, the tumor cell cluster was in the
process of transmigrating across the endothelium into
the underlying collagen matrix. The endothelium at the
site of invasion was disintegrated and showed strong
Annexin-V staining (red fluorescence). The retention of
Calcein Green AM within the cytosol indicates that the
plasma membrane of endothelial cells was still intact. In
combination with Annexin-V staining, this is a typical
indication for early apoptotic events (see Figure 16C;
yellow arrows). Moreover, the formation of membrane
blebs is visible, which is a characteristic morphologic,
feature in apoptotic cell death. At a later stage, only the
Annexin-V staining remains (red fluorescence), clearly
indicating that the endothelial plasma membrane was
damaged (see Figure 16C; red arrows). Thereby, the
intracellular dye Calcein Green AM was released, lead-
ing to a solely red fluorescent signal from the endothe-
lial cells at the site of tumor cell transmigration.
However, in our experiments, tumor-cell or cell-
cluster transmigration through the endothelial barrier

is a relatively rare event and, therefore, only a small
number of tumor spheroids transmigrated successfully
through the endothelial monolayer. For instance, most
tumor spheroids established a close contact to the
endothelial monolayer but did not transmigrate in the
observed time period.

As a consequence, the investigation of tumor spheroid
transmigration is a time-intensive procedure. However,
the probability of observing a transmigration event can
be raised 1) by using cells with a high transmigration
efficiency, 2) if several tumor spheroids are applied to
the endothelial monolayer, and 3) if several transmi-
gration chambers are prepared. However, despite these
limitations, the real-time visualization of tumor spher-
oid transendothelial migration by using the described
invitro model may provide new insights into the process
of tumor cell extravasation and will help to develop
new strategies to block this rate-limiting step in a cancer
disease.

Visualizing Tumor Metastasis
by in vivo Imaging

The initial site of tumor cell arrest during metastasis
is effectively determined by size constraints, depending
on the relative size of tumor cells and the capillaries.
Thus, the observation that some tumors preferentially
metastasize to certain organs may be explained by
1) anatomic criteria, such as the location of the next
capillary bed, and by 2) the “seed and soil”” hypothesis,
which was originally postulated by Paget (Paget, 1989),
where both “seed” (cancer cells) and “soil” (organ
environment) contribute to an organ-specific pattern of
secondary tumor formation (Chambers et al., 2002).
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Figure 16. Confocal laser scanning microscopy analysis of T24 tumor cell extravasation. A: The
endothelial monolayer was stained by Calcein AM (green fluorescence) and dissociates irreversibly in the
course of tumor spheroid (black arrow) transmigration. The dotted line indicates the cell body mass of
the invaded spheroid. The images (a and b) show a different focal plane (step size 4 um) at 1:30 hr. The
T24 spheroid established a close contact to the apical surface of the endothelial cell layer. (C) Lower magni-
fication view at 4:30 hr showing that disruption of the HUVEC monolayer integrity is restricted to the
extravasation site. B: T24 cell spheroids were stained with the lipophilic dye PKH-26 (red fluorescence),
whereas HUVEC were labeled by using Calcein AM (green fluorescence). The image sequences clearly
indicate that within a time period of 4 hr a complete tumor spheroid transmigrates across the endothelium.
White arrows indicate the retraction process of endothelial cells at the invasion front of the tumor sph-
eroid. Yellow and red arrows indicate rounded morphologies on endothelial cells with structures resem-
bling membrane blebbing. C: HUVEC (white arrows) and T24 tumor spheroid (blue arrow) were stained
by Calcein AM. Annexin-V-Cy3 labeling (red fluorescence) in conjunction with a strong green fluores-
cent signal from Calcein AM after 3.30 hr indicates that endothelial cells are triggered to undergo apop-
tosis (yellow and red arrows) at the site of tumor spheroid infiltration. A, B, C: Time is shown in hours;
the bar represents 50 pm. Movie files (Quicktime) of the complete image sequences can be viewed at
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www.uni-wh.de/immunology. D: Dilution series of HS578T-EGFP-MCS cells embedded within a three-
dimensional collagen lattice. Cells were seeded in 96-well culture plates over a range of 0—50,000 cells.
EGFP (enhanced green fluorescent protein) fluorescence was measured over a 1 second integration time.
Red indicates the highest and blue indicates the lowest EGFP fluorescence intensity. The graph represents
the mean photon count in relation to the cell number. E: Fluorescence of HS578T-EGFP-MCS cells in
nude mice. Cells (left mouse: 5 x 10°, right mouse: 1 x 10%) were injected into nude mice, and EGFP flu-
orescence was measured over a 5 second integration time. The left image shows the detected EGFP flu-
orescence in false colors, whereby red indicates the highest and blue indicates the lowest EGFP
fluorescence intensity. The right image is an overlay image of the false color image and the appropriate

background image.

Findings indicate that the guidance of metastasizing
tumor cells or cell clusters is also controlled by
chemokines. In general, chemokines play a pivotal role
in regulating the immune response by attracting and guid-
ing immune competent cells toward the inflammatory tis-
sue. However, it was shown by Muller et al. (2001) that
the metastatic pattern of breast tumors depended on the
interaction between the chemokine SDF-la,, which is
expressed by several tissues such as bone marrow, lung,
liver, and brain, and its receptor CXCR4, which was
expressed by breast cancer cells (Muller et al.,2001).
The investigation of the metastatic pattern of certain
tumors can only be analyzed in a living organism.
However, detection of neoplastic cells in current animal
models of human disease requires a large number of
target cells, and such models usually use the therapeutic
end points of gross tumor growth or death of the animal.
A general disadvantage of this common procedure is
that the pattern of tumor growth and distribution in
minimal residual states cannot be studied over time
(Sweeney et al., 1999). The use of bioluminescent or
biofluorescent reporter genes such as the firefly
luciferase or the EGFP, combined with highly sensitive
camera systems overcomes these limitations. Both pro-
teins can be expressed in a broad range of various cell
types without altering the cellular phenotype. Once
EGFP or firefly luciferase—expressing tumor cells are
injected into mice, their localization can be seen by
either applying ultraviolet light (for EGFP excitation)
or by injecting the substrate luciferin into the peri-
toneal cavity of the mice. Luciferin is then catabolized
by the firefly luciferase. In both cases light is emitted,
which can be collected by a sensitive CCD camera.
Because the whole animal is investigated, the trans-
mitted light through the anesthetized animal’s tissues
monitors the distribution and growth of tumor cells
(Edinger et al., 1999). Furthermore, because animals
are only anesthetized, this system allowed sensitive,
real-time analyses of the dynamics and quantification
of neoplasia in time and space (Sweeney et al., 1999).

However, it needs to be kept in mind that a two-
dimensional image is taken from a three-dimensional
animal. Therefore, it is not possible to quantify the size
of the tumors and to determine the absolute localiza-
tion of the tumor inside the animal. For that purpose,
the animal must be imaged from different views.
Furthermore, the emitted light is scattered and absorbed
by the surrounding tissue, so the level of scattering and
absorption is dependent on the tumor localization.
Consequently, a liver tumor, for example, may appear
larger than a subcutaneous tumor as a result of the higher
degree of light scattering and absorption. The scattering
and absorption of light has to be kept in mind if EGFP-
positive tumors are investigated because animals have
to be exposed with ultraviolet (UV) light. Because of
scattering and absorption of the UV light, only a certain
amount of the originally exposed UV will reach the
tumor and will excite EGFP molecules. Again, because
of the scattering and absorption only a certain amount
of the EGFP fluorescence will be transmitted through
the tissue. Therefore, the detection of small EGFP-
positive tumors may be difficult. In addition to that, it has
to be kept in mind that detection of EGFP-expressing
tumors can only be investigated in nude mice because
UV light is absorbed by hairs and, more importantly,
by the hair follicles.

