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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 the implementation of
improved screening techniques that have in turn been
made possible by advances in immunochemical diag-
nostic testing. As immunochemical techniques, such as
in situ hybridization (ISH) and immunohistochemistry
(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 in use for
approximately 30 years. However, advances in ISH
have led to a replacement of radioactive detection by
more adaptable colorimetric and fluorescent fluores-
cence 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 provided a refinement in the study of
genome organization and chromosomal rearrange-
ments. In addition, ISH using RNA has allowed for a
determination of the expression pattern and the abun-
dance 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 examination of the steps
involved in tumorigenesis, which would not have been
possible by the use of classical cytogenetic analysis.

Since the introduction of monoclonal antibodies,
IHC has developed into a vital tool that is now exten-
sively used in many research laboratories as well as for
clinical diagnosis; IHC is a collective term for a variety
of methods, which can be used to identify cellular or tis-
sue components by means of antigen—antibody inter-
actions. Immunostaining techniques date back to the
pioneering work by Albert Coons in the early 1940s,
using fluorescein-labeled antibodies. Since then devel-
opments in the techniques have permitted visualization
of antigen—antibody interactions by conjugation of the
antibody to additional fluorophores, enzymes, or radioac-
tive 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 identifica-
tion 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 con-
ventional 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 pro-
gression of human carcinomas. Continued investment of
time and expertise by researchers worldwide has con-
tributed significantly to a greater understanding of the
disease processes. Because the technical requirements
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






Preface to Volume 3

One of the primary objectives of this volume is the
same as that of Volumes 1 and 2—that is, discussion 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 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 detec-
tion. In this volume, IHC, ISH, and FISH of two major
carcinomas (hepatocellular and pancreatic) are presented.
Lung and breast carcinomas were discussed in Volume 1,
and colorectal and prostate carcinomas were detailed
in Volume 2. Other major cancers will be discussed in
Volume 4.

Hepatocellular carcinoma (HCC) is a common cause
of worldwide morbidity and mortality, representing the
fifth most common cancer worldwide. It shows a marked
geographic variation in incidence, being very prevalent
in Asia and Africa but less common in the West. In
Asia and Africa the incidence of the disease is ~30%
per 100,000 individuals per year. In North America
and Europe the annual incidence of HCC is less than
five cases per 100,000 people. More than 300,000 new
cases per year are diagnosed worldwide, and mean
S-year survival is less than 5%. The HCC recurrence
rate is ~50% at 1 year after potentially curative resec-
tion, and the overall survival rate after resection is only
35-50%. Identification of highly sensitive tumor
markers will improve the early detection of HCC.
A large number of such markers are discussed in this
volume.

Pancreatic cancer is a devastating disease with a very
poor prognosis, and it continues to have one of the
highest mortality rates of any malignancy. Each year, as
an average, 28,000 patients are diagnosed with pancre-
atic cancer, and nearly all of them will die of the dis-
ease. The 5-year survival rate of patients with ductal
adenocarcinomas of the pancreas is 4%, which is one of
the lowest of any neoplasm. This disease is devastating

because the vast majority of patients are diagnosed at
an advanced stage of disease that is incurable with
existing therapy. Currently no tumor markers are known
that provide reliable screening for pancreatic cancer at
an earlier, potentially curable stage, although some
markers are being clinically tested. A large number of
markers for pancreatic cancer are discussed in this
volume.

Another objective of this volume is the discussion
of the role of molecular genetics (molecular pathology,
molecular medicine, and molecular morphology) to
understand and achieve 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 ham-
pered 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. However, in vivo genetic analysis is
limited because of the inability to procure pure popu-
lations 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.

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
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disease recurrence. Molecular markers, largely from
tumors but also from the germline, have great potential
for diagnosis, 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 lead 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 genet-
ics. Both technicians and pathologists need to be aware
of the importance of molecular pathology testing.
Somatic mutations are rarely performed, although some
histopathology 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 by expert molecular
geneticists and clinical pathologists in each of their dis-
ciplines to this volume 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, immunohistochemical, and ISH
techniques have become available. These include the
detection of mutations using the polymerase chain
reaction (PCR), reverse transcription-PCR, differential
display of gene expression, deoxyribonucleic acid (DNA)
sequencing, and comparative genomic hybridization
on genomic microarrays to detect gene amplifications
and detentions on a genomewide basis. Other relevant
techniques include serial analysis of gene expression,
suppression substractive hybridization, rolling circle
amplification, Southern Blot hybridization, specific
cloned probes, and flow cytometry.

Various signal amplification approaches have also
been introduced to increase the sensitivity, accompa-
nied 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 its modifications
such as FISH and chromogenic ISH. Most of the afore-
mentioned methods are discussed in Volumes 1-3, and
the remaining will be presented in Volumes 4—6.

Pathologists are well advised to adapt to modern ther-
apeutic shifts (i.e., morphologic interpretation needs to
be combined with molecular diagnostic modalities).

The latter protocols can provide a second level of test-
ing that is particularly useful for the analysis of neo-
plasms for which histologic and immunophenotypic data
are inconclusive. We already are down a path that has the
potential to alter oncology clinical practice. Therapies
are beginning to move toward specific molecular targets.
My hope, through these volumes, is to expedite the trans-
lation 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 and/or FISH
diagnostic information; these illustrations facilitate the
interpretation of the results obtained. Each chapter is
organized logically, providing an introduction, materi-
als required (including reagents, antibodies, appara-
tuses, and commercial sources), results, and discussion.
The procedures are explained in a detailed step-by-step
fashion so that the reader can use them without addi-
tional 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 practice
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) 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 practi-
tioners 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 appreciate their dedication and hard
work in sharing their expertise with the readers. In
most cases the protocols presented were either intro-
duced 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



Preface to Volume 3

XXiX

recent emergence from the research laboratory, many
molecular pathology protocols are still found in scien-
tific journals and have not appeared in a book. Each
chapter provides unique individual practical knowl-
edge based on the expertise of the author. As with all
clinical laboratory testing, the results obtained should
be interpreted in conjunction with other established
and proven laboratory data and clinical findings.

This volume has been developed through the efforts
of 112 authors and coauthours representing 12 countries.
The high quality of each manuscript made my work as
the editor an easy one. The authors were gracious and
prompt. This volume 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 the Board of Trustees of Kean
University and Dr. Dawood Farahi for recognizing the
importance of completing this project. I appreciate the
cooperation extended to me by Dr. Jasna Markovac,
and I am grateful to Elizabeth McGovern for her expert
help in preparing this volume.

M.A. Hayat
October 2004






Prologue

We possess scientific and industrial knowledge in
new biotechniques, including human genetic technolo-
gies. However, ethical and social implications of these
advances must be addressed. Such concerns are espe-
cially relevant in some of the applications of genetic
engineering, such as pharmacogenetics; gene therapy;
predictive diagnostics, including prenatal genetic diag-
nosis, therapeutic cloning, and cloning of humans and
other animals; human tissue banking and transplant-
ing; and patenting of inventions that involve elements
of human origin including stem cells. Bioethics should

XXXi

be a legitimate part of governmental control or super-
vision of these technologies. Scientific and industrial
progress in this field is contingent on the extent
to which it is acceptable to the cultural values of the
public. In addition, in medical research on human sub-
jects, considerations related to the well being of the
human subject should take precedence over the inter-
ests of science and industry. Any form of discrimination
against a person based on genetic heritage is prohibited.

M.A. Hayat






Selected Definitions

Ablation: Ablation consists of the 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 neo-
plasm in which the tumor cells form glands or glandlike
structures. 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).

Allele: 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
developmental process, although their individual phe-
notypes may differ. An allele is one of several alterna-
tive 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, the alternative splicing refers to splicing
the same pre-messenger ribonucleic acid (pre-mRNA)
in two or more ways to yield two or more different pro-
tein 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 (length dif-
ference alternative splicing). Thus, alternative 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 pro-
tein. 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 phenomenon. Indeed, alter-
native splicing is widespread in multicellular eukaryotes,
with as many as one (or more) in every three human
genes producing multiple isoforms (Mironov et al,
1999). Alternative splicing is a 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 hap-
loid 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.
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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
contributes 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 neoplasm 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
metastasis. The origin of carcinoma in both sexes is
skin; in men it originates in the prostate, and in women
it originates in the breast. The most frequent carcinoma
in both sexes is bronchogenic carcinoma.

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 instabil-
ity is defined as an increased rate of chromosome
aberrations, in contrast to microstallite 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 inabil-
ity of guidelines to address all the uncertainties inher-
ent in clinical practice. However, clinical guidelines
should form a vital part of clinical governance.

Clones: 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.

Concatemers: Concatemers are DNAs of multiple
genome length.

Constitutive Gene: A constitutive gene is a gene
whose products are essential to normal cell functioning,
no matter what the life-supporting environmental con-
ditions are. These genes are always active in growing
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
(resembling 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
mechanism for silencing genes involves DNA methy-
lation. In other words, in addition to genetic alterations,
epigenetics controls gene expression, which does not
involve changes of genomic sequences. DNA methyla-
tion is an enzymatic reaction that brings a methyl
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group to the 5th carbon position of cystine located 5" to
guanosine in a CpG dinucleotide within the gene pro-
moter region. This results in the prevention of tran-
scription. Usually multiple genes are silenced by DNA
methylation in a tumor. DNA methylation of genes,
however, is not common in normal tissues. Gene methy-
lation 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 unmethy-
lated 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 critical to growth inhi-
bition, 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: An Enzyme-linked immunosorbent assay
in which antibody or antigen can be quantitated by
using an enzyme-linked antibody and a colored sub-
stance to measure the activity of the bound enzyme.