The intensity of EGFP fluorescence and activity of
firefly luciferase in stable transfected tumor cells is
dependent on the relative expression levels of the appro-
priate proteins. EGFP-expressing tumors could be easily
sorted by flow cytometry, whereas detection of firefly
luciferase expression can be performed by analyzing
the light emission. Nonetheless, the relative EGFP or
firefly luciferase expression and activity should be tested
in a cell culture approach prior to injection of those cells
into animals. In Figure 16D we analyzed the relative
EGFP fluorescence of the breast cancer cell line
HS578T stably transfected with the pPEGFP-MCS vector
(Dittmar €t al., 2000b). HS578T-EGFP-MCS cells were
embedded within a three-dimensional collagen lattice
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over a range of 0-5 x 10* cells. Cells were seeded in
duplicates, and EGFP fluorescence was determined
with a 1 second integration time. In Figure 16E the EGFP
fluorescence of HS578T-EGFP-MCS cells is shown,
which were injected into nude mice. In the mouse
shown on the left, EGFP-expressing cells (5 x 10°) are
located in the ventral area of the mouse. In the mouse
shown on the right, EGFP-expressing cells (1 x 10°)
were injected subcutaneously in the dorsal region. The
relative EGFP fluorescence was determined with a
5 second integration time and is shown in false colors
(red indicates the highest, and blue indicates the lowest
EGFP intensity).
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Gastrointestinal Carcinoma:
An Introduction

M.A. Hayat

Gastric glands are highly organized tubular structures
consisting of a complex mixture of diverse types of cells
that are properly differentiated and located. The upper
region of the glands close to the gastric lumen is mainly
composed of the surface mucus cells that secrete neutral
mucins to protect the mucosa from gastric acid (Miyaoka
et al., 2004). The lower region distal to the lumen is
composed of chief cells that secrete pepsinogens, parietal
cells that produce gastric acid, and enteroendocrine cells
that secrete signaling factors. Between these two regions
is located the neck region, where the proliferating pro-
genitor cells are located. Daughters from the progenitor
cells follow a specific program of differentiation as they
migrate either upward toward the lumen, forming the
surface mucus cells, or downward toward the base,
forming chief cells, parietal cells, and enteroendocrine
cells (Karam and Leblond, 1993).

Although less prominent in North America, neoplasia
of the stomach is the second most common cancer
worldwide and is associated with a 5-year survival rate
of less than 20%. Gastric adenocarcinoma accounts for
>95% of these cases. Gastric cancer is also the second
most frequent malignancy worldwide, accounting for
9.9% of all cancer incidences and 12.1% of all cancer
deaths. The disease kills 600,000 individuals annually
worldwide. In the United States, the estimated mortality
rate in Caucasian males was 33/100,000 in the early
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20th century, and this rate declined to 5/100,000 in the
late 20th century. The declining trend is worldwide, and
it began earlier in developed countries. The age-adjusted
incidence reaches as high as 70/100,000 in Japanese and
Korean males (Ushijima and Sasako, 2004). Global
geographic variability in the rate of gastric cancer as
well as patient survival has been established. The male-
to-female ratio is 2:1 in many geographic regions. This
cancer is more prevalent in East Asia and South America.
It is presently unclear whether the molecular pathology
of gastric cancer is similar in Western, Asian, and Eastern
European countries.

All existing gastric cancer classification systems are
based on histology (e.g., World Health Organization
[WHO] and Lauren classification). The Lauren system
uses cell morphology to distinguish three broad subtypes:
1) intestinal-type gastric cancer (distal stomach),
2) diffuse-type gastric cancer (proximal stomach), and
3) mixed-type gastric cancer representing a combination
of the other two types. Diffuse-type gastric cancer shows
infiltrating, noncohesive tumor cells, whereas intestinal-
type contains cohesive, glandularlike cell groups.

These designations of different histologic subtypes
have value in understanding the epidemiology, demog-
raphy, progression, and survival of the patients. The
most common histologic variant present in high-risk
populations is intestinal type. It results from exposure

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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to various environmental factors including Helicobacter
pylori infection, and it evolves via a series of sequential
events such as chronic gastritis atrophy, intestinal
metaplasia, dysplasia, early carcinoma, invasion, and
metastases. In low-risk populations, the diffuse type is
more common. Diffuse tumors associate with the same
superficial gastritis as intestinal tumors. The former also
demonstrate high H. pylori antibody levels. Intestinal
and diffuse types may result from the transformation
of different epithelial cells or distinct molecular changes
in a common cell type. The molecular understanding
of these gastric cancer subtypes is limited, and, unlike
some other solid tumors, molecular features of gastric
cancer are not used to individualize treatment. Based
on the information available it can be stated that the
molecular genetics involved in intestinal gastric cancer
differ from those responsible for diffuse-type gastric
cancer; these differences are summarized next.

Beta-catenin mutation is more common in the
intestinal gastric cancer, whereas mutation in CDH1
(E-cadherin) is more often found in the diffuse type,
including familial gastric cancer (Grady et al., 2000);
however, neither mutation is exclusive to either type.
Somatic mutations were found within the E-cadherin
gene in 50% of the investigated diffuse-type gastric
cancers and lymph-node metastasis derived thereof but
not in the intestinal-type gastric cancer (Becker €t al.,
1994a). Chronic infection by H. pylori is commonly
associated with all subtypes of gastric cancer but
specifically to intestinal gastric cancer.

Intestinal-type gastric cancer is characterized by
proliferation markers such as topoisomerase (TOP2A)
and CDC25B, whereas diffuse-type gastric cancer is
characterized by genes (e.g., SPARC and Wht5a) encod-
ing components of the extracellular matrix (Boussioutas
et al., 2003). This information suggests that patients
with intestinal gastric cancer may particularly benefit
from antiproliferative chemotherapeutic agents.

Gastric carcinogenesis is a multistep process with
morphologic progression involving multiple genetic
and epigenetic events, and an intestinal metaplasia—
dysplasia—invasive carcinoma sequence exists. This
carcinogenesis involves a slow but continuous stepwise
evolution from superficial gastritis, glandular atrophy
to metaplasia, and eventually to adenocarcinoma. In
general, this cancer initially spreads locally within the
gastric wall serosa and then metastasizes to lymph nodes
via the peritoneal cavity. This slow process of carcino-
genesis, which may extend over decades, provides an
excellent opportunity for early detection and interven-
tion to prevent further progress or regression of the
carcinogenic process. Complete surgical resection at
early stages offers the best chance for a cure and thus
emphasizes the need for early diagnosis and treatment.

Despite the large proportion of patients who relapse
and undergo longer-term treatment, the question of opti-
mal treatment duration has not been fully addressed
to date. Patients who do not show progress on a certain
therapy are switched to a different active agent, presum-
ably one with a different mechanism of action from
previous therapy, with the hope of limited overlapping
toxicities. As a result, the question of optimal treat-
ment duration remains unanswered and may remain
unanswered in the absence of individualized targeted
therapy. Therefore, these agents should be used with
the critical goal of balancing the efficacy and toxicity
and their effect on symptoms and quality of life. For
further details of this subject, the reader is referred to
Herzog (2004).

Many oncologists have embraced six cycles of
chemotherapy as a standard treatment duration and
believe that treatment beyond this duration does not
provide any additional benefit to patients. However,
this limit is not rigorously supported in the recurrent
disease setting. It is possible that patients with recur-
rent disease might benefit from extended treatment,
if the disease is stable or in partial response. Agents
that are potentially suited for extended treatment
intervals should possess properties such as absence
of cumulative toxicity, non—cross-resistance, positive
benefit with regard to quality of life, and convenient
schedule.

Early Gastric Cancer

Early gastric cancer (EGC) is defined as a gastric
carcinoma confined to the mucosa or submucosa regard-
less of the presence of lymph-node status. The detection
rate of EGC has been steadily increasing because of
technical advances and increasing awareness of early
diagnostic benefit, especially in high-incidence areas.
Patients who undergo resection for EGC have an encour-
aging prognosis, with a 5-year survival rate of ~90%
(Yokota et al., 1998). Lymph-node metastasis is the most
important factor in determining the prognosis of patients
with EGC, which is associated with submucosal invasion
of neoplastic cells.

Role of Helicobacter pylori in Gastric Cancer

H. pylori (a Gram-negative bacillus) infection is an
important etiologic risk factor in gastric cancer and has
been classified as a group I or definite carcinogen by
WHO'’s International Agency for Research on Cancer.
This pathogen infects a high proportion of the popula-
tion in third-world countries and up to 50% in
Western countries. The incidence of infection increases
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with age, reaching ~50% in people aged 60 years.
Transmission is from person to person by the fecal—oral
route. Multiple factors play a role in gastric carcino-
genesis, including diet, lifestyle, infectious agents such
as H. pylori, genetic factors, as well as gene-environment
interactions. The clinical outcome of H. pylori infec-
tion depends on multiple variables including the envi-
ronment, host factors, and bacterial virulence factors.
In some patients, the infection is associated with duo-
denal ulcers, and in others, with gastric cancer (Uemura
etal., 2001).