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

Epigenetics: Epigenetics can be defined as the
study of mitotically and/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 mutation fall under the umbrella term “epigenetic.”
Known molecular mechanisms involved in epigenetic
phenomenon include DNA methylation, chromatin
remodeling, histone modification, and RNA interfer-
ence. Patterns of gene expression regulated by chromatin
factors can be inherited through the germ line (Cavalli
and Paro, 1999). The evidence that heritable epigenetic
variation is common raises questions about the contri-
bution of epigenetic 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.

Gastritis: Gastritis refers to the inflammation,
especially mucosal, of the stomach.

Gene: A gene is the basic unit of heredity and con-
tains 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.

Gene Family: A gene family consists of a set of
genes whose exons are related; the members were
derived by duplication and variation from some ances-
tral 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.

Gene Therapy: Gene therapy is defined as a ther-
apy in which a gene(s) or gene-transducer cells are
introduced 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
reason for the high expectations is that new mecha-
nisms 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.
Genetic code 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: It 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 insta-
bility, resulting in the progressive accumulation
of mutations and phenotypic changes. Some of the
mutations bypass the host regulatory processes that
control cell location, division, expression, adapta-
tion, and death. Genetic instability is manifested by
extensive heterogeneity of cancer cells within each
tumor.
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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 sur-
vival and genomic stability. For example, homologous
recombination repair, nonhomologous end-joining, and
mismatch 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 recombi-
nation events between such repeats might lead to
increased genomic instability and contribute to malig-
nant progression (Rinehart ef al., 1981).

In addition, BCR/ABL oncogenic tyrosine kinase
allows cells to proliferate in the absence of growth fac-
tors, 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 and/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 Library: The genomic library is a set of
clones containing DNA fragments derived directly
from a genome, rather than from RNA. It is the collec-
tion 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: Gl phase is the period of the eukaryotic
cell cycle between the last mitosis and 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 aresult, 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
complementary RNA and DNA strands to give an
RNA-DNA hybrid. In other words, pairing of two com-
plementary single stranded nucleotides according to
the base pairing rules: cytosine with quinine and adenine
with thymine.

Immunotherapy: Immunotherapy involves deliver-
ing therapeutic agents conjugated to monoclonal
antibodies that bind to the antigens at the surface of
cancer cells. Ideal antigens for immunotherapy should
be strongly and uniformly expressed on the external
surface of the plasma membrane of all cancer cells.
Many solid neoplasms often demonstrate regional vari-
ations in the phenotypic expression of antigens. These
regional differences in the immunophenotypic profile
within the same tumor are referred to as intratumoral
heterogeneity. Therapeutic agents that have been used
include radioisotopes, toxins, cytokines, chemothera-
peutic 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 reddish
to dark blue in color, found commonly in men older
than 60 years of age or in patients with AIDS.

Laser-Capture Microdissection: Tissue hetero-
geneity and the consequent need for precision before
specimen analysis present a major problem in the study
of disease. Even a tissue biopsy consists of a hetero-
genous 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
various downstream applications, this method provides
the possibility of cell-type or even cell-specific inves-
tigation of DNA, RNA, and proteins (Mikulowska-
Mennis et al., 2002).

Library: A library is a set of cloned fragments
together representing the entire genome.
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Ligand: A ligand is a molecule recognized by a
receptor structure.

Loss of Heterozygosity: Loss of one copy of a chro-
mosomal region is termed loss of heterozygosity (LOH).
In the majority of cases in which the gene mutation 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
lymphoid 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, espe-
cially 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
lymph and carried to lymph nodes and/or 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 per-
son rather than the primary (original) tumor.

Metastasis itself is a multistep process. The cancer
must break through any surrounding covering (cap-
sule) and invade the neighboring (surrounding) tissue.
Cancer cells must separate from the main mass and
must be picked up by the lymphatic or vascular circu-
lation. The circulating cancer cells must lodge in
another tissue. Cancer cells traveling through the lym-
phatic 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 cancer cells to grow, they must
establish a blood supply to bring oxygen and nutrients;
this usually involves angiogenesis 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 cells 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 (2002) compared the
gene-expression profiles of adenocarcinoma metas-
tases of multiple tumor types to unmatched primary
adenocarcinomas. They found a gene-expression sig-
nature that distinguished primary from metastatic
adenocarcinomas. 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 those of most earlier
studies in that the metastatic potential of human tumors
is encoded in the bulk of a primary tumor. In contrast,
some earlier studies 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
emerging notion is that the clinical outcome of indi-
viduals 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 enzymatic
reaction that produces 5-methylcytosine (5-mc). In
other words, methylation of normal unmethylated CpG
islands in gene promoter regions is an important 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 dele-
tion 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
global DNA hypomethylation. Despite the frequently
observed cancer-associated increases of regional
hypermethylation, the prevalence of global DNA
hypomethylation in many types of human cancers
suggests that such hypomethylation plays a significant
and fundamental role in tumorgenesis.