Although approximately two-thirds of gastric cancer
can be prevented by changing lifestyle and diet habits,
the fact that some individuals develop this cancer but
others under similar exposure do not suggests that
genetic predisposition also plays an important role in
the etiology of gastric cancer. In addition to dietary and
socioeconomic factors, H. pylori infection has emerged
from epidemiologic studies as the environmental etio-
logic factor causing this cancer (Moayyedi and Ford,
2002). In fact, H pylori is the main etiologic agent of
initiating gastric cancer. Other etiologic factors alone
are not sufficient to induce this cancer.

H. pylori is associated with an increase in the circu-
lating concentration of the gastric hormone gastrin.
Gastrin stimulates acid secretion and activates mecha-
nisms that facilitate mucosal protection, including stim-
ulation of epithelial cell migration, cell renewal, and
release of growth factors of the epidermal growth factor
(EGF) family. Gastrin is increased in H. pylori infection,
which stimulates gastric expression of plasminogen
activator inhibitor-2 (PAI-2) (serpin B2) (Varro €t al.,
2004). In other words, oncogenic H. pylori induces
PAI-2 in gastric epithelial cells. Gastrin increases the
expression of the gene encoding PAI-2. It is also known
that PAI-2 is an inhibitor of the urokinase plasminogen
activator and has been known to be increased in gastric
adenocarcinoma.

H. pylori causes chronic active gastritis and peptic
ulcer disease and is linked with gastric adenocarcinomas,
including gastric mucosa—associated lymphoid tissue
lymphoma. Generally, gastric adenocarcinoma develops
through a multistep process from normal gastric mucosa
to chronic active gastritis, to gastric atrophy and intestinal
metaplasia, and finally to dysplasia and neoplasia. It is
thought that infection with H. pylori plays a causative
role in the early phases of this malignant progression
(Wang et al., 2002). However, consensus is lacking on
whether H. pylori is a carcinogen or a cancer promoter.
It is also not clear if eradication of this bacterium is
beneficial to persons free of gastric tumors.

A possible explanation for the link between H. pylori
infection and gastric carcinogenesis is that infection
with this pathogen increases cyclooxygenase-2 (COX-2)

messenger ribonucleic acid (mRNA) protein levels. It
is known that COX-2 is involved in gastrointestinal (GI)
cancer. Infection with H. pylori also stimulates release
of prostaglandin E, in H. pylori—associated premalignant
and malignant lesions. It has been shown that H. pylori
increases release of prostaglandin E, and COX-2 in
most metaplastic and adenomatous tissues as well as in
gastric adenocarcinoma (Lim et al., 2000). Gastric
tumorigenesis was significantly attenuated by long-term
administration of the COX-2 inhibitor, nimesulide, in
an H. pylori—associated gastric cancer mouse model
(Nam et al., 2004). Nimesulide is a nonsteroidal anti-
inflammatory drug that may be used as a selective
COX-2 inhibitor and thus may be useful in protecting
against gastric cancer development.

Because two main histologic gastric carcinoma types,
intestinal and diffuse, may be associated with different
genetic pathways Jiao et al. (2004) have carried out a
study analyzing loss of heterozygosity (LOH) and,
microsatellite instability (MSI]) status in different types
of gastric carcinomas. This study indicates that LOH
and MSI are more common in intestinal tumors (and
solid-type tumors) than in diffuse-type tumors. In this
study the crypt isolation technique was used, isolating
tumor tissue from stromal tissue. Because primary tumor
tissues always contain stromal tissues, the preparation
of tumor deoxyribonucleic acid (DNA) is contaminated
with normal DNA, making it difficult to assess LOH
status accurately as a result of false-negative results
with respect to allelic loss. This problem can be solved
by using the crypt isolation method, which can separate
tumor tissue from stromal tissue.

Some information is available regarding the genotoxic
insult resulting from H. pylori infection. It is well
established that oxidative stress is induced by H. pylori,
which is involved in carcinogenesis including GI cancers
(Seril et al., 2003).

Oxidative stress is linked to carcinogenesis because
of its ability to damage DNA. H. pylori infection leads
to the increased expression of an important polyamine
catabolic enzyme, the spermine oxidase (SMO
[PAON1]) (Xu et al., 2004). This enzyme oxidizes sper-
mine, producing the DNA-damaging reactive oxygen
species (ROS), hydrogen peroxide. One link between
H. pylori infection and gastric cancer is thought to be
SMO (PAOh1)—produced hydrogen peroxide. Thus, the
reactive species responsible for the inflammation and
carcinogenesis is bacterial infection—induced hydrogen
peroxide production.

Another study also indicates that H. pylori infection
causes inflammation, accumulation of ROS, and oxidative
DNA damage in the gastric mucosa (Ding et al., 2003).
H. pylori or ROS enhances APE-1/Ref-1 protein synthe-
sis and nuclear accumulation in human gastric epithelial
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cells, implicating this protein in the modulation of
pathogenesis of H. pylori infection. Future studies
should focus on determining the role that APE-1/Ref-1
may play in coordinating gastric epithelial cellular
responses to H. pylori infection or oxidative stress.

A pathway that may be relevant to malignant
transformation induced by H. pylori involves the down-
regulation of p27 (a cell cycle inhibitor) a tumor sup-
pressor and apoptosis regulator. Immunohistochemical
studies have demonstrated that chronic H. pylori infec-
tion is associated with reduced expression of p27 protein
in gastric epithelial cells in biopsy specimens (Shirin
et al., 2000). It has also been demonstrated that the
reduction in levels of p27 protein expression can be
reproduced by the co-culture of H. pylori with gastric
epithelial cells and that it is dose and time dependent
(Eguchi et al., 2003). The decrease in p27 protein is
mediated through increased breakdown of this protein
rather than its decreased transcription.

H. pylori decreases p27 protein by up-regulating
proteasome-dependent degradation. This degradation
is not associated with increased phosphorylation of p27
at T187, enhanced SKP2 expression, or increased p27
ubiquitination (Eguchi et al., 2003). Increased activa-
tion of T187-dependent ubiquitin proteasome pathway
associated with increased SKP2 expression has been
reported in several human cancers including gastric cancer
(Mori et al., 1997). Low p27 expression is generally
associated with a poor prognosis in cancer. Thus,
H. pylori increases p27 protein degradation by a mech-
anism different from that responsible for its degradation
during normal cell cycling. It is worth noting that reduc-
tion in p27 occurs independent of H. pylori effects on
cell cycle.

Granulomatous Gastritis

Granulomatous gastritis (GG) is inflammation of the
stomach, representing a nonspecific reaction to a variety
of agents, and its incidence is uncommon. This condi-
tion results from a sustained tissue irritation by poorly
degradable substances. Ectors et al. (1993) have clas-
sified GG cases based on the cause: Crohn’s disease
(52%), idiopathic GG (25%), foreign bodies (10%),
underlying malignancies (7%), sarcoidosis (1%),
Whipple’s disease (1%), and unclassified (3%). They
also reported that 89% of the 72 cases were accompanied
by chronic atrophic gastritis, 95% showed adjacent
chronic gastritis, and 92% were positive for H. pylori
infection.

The clinicopathologic diagnosis of the 18 patients
with GG were as follows: chronic gastritis with
H. pylori infection (n = 14) and without (n = 1), gastric

adenocarcinomas (n = 2), and Crohn’s disease (n = 1)
(Maeng et al., 2004). These and other studies indicate
that a variety of factors are involved in causing GG. In
the absence of other aforementioned causative factors,
GG can appear as isolated/idiopathic. In other words,
H. pylori is causal in the pathogenesis of GG after
excluding all other causes. The granulomas are found
more frequently in the antrum, are superficially located,
and are related to damage within a pit in which the
H. pylori are commonly observed (Maeng €t al., 2004).
Almost all cases of GG show small erosions or ulcers
by the endoscopic examination.

Genetics of Gastric Cancer

Carcinogenesis, including the development of gastric
cancer, is a multistep process involving a number of
factors such as the accumulation of genetic alterations
in cellular oncogenes, tumor-suppressor genes, regula-
tors of the cell cycle, and DNA-repair genes. Indeed, a
multifactorial model of human gastric carcinogenesis
is currently accepted, according to which different
dietary and nondietary factors, including genetic suscep-
tibility, are involved at different stages in this cancer.

Various techniques have been used for detecting
a large number of genes involved in various stages
of gastric carcinogenesis. Recently available genomic
technologies have enabled us to accumulate genetic
information at a rapid pace. The chromosomal localiza-
tion of many thousands of genes in the human genome
have already been mapped accurately. Differential gene-
expression profiling and suppression substractive
hybridization, analysis have been performed for iden-
tifying genes in gastric adenoma and gastric adenocar-
cinoma, and on these bases distinct gene expression
patterns have been found (Takenawa et al., 2004).
These approaches add new insight into understanding
the molecular pathogenesis involved in the early stages
of gastric carcinogenesis. Such information helps in
determining specific markers for clinical practice and
in designing potentially novel therapeutic targets.

An increasing interest is being shown in correlating
clinical outcomes with gene expression signatures.
Indeed, increasing information is being obtained through
systematic comparison of molecular features of individ-
ual cancer with key clinical parameters. The expression
profiling of a large set of gastric cancer and nonneo-
plastic specimens enables distinction between pre-
malignant and malignant subtypes of gastric cancer. In
this respect, differences in gene expression between
tumor tissue and adjacent mucosa are also important.
The identification of molecular signatures that are
characteristic of subtypes of this cancer and associated
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premalignant changes should enable further analysis of
the steps involved in the initiation and progression of
this disease.

With respect to molecular etiology, abnormalities in
a number of genes at different stages and in different
types of gastric cancers have been identified. Such
studies help to understand the molecular basis of these
cancers. As stated earlier, both oncogenes and tumor-
suppressor genes are altered in gastric cancer. Activation
of oncogenes involved in this cancer include 3-catenin,
K-ras, HER-2/neu, K-sam, and c-met. Inactivation of
p53, APC (adenomatous polyposis coli) E-cadherin and
p16 tumor-suppressor genes is also common in gastric
cancer. Another tumor-suppressor gene, RUNXj;, was
reported in gastric cancer, but its mutations were rare
(Li et al., 2002). p53 mutations are more common in
the intestinal type of gastric adenocarcinomas than in
the diffuse type. Mutations of the APC gene are found
frequently in gastric adenomas but infrequently in ade-
nocarcinomas (Lee €t al., 2002). It is important to note
that many of these genes are also involved in other
cancers. It is also emphasized that epigenetic silencing of
gene expression by promoter CpG hypermethylation is
an important alternative mechanism in inactivating
tumor-suppressor genes. Chromosomal alteration at the
17q region is also known to be a frequent finding in
gastric cancer. Three genes (HER-2/neu, TOP2A, and
DARPP32) have been characterized at the 17q21 locus
in human gastric cancer primary tumors (Varis €t al.,
2004).

Cell-adhesion molecules mentioned earlier, cell cycle
mediators (e.g., cyclin D1), and CD44 are also involved
in gastric cancer (El-Rifai and Powell, 2002; Yasui €t al.,
2001). A novel factor, DEGA/AMIGO-2, has been
identified, which may function not only as a signaling
cell-adhesion molecule but also is required for the
tumorigenesis of a subset of human gastric adenocar-
cinomas (Rabenau et al., 2004). The inhibition of the
expression of this gene negatively affects tumor growth
and alters chromosomal ploidy and stability. Further
molecular genetic characterization is required to deter-
mine its precise function or mechanism in gastric
adenocarcinoma. The role of some of these genes in this
cancer is discussed in detail in this chapter and other
chapters in this volume. MSI and LOH also play a role
in gastric cancer. Losses and gains of chromosomal
regions in gastric cancer are summarized in the section
on MSI in this chapter.

Because of the genetic instability (characteristic of
almost all cancer types), patients suffering from super-
ficially identical tumors show an enormous variability
in their gene expression profiles termed patient-specific
transcription profile. To aim at a more efficient and
individual therapy, it will be necessary to distinguish

between patient-specific transcription profiles and the
altered expression pattern underlying all tumors of the
same type.

Role of Microsatellite Instability
and Loss of Heterozygosity

It is known that alterations in DNA mismatch repair
(MMR) proteins result in MSI, increased mutation
accumulations at target genes, and cancer development.
Gastric carcinomas are among the tumors that most
frequently display MSI. MSI analysis, Western blot
analysis, immunohistochemistry (IHC), and promoter
methylation assays confirm that approximately one-third
of gastric cancers display high-level MSI and low-level
MSTI (Yao et al., 2004). In this study a panel of five
microsatellite markers were used for characterizing the
MMR system and MSI of 14 established gastric cancer
cell lines. More specifically, MSI is observed in 5-10%
of the diffuse type of gastric cancers and in 15-40%
of the intestinal type of these cancers (Ushijima and
Sasako, 2004).

The major mechanism for the MSI in gastric cancer,
as stated earlier, is inactivation of the MMR gene, result-
ing from hypermethylation of its promoter (Fang et al .,
2003). The MMR system is essential for replication
fidelity, correcting DNA base mismatches left uncor-
rected by DNA polymerase. It has been demonstrated
that MSI phenotype occurring in tumors is caused by
deficiency of one of the main DNA MMR proteins
(hMLH1 and hMLH2) and in a small number of cases
it results from deficiency of hMSH6, hMSH3, and
hMSH?2 (Bae et al., 2000). These studies represent a
useful tool for future experimental investigations
addressing the role of DNA MMR in the molecular
behavior of gastric cancer.

Efficient MMR requires combining function of MutL
(e.g., AMLH1) and Muts (e.g., h(MSH2) heterodimers.
In MMR-deficient cells, insertion or deletion of
nucleotide bases at microsatellite sequences causing
MSI-type mutations occurs at high frequency.

Inactivation of genes by base insertion or deletion in
small mononucleotide repeats in the coding region con-
tributes to cancer development and progression. In a
fraction of sporadic tumors, including gastric adenocar-
cinoma (Duval and Hamelin, 2002), MSI occurs at
multiple microsatellite loci. Although hMLHI1 (also p16)
is inactivated in gastric cancers by mutation or promoter
hypermethylation, inactivation by the latter is much
more frequent than mutation in sporadic gastric cancers.

As in many types of human cancers, LOH contributes
to gastric cancer because it inactivates tumor-suppressor
genes. (The LOH study is a comparison of polymorphilic
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loci in DNA and the finding of contiguous regions of
tumor DNA where one allele is absent.) Such inactiva-
tion is caused by mutation or allelic loss. Regions that
demonstrate high rates of LOH represent loci that poten-
tially harbor tumor-suppressor genes. Chromosomal
gains have been found on 1p, 6p, 7q, 8q, 11q, 16q, 17q,
20q, and 22q, and losses have been found on 3p, 4q,
5q, 9p, 16p, 17p, 18p, and 19p in gastric cancer. Gains
at 20q, 17q, and 8q and losses at 14p and 18q are espe-
cially crucial in the development and progression of gas-
tric cancer. Gains at 20q are most frequent, and losses
at 18q are associated with clinicopathologic factors,
which may be considered markers for this cancer. LOH
at the DCC locus (18q21) is frequently found in gastric
cancer (Sato et al., 2001). Chromosomal losses are
higher in gastric cancer with lymph-node metastasis,
and the mean number of gains and total alterations are
higher in gastric carcinomas with venous invasion.

Comparative genomic hybridization (CGH) has also
been used for studying chromosomal alterations in gas-
tric cancer. This procedure facilitates detection of genetic
amplification and deletions in each chromosome. CGH
studies also indicate gains at 20q, 17q, and 8q and losses
at 19p and 18q in the development and progression of
gastric cancer (Kimura et al., 2004). These data and
those discussed earlier suggest a relationship between
gastric carcinogenesis and potential tumor-suppressor
genes. However, such relevant genes within these chro-
mosomal regions remain to be identified, and whether
such genes behave as oncogenes has not been discerned.

The extent of chromosomal losses and the presence
of an MSI determined on a biopsy specimen can provide
valuable information for making a preoperative genetic
diagnosis of a gastric cancer (Hong €t al., 2005). Such
a diagnosis aimed at predicting the tumor stage and the
survival based on the biopsy genotype and the tumor
size measurable during a surgical resection is likely to
be clinically relevant.

Biomarkers for Gastric Carcinoma

The development of cancer is a relatively slow multi-
step process, so often it takes several years to become
clinically manifested. During tumor progression, cancer
cells acquire multiple alterations that render them
increasingly able to establish metastatic lesions in
specific organs. However, primary tumors may already
contain a gene(s) expression profile that is strongly
predictive of metastasis and poor survival thus challeng-
ing the notion that metastatic ability is acquired only
late during tumor progression.

Presently, techniques that may possess the sensitivity
and specificity to detect a tumor at its earliest stage
are lacking. Because reduction of cancer mortality is

dependent partly on early detection, the importance of
such detection of neoplasia is obvious. Early detection
of tumor development also facilitates accurate clinical
decisions such as risk assessment, monitoring the course
of disease, and positive or negative response to therapy.
Thus, through early detection, longer disease-free sur-
vival, longer overall survival, and improved quality of
life for the patient can be achieved. Early detection of
certain tumor types can be ascertained by detecting
specific biomarkers.