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

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

Molecular Genetics: Molecular genetics is a sub-
division 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 is an early relapse or other signs of dis-
ease 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: mRNA splicing is a process
whereby an intervening sequence between two coding
sequences in an RNA molecule is excised and the
coding sequences are ligated (spliced) together.

Multifactorial Trait: A multifactorial trait is a trait
influenced by multiple genes and environmental fac-
tors. When multiple genes and environmental factors
influence a trait, it is difficult to find a simple relation-
ship between genotype and phenotype that exists in
discontinuous traits.

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

Mutant: A mutant is an organism (or genetic sys-
tem) 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 transfor-
mations. Oncogenes derived from viruses are denoted
v-onc, whereas their cellular counterparts, or proto-
oncogenes, are denoted c-onc.

Pancreatitis: Pancreatitis refers to the inflamma-
tion of the pancreas. It can be caused by alcoholism,

endocrine diseases, pregnancy, drug effects, or abdom-
inal injury; it can be hereditary, viral, parasitic, allergic,
or immunologic.

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.

Phenotype: 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 potential
is realized depends not only on interactions with the
other genes and their products but also on environ-
mental influences.

Polymerase Chain Reaction: The polymerase chain
reaction (PCR) method is used to selectively and repeat-
edly replicate defined DNA sequences from a DNA mix-
ture. 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.

Polymorphism: 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 occurrence
of two or more alternative genotypes in a population 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-prophy-
laxis is prevention of disease or of a process that can lead
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 antiserum from
another person or animal to provide temporary protection
against a specific infection or toxic agant can be tried.

Proteomics (Proteome): Proteomics facilitates
making inventory of all proteins encoded in the
genome of an organism and analysis of interaction of
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these proteins. One of the primary goals of this tech-
nology is to describe the composition, dynamics, and
connections of the multiprotein modules that catalyze
a wide range of biological functions in cells. This tech-
nique provides exhaustive information on biochemical
properties in living systems such as level of protein
expression, posttranslational 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 which, in normal cells, functions to con-
trol the normal proliferation of cells and which, 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 and/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, ovarian, 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 Analysis of 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
constant 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 genomes are 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 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 extra-
cellular side influences the activity of the receptor
domain on the cytoplasmic side. The signal is trans-
duced across the membrane. Signal transduction pro-
vides 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 decedents
of the organism.

Specificity: Specificity is the capacity for discrim-
ination 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 muta-
tion at another site. The latter may totally or partially
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.

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 cre-
ated 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
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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
markers may be located intracellularly (within the
nucleus, in the cytoplasm, or on the membrane), on the
cell surface, or secreted into the extracellular space,
including into the circulation. Tumor markers usually
are used for monitoring and detecting early response
in asymptomatic patients. For example, tissue-based
estrogen receptor and HER-2/neu amplification/
overexpression markers in breast cancer have been
validated to predict response to therapy in breast can-
cer. Other examples are prostate-specific antigen
(PSA), which is a marker for early detection of
prostate cancer, 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: 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, 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
Hodgkin’s disease, subtype not specified

Central nervous system (CNS) and other
intracranial and intraspinal neoplasms
(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

xli

Unspecified malignant intracranial and
intraspinal neoplasms
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



xlii

Classification Scheme of Human Cancers

Melanoma and skin carcinoma
Melanoma
Skin carcinoma

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
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 not
elsewhere classified (NEC)
Adrenocortical carcinoma
Other carcinomas NEC

Miscellaneous specified neoplasms NEC
Embryonal tumors NEC
Wilms’ tumor
Neuroblastoma
Other embryonal tumors NEC
Other rare miscellaneous specified
neoplasms
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, J.M., Alson, R.D., Kelsey, A.M., Quinn, M.J., Babb, P, and McNally, R.J.Q. 2002. Classification and incidence of cancers in
adolescents and young adults in England 1979-1997. Br. J. Cancer 87:1267-1274.
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Quality Assurance in
Immunohistochemistry

Thomas Rudiger and Hans Konrad Muller-Hermelink

Introduction

Histopathology is widely applied as a fast, simple, and
inexpensive method to classify neoplastic diseases.
Histopathologic diagnoses form the basis for both
patient treatment and clinical research, and pathologists
are judged by the quality (i.e., reproducibility) of their
diagnoses. Pathology as a specialty relies on the pattern
recognition expertise of individual pathologists, a skill
that may be subjective. Histologic criteria are often ill
defined, frequently controversial, and inconsistently
present in the spectrum of a disease (Taylor, 1994).
Nonexperts may have problems recognizing subtle
criteria in rare tumors, and most specific analyses of
tumor classification may result in a significant
interobserver discrepancy even among experts.

Special stains, such as periodic acid-Schiff (PAS) or
reticulin, provide more objective information and have
traditionally been applied to discriminate features not
revealed on hematoxylin and eosin (H&E)-stained
sections. Immunohistochemistry (IHC) can specifically
detect individual epitopes and thus can discriminate cell
types and their differentiation states with unique
accuracy. It was first applied to histologic slides in the
1940, and the first paraffin sections were stained in 1974.
More recently years, technical developments have

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
Volume 3: Molecular Genetics, Liver Carcinoma, and Pancreatic Carcinoma

made IHC the major ancillary technique in diagnostic
pathology. These include antigen retrieval, availability
of a broad range of primary antibodies working on
paraffin sections, and sensitive detection systems
(Chan, 2000; Hayat, 2002).

From a systematic viewpoint, IHC has greatly helped
to better define or redefine entities and has made pathol-
ogy more accurate (Taylor, 1994). Some entities, such as
anaplastic large-cell lymphoma, were defined only after
a specific antibody (CD30) allowed to distinguish them
from very similar tumors, e.g., carcinomas. The analysis
of transformation pathways of tumors has permitted the
recognition of clinicopathologic entities and base classi-
fications on tumor biology. For instance, the reliable
distinction of mantle cell lymphoma from other indolent
non-Hodgkin lymphomas was the basis to recognize its
aggressive clinical course and to adapt therapeutic
approaches.

From a more practical point of view, some specific
differential diagnoses (e.g., non-Hodgkin lymphoma
versus carcinoma) showed an error rate of 40% before
IHC was applied (Wick et al., 1999), and disagreement
among pathologists about difficult but important diag-
nostic decisions was greater than 25% (Taylor, 1994).
Recent advances in patient care, which are based on sen-
tinel biopsies, have taken advantage of IHC in the search

Copyright © 2005 by Elsevier (USA)
All rights reserved.
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for micrometastases. Although the chance to detect very
small tumor foci on H&E staining alone is very low, IHC
allows detection of single keratin-positive cells. This may
convert H&E-negative to immunohistochemically positive
sentinel lymph nodes in up to 10% of cases (Pargaonkar
et al., 2003). Even if the prognostic value of such recog-
nized keratin-positive cells has yet to be formally
established, the reliable detection of any keratin-positive
cells is very reassuring for clinicians who base their thera-
peutic decisions on the report on the sentinel biopsy.

Thus, IHC has allowed increased diagnostic sensitiv-
ity, reliability, and reproducibility of diagnoses rendered
by the pathologist. It is now widely applied as an imme-
diate aid to diagnosis in a wide range of settings (Table 1).
It is used to solve problems in the differential diagno-
sis and allows a diagnosis to be rendered on specimens
formerly regarded as inadequate. To some extent, it may
compensate for morphologic experience and skill. In
addition, it may be useful to determine the likely origin
of carcinomas (Chan, 2000). Of growing importance is
the need for IHC to provide prognostic information for
biology-based therapeutic approaches.

Initially, IHC served to obtain more accurate informa-
tion from histologic specimens. With growing possibili-
ties, expectations from IHC have also increased.

Now, the diagnosis, prognostic judgment, and therapy
are based on IHC to such an extent that patient care is
influenced by the reliability of immunohistochemical
stains (O’Leary, 2001). To be confident in their results
it is therefore necessary to perform quality controls on
IHC itself. Initially a tool for quality control, IHC has
now become its subject.

Definitions

As defined by the College of American Pathologists,
quality assurance is a process of ensuring that all
pathology services involved in the delivery of patient
care are carried out in a manner appropriate to main-
tain excellence (Taylor, 1994). It is thus more an
intention than a system, and it is placed in the hands of
board-certified pathologists and their certified labora-
tories (O’Leary, 2001; Taylor, 1998a).

Table 1. Applications of Inmunohistochemistry

A Histogenesis and differential diagnosis of neoplasms
A Likely site of origin in adenocarcinomas

A Quality assurance in sentinel lymph-node biopsies
A Definition of transformation pathways

A Detection of microorganisms

A Prognostic and predictive markers

Quality control is the aggregate of processes and
techniques so derived as to detect, reduce, and correct
deficiencies in the analytic process (Taylor, 1994).
It comprises all actions taken to ensure that histopatho-
logic diagnoses are reliable and contain all information
needed to guide treatment.

Principles of Quality Control
in Immunohistochemistry

How do the previous rather general descriptions
relate to IHC? Reproducibility is of utmost importance
to rely therapeutic decisions on pathologic diagnoses.
This comprises both an intraobserver aspect on a day-to-
day basis and an interobserver aspect among different
pathologists. Categories that cannot be reproducibly
classified are better lumped together in classifications
of disease, as some categories of peripheral T-cell
lymphomas have been. Because neoplasms are increas-
ingly classified according to their immunophenotype,
therapeutic decisions depend on the result of an
immunohistochemical test. It is the pathologist’s task to
ensure that the results are reliable. Regarding IHC as a
laboratory method, its quality represents its reliability,
which depends on its sensitivity, specificity, and repro-
ducibility (Rhodes et al., 2001).