Biomarkers are molecular signatures of a cellular
phenotype, which facilitate early cancer detection, patho-
logic grading and staging, and risk assessment to help
in the development and use of molecularly targeted
therapies tailored to the patient and to increase the rate
of survival as a result of early detection or improved
therapies. In other words, tumor markers can help in
at least six areas: 1) screening (finding cancer early),
2) diagnosis (is it really a cancer?), 3) prognosis (how
will the cancer behave?), 4) monitoring (how is the treat-
ment working?), 5) predicting a response (will a drug be
effective?), and 6) surveillance (will the patient need
more treatment?). Because early detection and effective
prevention represent the most promising clinical
approaches, the identification of biomarkers to stratify
patients into different risk groups would be a potential
strategy for clinical trials.

The ideal biomarker should be sensitive and specific
for the given cellular entity, not detected anywhere else,
and sufficiently sensitive, enabling optimal detection,
especially at an early stage of the disease. An early
detection increases the chances of curative treatment.
In addition, the marker should be relatively easily mea-
surable and the test should be reproducible (reliable)
and minimally invasive. Many new markers are being
discovered based on several methods, including gene
microarray, proteomics, and IHC. Most of the known
markers have not yet been tested clinically, although
some of them in this respect appear to be promising
(Table 3).

The main reasons for lack of more than a few specific
markers to achieve exact intervention and exact progno-
sis of gastric cancer is that it is a very heterogeneous
tumor entity and multiple changes at the cellular, subcel-
lular, and molecular levels occur during its development
and progression. The complex nature of this cancer
becomes clear when one considers that although gas-
tric adenomas are precancerous lesions, some of these
adenomas persist unchanged for a long time. However,
in recent years the number of gastric tumor markers that
are clinically useful for predicting therapeutic responses
or patient outcome has been slowly increasing.

To guide the process of biomarker development,
evaluation, and application, a five-phase program is rec-
ommended by the Early Detection Research Network
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Table 3. Biomarkers for Gastric Cancer

*APC (adenomatous polyposis
coli)

ARP2/3

BAK gene

*Bcl-2

*Beta-catenin

BNIP3

*BUBI protein

CA 72-4

*Caspase-3

*CD-34

CDHI3

*Chromogranin A

*Cyclin D2

*Cyclin E

Cyclooxygenase-2

*Cytokeratin

DEGA/AMIGO-2

*Desmin

Dihydropyrimidine
dehydrogenase

*DNAmethyltransferase 1
protein

*E-cadherin

*Epidermal growth factor
receptor

*FAS-associated factor 1

hCGB

*hMSH2

*HER-2

*Ki-67

*KiSS-1

*KIT

*MUC5B

*MUC 5AC

MYH gene
#p] GINK4A

*pz 1 ‘WAF/CIPI

*p53

p73

*p150

*PCNA (proliferating cell
nuclear antigen)

*Placenta growth factor

*Plasminogen activator
inhibitor-2

*Platelet-derived growth
factor receptor

*Reg protein

*S-100

Sah-1 gene

SLC5A8

*Smad-4

*Thymidylate synthase protein

*Transforming growth factor o

*Trefoil factor

*Vascular endothelial growth
factor receptor

*Vascular epidermal growth factor

*Vesicle proteins

This volume

Kaneda et al. (2004)
Sakamoto et al. (2004)
Fricke et al. (2003)
This volume

Murai et al. (2005)
This volume

Louhimo €t al. (2004a)
This volume
Yamaguchi et al. (2004)
Hibi et al. (2004)

This volume

This volume

Bani-Hani et al. (2005)
Okano et al. (2004)
Kim et al. (2004a)
Rabenau €t al. (2004)
Yamaguchi et al. (2004)
Ichikawa et al. (2004)

This volume

This volume
This volume

Bjgrling-Poulsen et al. (2003)
Louhimo et al. (2004b)
Yao et al. (2004)
Okano et al. (2004)
Fricke €t al. (2003)
This volume

This volume

This volume

Sun €t al. (2005)

Kim et al. (2004b)
This volume

Sun €t al. (2005)

This volume

Tomkova et al. (2004)
Chen et al. (2004a)
This volume

Chen et al. (2004b)
Varro et al. (2004)

Rossi et al. (2005)

Miyaoka et al. (2004)
Yamaguchi et al. (2004)
Kim et al. (2004c)
Ueno €t al. (2004)
Okano €t al. (2004)
Grau €t al. (2004)
Espinoza et al. (2004)
Dhar et al. (2003)
Gong et al. (2005)

This volume
This volume

*These markers have been identified with immunohistochemistry,

in situ hybridization, or both.

(EDRN) of the National Cancer Institute (Table 4)
(Pepe et al., 2001). This program assists in defining the
criteria to determine the current status of biomarkers in
the published literature and assess how close these mark-
ers are to clinical application, and it serves as a guide for
future marker development (Marrero and Lok, 2004).
The program essentially is biomarker validation protocol:
1) preclinical exploratory studies, 2) clinical assay
development for disease, 3) retrospective longitudinal
study to detect preclinical disease, 4) prospective
screening study, and 5) cancer control studies. There is
an urgent need for clinical biomarkers for early detection
of gastric carcinoma. A number of markers, including
those studied with THC and fluorescence in situ
hybridization (FISH), for gastric cancer are discussed
next and given in Table 3.

BAK

The invasion of apoptosis is linked to the development
of cancer. Bax and Bak genes produce proapoptotic
proteins, the activation of which is essential for triggering
apoptosis in response to diverse stimuli. Whether these
genes undergo somatic mutations in gastric cancer is
controversial. According to Sakamoto €t al. (2004),
somatic mutations in the Bak gene are rare in gastric
cancers, whereas according to Kondo et al. (2000); a
significant frequency of such mutations are found in this
gene in advanced gastric cancer. Immunohistochemical
studies demonstrate that Bak expression is reduced in
gastric cancer cells as compared with corresponding
normal epithelial cells (Krajewska et al., 1996). These
contradictating results may be explained by assuming
that the Bak gene is inactivated by other molecular
mechanisms such as aberrant hypermethylation or hap-
loinsufficiency (Largaespada, 2001).

B-Catenin

B-Catenin is a multifunctional protein that plays an
important role in the transduction of Wnt signals and
in the intercellular adhesion by linking the cytoplasmic
domain of cadherin. B-Catenin exists in three different
subcellular forms: membrane bound, cytosolic, and
nuclear. However, cytosolic B-catenin is kept at a low
level, eliminated by degradation, or translocated to the
nucleus. The low-level concentration of B-catenin is
accomplished through interaction with a protein com-
plex composed of APC, Axin, protein phosphatase 2A,
or glycogen synthase kinase 3B (GSK3p). This com-
plex phosphorylates the P-catenin, resulting in the
ubiquitination-dependent proteolysis of P-catenin
(Kim et al., 2004a, b). Alterations of these genes cause
accumulation of cytosolic B-catenin and its nuclear
translocation. After the translocation into the nucleus,
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Table 4. Phases of Biomarker Validation in Cancer Surveillance

Phases Type of Study Aims

1 Preclinical exploratory Promising markers identified

2 Clinical assay and validation Assay detects established disease

3 Retrospective longitudinal Biomarker detects preclinical disease

4 Prospective screening Confirm ability of marker to detect early-stage disease

5 Cancer control Impact of screening on reducing tumor burden in at-risk population

From Marrero and Lok (2004).

B-catenin binds to members of the T-cell factor/Lef
family, activating target genes such as cyclin D1 and
myc. Only one of these genes is mutated in a given tumor
type, reflecting their role in a common pathway.

Most of the B-catenin mutations are activating
mutations, mainly occurring at one of the four phospho-
rylation sites in exon 3 (Polakis, 2001). These genetic
alterations, especially in GSK3p, are mentioned, earlier.
These and other findings suggest that genes for B-catenin
degradation are associated with the development of
gastric cancer.

As mentioned earlier, cytosolic B-catenin is eliminated
by APC-dependent proteosomal degradation pathways
regulated by GSK3p or p53-inducible Sah-1. Similar
to p53, overexpression of Sah-1 inhibits cell prolifer-
ation, promotes apoptosis, and suppresses tumor forma-
tion. These observations suggest that Sah-1 is one of the
tumor-suppressor genes that participates in the APC-
mediated down-regulation of cytosolic B-catenin (Kim
et al., 2004a, b). Thus mutations of the Sah-1 gene play
an important role in the development or progression in
a subset of gastric cancer through [3-catenin stabilization
and blockage of apoptosis. Immunohistochemical stud-
ies demonstrate the presence of B-catenin at the plasma
membrane in the normal gastric mucosa, whereas this
protein is nuclear and cytosolic in gastric cancer cells
(Kim et al., 2004a, b).