Because of some of the inherent characteristics of
IHC, quality control is difficult to formalize. IHC is a
complex technique; it therefore may be helpful to take
a closer look at its different applications. Basically
there are two different settings in which IHC contributes
to the diagnostic workup of a neoplasm:

a First, a panel of antibodies may be used to support a
classification of a neoplasm or to provide additional
arguments in a differential diagnosis. The different
antibodies applied in the panel control each other.
Additionally, IHC is performed in the context of
morphology and other ancillary studies, a context
that also validates its results.

a In a second setting, specific molecules are targets
of therapy. Response to therapy directly depends
on the expression or overexpression of its target
molecule in a neoplasm. To provide a rationale for
treatment, the specific molecule is identified by
IHC. Classically, this application comprises the
detection of hormone receptors in breast carcinoma
but more recently includes molecules targeted by
antibodies (Herceptin) or specifically designed
drugs (Glivec). Failure to demonstrate these
molecules will probably exclude the patient from a
treatment option. It is important to note that no
controls by morphology or other tests are available,
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rendering the reliability of the immunohistochemical
test crucial for the patient.

These two major aspects of IHC give rise to different
expectations of quality control, a fact taken into account
by the regulations of the Food and Drug Administration
(FDA), the authority that deals with the quality of ther-
apeutic tests in the United States (Taylor, 1998b). Most
immunohistochemical reagents are applied for diagnos-
tic purposes and are recognized as special stains that are
adjunct to conventional histopathologic examination.
These are now classified as Class I devices. They do not
have a significant history of false or misleading claims or
risks to the patient associated with their inherent charac-
teristics. Therefore, they are exempt from premarket noti-
fication to the FDA.

In contrast, immunostains that are not directly
confirmed by routine histopathologic controls but that do
have accepted scientific validation are Class II. Such
devices generate a separate result that stands alone with-
out direct histopathologic internal and external controls,
and the manufacturer must submit performance claims
for FDA approval. For new immunohistochemical stains
that may provide independent information, the manufac-
turer will be required to follow the full Class III sub-
mission requirements with valid scientific evidence to
support the new intended uses.

By this reclassification of immunohistochemical
test systems as analyte-specific reagents, the burden of
analysis of performance characteristics is shifted to the
user. The individual laboratory and not the manufac-
turer has the ultimate responsibility for the quality of
staining (Hsi, 2001). A laboratory that uses IHC should
therefore be able to determine and document analytic
and performance characteristics of a given test by
using appropriate controls.

Although both applications have their own aspects of
quality assurance, they both require reliable immuno-
histochemical stains. Therefore, first we review issues
of quality control in the different technical steps of
IHC, and then we discuss the individual aspects of
both applications in detail. Much of the information
presented here is based on our experience in a busy
immunohistology laboratory, mainly in the field of
hematopathology. This experience is necessarily sub-
jective and biased, but as much as possible we have
supported our opinion by published data.

Technical Aspects of Individual Steps
of Immunohistochemistry

Performing IHC in a routine laboratory means a
continuous struggle against the inherent perfidies of

the method. Most laboratories have experience with
immunohistochemical stains that perform well, sud-
denly deteriorate, and become difficult to interpret for
no apparent reason. Quality control allows detection
and correction of these problems.

The interpretability of a slide depends on certain steps:

Acquisition and fixation of the specimen.
Antigen demasking.

Quality of the primary antibody.
Sensitivity of the detection system.

> > > >

IHC is a complex technique, and great variations of
the method have been published. Different ways lead
to interpretable results. There is probably no single
protocol that allows optimum results for all antibodies,
and most laboratories have introduced changes to the
recipes published or suggested by the manufacturers.
Sensitivity and specificity of IHC may vary dramati-
cally with changes of the protocol (O’Leary, 2001). As
a method, IHC therefore does not easily lend itself to
standardization, and it may not be practical to attempt
to standardize protocols across laboratories. However,
it should be possible to standardize protocols within
one laboratory.

Internal quality assurance comprises all measures
taken to maintain the standard of immunohistochemi-
cal staining on a daily basis within a laboratory. It
includes staining intensity, uniformity and sensitivity,
and background and counterstaining; low intensity and
nonspecific background staining are the major prob-
lems (Maxwell and McCluggage, 2000). Pathologists
should follow the “total test strategy” (Shi et al., 2001;
Taylor, 2000), i.e., focus on each and every aspect of
the whole procedure of IHC. This includes a defined
approach to specimen acquisition, fixation, reagent
validation, staining protocols, and interpretation. Still,
the regular use of appropriate controls may allow
collective validation of all technical aspects of IHC.