E-Cadherin

E-cadherin is a transmembrane glycoprotein
expressed on epithelial cells. This cell-cell adhesion
molecule executes important functions in embryogen-
esis and tissue architecture by forming intercellular
junction complexes and establishing cell polarization.
The extracellular domain of E-cadherin is involved in
a molecular zipper mediating cell-cell adhesion, whereas
the cytoplasmic tail is linked to the actin cytoskeleton
via cytosolic catenin proteins; catenins serve as bridg-
ing molecules. In the presence of E-cadherin muta-
tions, B-catenin is found in an abnormal perinuclear
location.

E-cadherin is not only involved in cell-cell contact,
but multiple signaling pathways are also activated or
repressed by the functions of this protein. One of the
best-known pathways is the B-catenin/LEF/T-cell factor
signaling cascade (Nollet et al., 1999). It has been
reported that loss of E-cadherin and cytosolic B-catenin
induces p38-mediated NFKB activation (Kuphal et al.,
2004). NFKB activation is connected with multiple
aspects of oncogenesis, including the control of apop-
tosis, the cell cycle, differentiation, and cell migration.
Mitogen-activated protein (MAP) kinases are also reg-
ulated via E-cadherin (Pece and Gutkind, 2000).

Cell—cell and cell-matrix interactions are crucially
involved in neoplastic transformation and metastasis.
Defective cell adhesion contributes to loss of contact
inhibition of growth, which is an important early step in
the neoplastic process. Furthermore, loss of cell adhesion
accounts for the ability of cancer cells to cross normal
tissue boundaries and metastasize. The importance of
E-cadherin in maintaining cell adhesion implies that its
dysfunction plays an important role in tumorigenesis.
Tumor-associated E-cadherin mutations influence reg-
ulatory cellular networks. Owing to its critical function
in intercellular adhesion, E-cadherin acts as a tumor
suppressor, negatively regulating several critical steps
of invasion and metastasis. Loss of E-cadherin expres-
sion during tumor development has been observed in a
variety of different tumors including gastric tumors.
Abnormalities of cell-adhesion molecules lead to dys-
function of intercellular adhesion, which is accompanied
by higher mobility of tumor cells and aggressive tumor
behavior.

Several mechanisms impair E-cadherin function,
including E-cadherin inactivation caused by mutations
and promoter inactivation attributed to hypermethyla-
tion. The latter is the predominant mechanism, whereas
the former is fairly common in specific gastric cancer
subtypes. The transcription factor Snail (a member of
the Snail family of zinc-finger) is also a repressor of
E-cadherin gene expression by binding to its proximal
promoter in epithelial tumor cells. Endogenous Snail
proteins are present in human carcinoma cell lines and
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in tumors in which E-cadherin has been lost with asso-
ciated acquisition of a fibroblastic phenotype (Batlle
et al., 2000). This family occupies a central role in
morphogenesis because it is essential for mesoderm
formation. The importance of Snail proteins becomes
apparent considering that down-regulation of E-cadherin
occurs during epithelial-mesenchymal transitions, the
process of cellular morphologic changes in epithelial
cells from epithelial features to a more fibroblastic and
flattened phenotype (Rosivatz €t al., 2002).

E-cadherin is involved in tumor invasion and metas-
tasis. Silencing of E-cadherin by promoter CpG
methylation has been shown in both familial and sporadic
gastric cancers. The second hit in E-cadherin germline
mutation carriers is also generally the result of methy-
lation. Somatic mutations of E-cadherin are found
specifically in sporadic diffuse type of gastric cancers
(Becker et al., 1999). It should be noted that aberrant
methylations are widely distributed and can be present
even in noncancerous gastric mucosae.

E-cadherin methylation is an early event in gastric
carcinogenesis and is initiated by H. pylori infection.
Disruption of the E-cadherin complex is expected to
induce loss of cell adhesion with a concomitant increased
cell motility. Direct evidence of E-cadherin mutations
triggering tumorigenesis has come from the finding of
inactivating germline mutations of the CDH1 gene in
hereditary diffuse gastric cancer.

Among the genetic alterations associated with diffuse-
type gastric carcinoma are mutations in the tumor-
suppressor genes E-cadherin and p53. Tumor cell
proliferation and loss of tumor cells by apoptosis deter-
mine tumor growth. Evading apoptosis is critical for the
expansion of tumors. E-cadherin mutations and p53
mutations are critical for the regulation of apoptosis
program and thus for tumor growth because both prolif-
eration and apoptosis determine the number of tumor
cells. E-cadherin mutations alter the function of wild-
type molecules such as p53 and provide tumor cells
with the properties that promote tumor cell dissemina-
tion. Immunohistochemical analysis of E-cadherin
expression and localization shows that E-cadherin
is detectable in tumor cells (Fricke €t al., 2003). The role
of E-cadherin as a prognostic marker in gastric cancer
has been shown not only by immunohistochemical
studies but also by methylation-specific polymerase
chain reaction (Chan et al., 2003). Membrane localiza-
tion of E-cadherin protein is common in diffuse-type
gastric cancer, which is consistent with the role of this
protein as an adhesion molecule. E-cadherin mutations
and the development and progression of diffuse-type
gastric cancer has been demonstrated (Becker et al.,
1999). Such analyses also indicate that E-cadherin is
not common in the intestinal-type gastric cancer.

Epidermal Growth Factor Receptor

Alterations in several genes coding for proteins that
play a role in cell multiplication, cellular adhesion, or
DNA repair contribute to the development and pro-
gression of gastric adenocarcinomas.

Abnormal expression of epidermal growth factor
receptor (EGFR) or mutated EGFR protein, or both, are
associated with poor prognosis in many types of human
cancers, including gastric tumors. Co-expression of
transforming growth factor (TGFo) (an EGFR ligand)
with EGFR in cancer cells is thought to constitute an
autocrine loop influencing various processes that deter-
mine tumor progression such as continuous cell prolif-
eration, cell migration, cell adhesion, cell survival,
and angiogenesis. Furthermore, it has been shown that
co-expression of EGFR and TGFo associated with the
accumulation of mutated p53 occurs frequently in
advanced primary gastric adenocarcinomas (Espinoza
et al., 2004). Tt is known that p53 mutations can occur
in up to 50% of human malignancies, including gastric
carcinoma.

MUC5B

Mucins, the main protectors of most epithelial inter-
faces, are high molecular weight glycoproteins
containing many serine and threonine residues that are
potentially glycosylated. They are synthesized by
secretory epithelial cells as membrane or secreted pro-
teins. Thus far, at least 14 mucin genes have been iden-
tified that code for mucin proteins. Mucin genes are
expressed in a regulated cell- and tissue-specific man-
ner. These genes play important roles during cell dif-
ferentiation and carcinogenesis, and their expression is
altered during pathogenesis of neoplastic diseases. In a
normal stomach, MUCT is detected in mucus cells of
the surface epithelium and neck regions of the gastric
antrum as well as in pyloric glands and oxynthic
glands of the body region (Ho et al., 1995).

Distinct patterns of mucin expression are found with
intestinal metaplasia. Complete intestinal metaplasia
shows little or no expression of MUC1, MUCS5AC, or
MUCS6, although goblet cells strongly express MUC?2.
MUCSB is expressed in trachea, bronchus, and submax-
illary glands and endocervix, gall bladder, and pancreas
(Desseyn et al., 1998). Under normal conditions,
MUCSB is absent in the adult stomach (it is present
only during a brief period of fetal life). MUCSB is
expressed de nNovo in gastric mucosa only in cases of
gastric carcinoma (Perrais €t al., 2001).

Pinto-de-Sousa et al. (2004) have evaluated the role
of MUCS5B expression in gastric carcinoma using
monoclonal antibody EU-MUCS5Ba; this antibody is



100

Il Gastrointestinal Carcinoma

specific for nonglycosylated domains of the secreted
MUCS5B and MUCT7. This study showed that MUC5B
expression was associated with gastric carcinoma differ-
entiation with an absence of venous invasion. MUC5B
expression was associated with the co-expression of
MUCS5AC but not with MUC1, MUC2, and MUC6. The
former association suggests that both genes share more
than their close location on the chromosome 11p15.