Fixation and Antigen Demasking

The performance of immunohistochemical staining
is greatly influenced by specimen acquisition and fixa-
tion, steps that may be difficult to control because they
are usually not in the hands of the pathologist but of the
surgeon. If fixation is delayed for more than 30 min,
epitopes may be poorly preserved. To ensure optimal
penetration of the fixative, large specimens should be
incised before fixation, especially when encapsulated.
Fixation time may also influence IHC: both too short fix-
ation and lengthy fixation for more than 24 hr may
diminish IHC performance (Hayat, 2002; Werner et al.,
2000). Most tests purchased and methods published have
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been optimized for specimens fixed in neutral-buffered
formalin, and antigen demasking may not be effective
after alcoholic fixation (Shi et al., 1997) or fixation in B5
or Bouin’s solution. In addition, after alcoholic forma-
lin fixation false-positive results may be achieved, for
example, with the HercepTest (Jacobs et al., 1999).

Fixation must be standardized in some settings
intending to provide quantitative results, because stan-
dardized specimen size and fixation protocols are
required in the FDA-approved HercepTest. Referral
centers, however, cannot trust that all material they
receive is fixed identically.

Formalin fixation leads to cross-linking of proteins
and therefore masks epitopes to which antibodies
might bind. This process is partially reverted by meth-
ods of antigen demasking. In the past, numerous meth-
ods have been suggested, but diverse procedures may
yield different degrees of antigen demasking. Initially,
enzyme pretreatment was widely used, a process that
was difficult to control, with a narrow optimum range
between suboptimal demasking and overdigestion.
A major step forward was the introduction of a heat-
induced antigen retrieval, which is easily performed
and effective for most antibodies (Taylor et al., 1994).

Antigen retrieval crucially influences the performance
of IHC; it can convert low staining intensity to high, and
negative to positive (Shi et al., 1996). Altered staining
patterns with antigen retrieval may make existing litera-
ture on antigen expression obsolete, and the clinical
interpretation of immunohistochemical stains and their
consequences should no longer be based on preantigen
retrieval data (Shi et al., 2001). Prior to antigen retrieval,
only 25% (9/36) estrogen receptor—positive tumors (with
biochemical assays) could be detected by IHC (Cohen
et al., 1989). It has been identified as the single most
important step for optimum staining results when
compared to different primary antibodies and detection
systems (Mengel et al., 2002; von Wasielewski et al.,
2002). Therefore, much effort should be spent on the
optimization of antigen retrieval, a work that may be
more rewarding than changing dilutions of primary anti-
bodies or detection systems.

To calibrate protocols of heat-induced antigen
retrieval, both temperature and time of heating are of
utmost importance (Joshi er al., 2003). In addition,
the pH of the retrieval fluid rather than its chemical
constituents seems to be important. The best antigen-
retrieval technique cannot be accomplished by changing
any one of these parameters in isolation, and therefore a
“test battery” may be applied to identify a protocol that
gives maximum retrieval (Hsi, 2001; Shi ez al., 1998).

Because antigen retrieval lacks a firm theoretic
basis of action there is no way to predict the behavior
of a particular antibody (Hayat, 2002, Hsi, 2001;

Pileri et al., 1997). The method of heating may also
influence the performance. In our laboratory, heating
with a pressure cooker has proved more reliable and
reproducible than microwave heating, confirmed by
the fact that reproducible results on estrogen receptors
have been achieved in 54% with pressure-cooker heat-
ing but only in 34% with microwave heating in a large
interlaboratory study (Rhodes et al., 2001). Probably,
the higher temperature reached because of excess pres-
sure contributes to the better retrieval, and a loss of
maximum temperature by a few degrees results in
lower staining index of normal germinal centers for
Ki-67. In addition, overboiling does not generally
occur, which makes the method easier to handle than
microwave pretreatment. In a large, family-size
pressure cooker, up to 150 slides can be “cooked”
simultaneously.

A rational approach to antigen retrieval may aim for
the maximum level of retrieval, the condition in which
epitopes previously “masked” by formalin fixation
have been retrieved to the fullest extent possible (Shi
et al., 1996). In a routine laboratory, however, it may
not be practical to individualize antigen retrieval for
every antibody. Too many and too elaborate protocols
may be poorly adhered to; thus the level of retrieval
must compromise with practicality. We therefore keep
the heating temperature and time at the same level and
test every antibody with different pH and at different
dilutions (Table 2). Some authors have reported favor-
able experience with EDTA (ethylenediamine tetra-
acetic acid) solution at pH 8.0 (Pileri et al., 1997). To
be consistent, we apply antigen retrieval to all antibod-
ies because the performance of antibody did not dimin-
ish after antigen retrieval compared to no pretreatment.

Antibodies and Detection Systems

A wide range of primary antibodies used with
paraffin-embedded material and different detection
systems are now available from different manufacturers.
In interlaboratory studies, no primary antibody clones
or detection systems have been found superior to
others regarding hormone receptors (Rhodes et al.,
2000b) and overall performance (Riidiger et al., 1997).