Thymidylate Synthase

Thymidylate synthase (TS) provides the sole de novo
source of thymidylate for DNA synthesis. Expression
of TS has been widely investigated in the setting of
fluoropyrimidine resistance. Specifically, TS overex-
pression as a result of gene amplification in cancer cell
lines has been closely associated with 5-FU (5-fluo-
roacil) drug resistance (Berger et al., 1987). Studies in
patients with gastric cancer with locally advanced or
metastatic disease treated with fluoropyrimidines have
demonstrated that TS expression is inversely related to
treatment response and survival (Johnston et al.,
1995). Patients with a low TS expression have higher
tumor responses to these drugs and longer survival than
patients with high TS expression. TS has a role in the
selection of candidates for fluoropyrimidine treatment
among patients with gastric cancer. Expression of TS
protein has been studied in the histologically confirmed
adenocarcinomas of the stomach using the immunohis-
tochemical method (Grau €t al., 2004).
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Role of Immunohistochemical
Expression of p53 in Gastric
Carcinoma

Ming Teh and Kong-Bing Tan

Introduction

Gastric carcinoma is an important gastrointestinal
(GI) malignancy that carries with it high morbidity and
mortality when detected late. Although its incidence
is on a worldwide decline, it remains one of the most
common cancers worldwide, particularly in Asia. In
Singapore, it ranks as the fourth most common cancer:
the age-standardized incidence rate among Chinese
males was 29.3 per 100,000 per year (1988-1992),
a figure between those of Western populations and
populations with a high incidence of the disease, such
as the Japanese (Parkin et al., 1997).

Gastric intestinal metaplasia and gastric dysplasia are
well-recognized precursor lesions of gastric carcinoma.
They often arise in the setting of Helicobacter pylori—
associated chronic atrophic gastritis, a condition that
is itself a risk factor for the development of gastric
carcinoma. All of these lesions are well-characterized
histologically. Patients with low-grade gastric dysplasia
undergo surveillance gastric endoscopy with biopsy,
whereas those with high-grade dysplasia are often
advised to undergo resection of the lesion. Where the
technique is available, endoscopic mucosal resections
may offer a nonsurgical cure.

Whereas gastric carcinogenesis is a multistep process
associated with multiple causes, p5S3 mutations play an

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
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important role in this transformation. They are thought
to be early events in the stepwise progression to gastric
carcinoma (Teh and Lee, 1994), especially the intestinal
type (Ranzani et al., 1995). Studies of p53 mutagenesis
have mainly been by the use of polymerase chain reac-
tion (PCR)—single-strand conformation polymorphism
(SSCP) assays, and gene-sequencing studies (Fenoglio-
Preiser et al., 2003; Murakami €t al., 1999).
Immunohistochemical overexpression of p53 has been
used as a convenient surrogate marker of p53 mutations.
This is based on the concept that wild-type p53 is nor-
mally present in amounts that are undetectable by the
usual immunohistochemical methods. The mutated
protein, however, has a much longer half-life, leading to
intranuclear accumulation and, hence, detectability using
specific monoclonal antibodies (Finlay et al., 1989).
Problems with this assumption exist. On the one hand,
wild-type p53 accumulation may occur as a repair-type
response during inflammatory conditions and may be
immunohistochemically positive, especially with the
use of efficient antigen-retrieval methods (McKee et al.,
1993). On the other hand, some p53 mutations may
not produce immunodetectable p53 (Fenoglio-Preiser
et al., 2003). Nevertheless, there has been a large
number of studies on p53 immunoexpression in gastric
carcinoma and its precursor lesions (Fenoglio-Preiser
et al., 2003; Teh and Lee, 1994; Teh et al., 2002).

Copyright © 2006 by Elsevier (USA).
All rights reserved.
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Although there are variations in the findings, which are
probably contributed by differences in the methodol-
ogy used, these studies have advanced our understanding
of the role of p53 abnormalities in gastric carcinogen-
esis. This chapter summarizes the relevant findings to
date, discusses the implications, and suggests future
directions in this area.

MATERIALS

Dako EnVision+ System Kit
MICROMED T/T Microwave
Citrate buffer (0.01M)
Iris-buffer saline (TBS) (pH 7.6)
. Gill’s Hematoxylin (MERCK, modified solution,
0B315401)
6. p53 antibody (Dako, clone DO-7)

N

METHODS

1. Dewax sections in xylene, and hydrate to water
in descending grade of alcohol.

2. Treat section in 0.01M citrate buffer (pH 6) by
Micromed T/T oven for 20 min.

3. Wash in water.

4. Quench any endogenous peroxidase activity by
incubating the section with 3% H,O, for 10 min.

5. Wash in TBS for 5 min.

6. Apply p53 (diluted 1/500) on section and incu-
bate for 1 hr.

7. Rinse gently with buffer, and place in a fresh
buffer bath for 10 min.

8. Incubate the sections with the labeled polymer
for 30 min.

9. Wash in TBS for 10 min.

10. Incubate with DAB (diaminobenzidine) + sub-
strate for 5-10 min.

11. Rinse gently with distilled water. Collect
substrate-chromogen waste in a hazardous materials
container for proper disposal.

12. Counterstain the nuclei with Gill’s haema-
toxylin for 30 sec to 1 min.

13. Wash in water, dehydrate in alcohol, clear in
xylene, and mount with DPX.

RESULTS AND DISCUSSION

The p53 oncoprotein is detected in many cases of
gastric carcinomas—60% in our experience (Teh
and Lee, 1994) (Figure 17A). Muitiple studies have
been done in this area and have shown that p53 is

g,

Figure 17. A: Strong nuclear p53 immunoexpression in
a case of gastric adenocarcinoma (original magnification,
600X). B: Moderate nuclear pS3 immunoexpression in a
case of gastric dysplasia (original magnification, 600X).
C: Moderate p53 immunoexpression, similar to that of
Figure 17B, in nonneoplastic, nondysplastic gastric epithe-
lium, from a case of Helicobacter pylori chronic gastritis
(original magnification, 500X).

e

immunohistochemically detectable in 4-90% of gastric
carcinomas (Martin €t al., 1990; Setala et al., 1998). As
with any series of studies involving differing method-
ologies, this variability is not unexpected. This range
of p53 immunoexpression is fairly comparable to that
of p53 mutations, which are found in 0-77% of carci-
nomas (Correa and Shiao, 1994; Yamada et al., 1991). In
a 2003 review, Fenoglio-Preiser €t al., stated that there
was poor correlation between p53 immunoexpression
and the presence of p53 mutations; however, p53
immunonegative cases tended to be negative for muta-
tions. In a series by Ranzani et al. (1995), 88% of cases
with p53 mutations had immunoexpression of the pro-
tein as well. Taken together, these observations indicate
that pS3 immunoexpression in gastric carcinoma can
detect the presence of p53 mutations with fairly high
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sensitivity. The presence of cases with false positivity,
however, implies an unreliable positive predictive value.

The protein p53 is commonly detected in both the
intestinal and diffuse subtypes of gastric carcinomas. It
remains controversial which of these two subtypes has
higher p53 immunoexpression. A few studies have
shown that the intestinal subtype is associated with a
higher incidence of p53 immunoexpression (Victorzon
et al., 1996). A 2002 study has also revealed that p53
immunoexpression is present more commonly in the
mixed type of carcinoma than in the pure poorly differ-
entiated diffuse carcinoma (56% versus 19%) (Kozuki
et al., 2002). Our experience, however, has been that
there is a higher incidence of p53 immunoexpression
in the diffuse subtype as compared to the intestinal
subtype (69% versus 55%), although this difference
was just short of statistical significance (p <0.075) (Teh
and Lee, 1994). Regardless of the previously men-
tioned controversy, it has become widely accepted that
p33 is one of the genes involved in the stepwise process
of gastric malignant transformation. It is established that
this mutation occurs early in the progression to gastric
carcinoma, in particular the intestinal subtype (Teh and
Lee, 1994; Ranzani et al., 1995). Immunoexpression of
p53 has also been described in 24% of minute type of
gastric carcinomas (<5 mm in size), as compared with
35% of surrounding nonminute carcinomas. It has
been theorized that p53 aberration was needed more for
the progression of these small lesions rather than for its
formation (Sasaki et al., 1999).

The potential uses of p53 immunoexpression in gas-
tric carcinoma workup have been intensively studied.
Although the diagnosis of frank gastric carcinoma is
not usually a problem, the recognition of very well-
differentiated carcinomas in superficial biopsies may
occasionally be challenging. Niimi et al. (2002) have
found that a high p53 and Ki-67 labeling index highlights
the carcinomatous areas from the surrounding nonneo-
plastic areas and may prove helpful in this context.

The correlation between p53 immunoexpression
and disease stage as well as survival in gastric carcinoma
is controversial. A survey of a number of studies has
revealed conflicting results (Fenoglio-Preiser et al., 2003).
In a series by Victorzon et al. (1996), p53 immunoex-
pression was significantly associated with survival only
on univariate analysis but not on multivariate analysis.
Only the stage of the disease, including the presence of
metastases, emerged as independent prognostic factors.
In an interesting study by Shiao et al. (2000), p53 muta-
tions combined with the lowest or highest level of
pS3 accumulation independently predicted regional
metastases. A tissue microarray study showed that the
immunoprofile of a panel of tumor-suppressor genes,
including p53 expression, was associated with stage of

disease and patient survival (Lee €t al., 2003). As in
other malignancies, tissue microarray—based multimarker
prognostication for gastric carcinoma appears promising.
However, p53 immunoexpression in gastric carcinomas
has been reported to be fairly heterogeneous (Jiang
etal., 1997). Therefore, whether a restricted sample, as
in a microarray tissue core, can adequately evaluate for
pS53 immunoexpression would have to be addressed.

The value of p5S3 immunoexpression in gastric car-
cinoma for predicting response to chemotherapy has
also been evaluated in several studies. More studies have
tended to show p53 immunoexpression to be associated
with a reduced likelihood of response to chemotherapy
than the contrary (Diez et al., 2000; Fenoglio-Preiser
et al., 2003; Kikuyama et al., 2001).

pS3 is also commonly immunoexpressed in gas-
tric dysplasias, particularly high-grade lesions (see
Figure 17B). Varying studies have shown p53 immu-
noexpression in 15-67% of high-grade lesions (Brito
et al., 1994; Miracco et al., 1995). Studies on p53 muta-
tions in gastric dysplasia also showed a range of inci-
dence up to 42% (Hao et al., 1997). Gastric epithelium
with regenerative atypia may resemble gastric dyspla-
sia microscopically. Some authors have suggested that
p53 immunoexpression may help differentiate high-
grade gastric dysplasia from less significant lesions
(Brito et al., 1994). However, p53 immunoexpression
has been demonstrated in the gastric epithelium of
intestinal metaplasia and H. pylori gastritis (videinfra),
implying that caution should be exercised with regard
to the use of p53 immunoexpression to aid in the diag-
nosis of gastric dysplasia.

In our experience of H. pylori gastritis, 23% of the
cases exhibited definite staining for p53 (Teh et al.,
2002). Besides staining in the epithelium of intestinal
metaplasia, p53 was also demonstrable in adjacent
nonmetaplastic, nonneoplastic gastric epithelium (see
Figure 17C). The literature has shown variable p53
immunoexpression in gastric mucosa with intestinal
metaplasia; variable absent-to-low expression has also
been reported in chronic gastritis (Fenoglio-Preiser et al.,
2003). Controversy exists with regards to the nature of
the immunoexpressed p53 in such nonneoplastic and
nonmetaplastic gastric epithelium. Jones et al. (1997)
attributed this to overexpression of wild-type p53 as
well as the sensitivity of the antigen-retrieval methods.
This was supported by Marinone et al. (2001) who were
unable to find p53 mutations in a study of 130 cases of
dysplasia, which included cases of H. pylori gastritis.
However, Murakami et al. (1999) have sequenced the
p53 gene in H. pylori gastritis mucosa without dysplasia
and metaplasia and found non—hot spot codon mutations
of the gene, indicating that H. pylori infection may be
associated with point mutations of p53 and thus involved
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in the process leading to dysplasia and malignancy.
Nardone et al. (1999) also found expression of p53 in
H. pylori gastritis and further demonstrated diminished
p53 after eradication of the organism. They concluded
that chronic H. pylori infection may be responsible for
the genomic instability observed in at least some cases
of H. pylori gastritis. More work has to be done, in par-
ticular, deoxyribonucleic acid (DNA) sequencing of
clean samples of p53 positive cells with laser capture,
before a firm conclusion can be drawn on the nature of
pS53 immunoexpression in this context.

If the immunodetectable p53 in nonneoplastic and
nondysplastic gastric epithelium is indeed the result of
P53 mutations, it would mean that p53 mutations occur
much earlier in the stepwise progression to malignant
transformation. Further studies are needed to see if
patients with such at-risk epithelium would benefit from
closer attention during gastric endoscopic surveillance.
If, however, the immunodetectable p53 is the result of
increased wild-type p53, it would still indicate that
the gastric epithelial cells in question were sustaining
chronic cellular injury. This could provide the milieu
for genomic instability to occur, giving rise to possible
gene mutations. Thus, p53 immunoexpression in the
context of chronically inflamed gastric mucosa,
whether the result of actual gene mutation or increased
expression of wild-type protein, may just represent
parts of the same spectrum of p53 abnormalities. Such
epithelium could conceivably have the potential of
acquiring further genomic alterations, leading to neo-
plastic progression, at least in some cases.

Our experience with the cagA-positive strain of
H. pylori infection suggests that this strain results in
higher p53 immunoexpression in nonneoplastic gastric
mucosa, as compared with infection by the cagA-
negative strain (Teh et al., 2002). This finding is in
keeping with studies in gastric carcinoma, where cagA-
positive H. pylori infection also appeared to result in a
higher rate of p53 mutations (Shibata et al., 2002). The
cagA-positive strain of H. pylori is more virulent than
its cagA-negative counterpart. It is also associated with
increased cell proliferation and, more controversially,
with decreased apoptotic activity (Moss €t al., 2001;
Peek et al., 1997). If the p53 overexpression in H. pylori
gastritis is a consequence of mutation to a more stable
protein, our findings may help to explain the decreased
apoptosis associated with infection by the cagA-positive
strain.

As compared with p53 mutational studies, immuno-
histochemical detection of p53 is more convenient and
can readily be used in the routine diagnostic labora-
tory. The alternative of DNA studies does not appear
to be an advantage because the wide variation of p53
immunoexpression in gastric carcinoma and gastric

dysplasia is paralleled by the similar degree of variation
of incidence of p53 mutations in these lesions. The
variability of p53 immunoexpression in gastric carci-
noma needs to be addressed by closer interlaboratory
collaboration, the institution of standardized immuno-
histochemical protocols, and participation in external
quality assurance programs. Only then can we address
whether there are actual geographically determined
differences in gastric p53 abnormalities.

In conclusion, research on p53 expression has indi-
cated its importance in the pathogenesis of gastric
carcinoma. Notably, it is present in the nonneoplastic
mucosa of some cases of H. pylori gastritis. Its expres-
sion tends to be increased as gastric epithelium
progresses to intestinal metaplasia, the various grades of
dysplasia, and finally carcinoma. Either alone or in com-
bination with other markers, p53 deserves further inves-
tigation as a prognostic marker in gastric carcinoma. Its
expression in gastric intestinal metaplasia and H. pylori
gastritis may signify genomic instability and further
exploration into its potential use in risk stratifying such
patients for appropriate follow-up is needed.
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Introduction

Until the 1980s, gastric cancer was one of the most
frequent tumors in the world and the leading cause of
cancer death (Parkin et al., 1999). In recent decades
the incidence has declined, but the prognosis of gastric
cancer in the Western countries has not improved, the
5-year survival being 20-30% (Greenlee €t al., 2001;
Hundahl et al., 2000). Surgical resection is the most
powerful tool to improve prognosis, whereas the major
problem is delayed diagnosis resulting in advanced
disease. In most American and European series, almost
60% of operated patients have pathologic tumor (pT)
stages III and IV.

In curatively resected patients, the biologic nature
of the tumor determines survival because almost half
will die from recurrent cancer (Averbach and Jacquet,
1996). The poor prognosis of patients with recurrent
disease results from the lack of an effective rescue
treatment. In fact, the number of patients with recurrent
gastric cancer for which it is feasible to perform curative
surgery is less than 4% (Yoo et al., 2000). During the
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last few years many attempts have been made to better
define the biological profile of gastric tumors with the
aim to improve early diagnosis and prognostic strati-
fication and eventually cure. Newer tumor markers
include tumor-suppressor gene p53 (TP53), vascular
endothelial growth factors (VEGF), and microvessel
density (MVD) as a measure of new blood-vessel
growth or angiogenesis. Without blood vessels, tumors
cannot grow beyond a critical mass or create me-
tastases (Castells and Rustgi, 2003). A hypoxic envi-
ronment and genetic instability in the center of the
tumor allow the evolution of cellular clones with loss
of p53 function. These cells have lower apoptotic rate
and produce angiogenic factors such as VEGF, induc-
ing new vasculature (Harris, 1997). The study of these
factors could provide valuable information in predict-
ing the prognosis of patients with