Within the last decade, much work has been done to
standardize the product specifications, which not only
include technical details regarding specificity but also
information about appropriate controls (Taylor, 1992).
Guidelines are generally most stringent for primary anti-
bodies, but there is little standardization for detection
assays and the interpretation of results. Constraints to
standardize tests in IHC have resulted in manufacturers
increasingly offering prediluted primary antibodies, a
development that makes most staining easier but
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Table 2. Antigen retrieval applied in our laboratory

Citrate buffer (pH 5.5)

Optimal for most antibodies, including 34BE12, ACTH,

AmyloidA, AE1/3, AFP, Actin, Alk-1, bcl-2, o-1Antitrypsin,
bcl-6, BNH-9, Calcitonin, Calretinin, Cam5.2, CD3, CD4,
CD5, CDS, CD15, CD20, CD23, CD30, CD31, CD34,
CD52, CD56, CD57, CD79a, CD99, CD117, CD45,
CD45R0, CEA, ChromograninA, CK5/6, CK7, CK8,
CK10/13, CK19, CK20, CMV, Desmin, EMA, Gastrin,
GFAP, GlycophorinA, HbcAg, HbsAg, Her2/neu, HMB45,
HSV1, HSV2, ICSAT, Inhibin, Insulin, Immunoglobulin light
and heavy chains

Citrate buffer (pH 7.0)
DAKO target retrieval solution
Tris buffer (pH 10)

CD10

CD27

CDla, CD21, CD25, CD35, CD38, CD61, CD103, CyclinD1, Heppar

eliminates the possibility to vary dilutions to achieve
optimum staining.

Unlike detection systems, antigen retrieval makes a
difference regarding staining intensity (Rhodes et al.,
2000b). The newly introduced automated stainers have
marginally improved overall staining, generally leading
to a greater staining intensity and cleaner background. As
a disadvantage, IHC is more readily available, and incon-
sistencies may result from a lack of understanding of the
IHC, trouble shooting, and quality control because of the
reliance on prepackaged reagents and automates
(Maxwell and McCluggage, 2000).

Validation of New and Modified
Immunohistochemical Assays

Because the individual laboratory has the ultimate
responsibility for the quality of staining, new antibodies
should be validated within a laboratory before routine
use. There are no formal guidelines for how to validate
new antibodies. They have to be validated both techni-
cally and interpretationally. To ensure maximum
sensitivity of the stain we apply a “test battery,”
changing antigen retrieval methods and dilutions. All
specimens are cooked in a pressure cooker for 5 min

after the temperature has reached its maximum
(121°C). If best results are achieved with a dilution
different from that suggested by the manufacturer,
more dilutions are tested to achieve optimum perform-
ance (Table 3). Antibodies that do not stain reliably
should not be applied for routine diagnostics.

Interpretative validation requires that diagnoses
should not be based on an antibody the pathologist is
not acquainted with; such cases should be referred to
an expert instead. For antibodies established in the
literature, 10 positive and negative controls are suffi-
cient to validate their staining performance (Hsi,
2001). However, if antibodies are new or there is little
available information about them, more numerous
cases may be necessary to understand the staining
characteristics and the antibody’s value in certain
differential diagnoses. For antibodies that are rarely
used or do not stain consistently, collaboration with
other laboratories that have more experience with them
in the diagnosed field should be sought.

Interpretation of Stains

IHC has some inherent problems that should be
considered in interpreting its results. Generally, it may

Table 3. The “test battery” applied in our laboratory to define optimum staining
performance of new antibodies. Results in the table refer to the signal/noise ratio,
and the respective antibody would be further investigated for lower dilutions
with Citrate (pH 5.5) and target retrieval solution

Citrate Citrate Tris Target retrieval
(pH 5.5) (pH 7.0) (pH 10.0) solution
1/, suggested dilution ++ _ _ ++
Suggested dilution ++ _ B ++

2X suggested dilution + +) +
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be difficult to localize the signal to individual cells,
especially if the tumor has a highly heterogeneous
composition or forms a minor part of the infiltrate.
For example, Schmincke’s carcinoma may easily
remain undetected in a lymph node, even after IHC,
if a keratin stain is not performed (Riidiger et al.,
2002). Poorly fixed or overdigested specimens are
especially problematic in this regard. In general,
positive results should be regarded as more significant
than negative ones, because failure to perform an
expected staining may be the result of biological and
technical reasons. Biological reasons may include alter-
native splicing, posttranslational modifications, or lyso-
somal breakdown of proteins that then are not detected
(Kopolovic and Wolman, 1996). In addition to defi-
ciencies in the technical staining procedure, antigens
may decay if paraffin slides are stored over a long time
before IHC is performed. Endogeneous biotin activity
may also be retrieved by antigen retrieval, which will
lead to granular cytoplasmic reactions (Hsi, 2001).

Because of its inherent characteristics of multistep
detection, immunohistochemical reactions are not gen-
erally stochimetric (O’Leary, 2001). In contrast to flow
cytometry with directly labeled antibodies, the signal
strength may not be in linear correlation with the
amount of antigen existing at a particular location. For
example, no correlation is found in prostate carcinoma
between serum prostate-specific antigen (PSA) levels
(corrected for tumor volume) and tissue PSA expres-
sion (Weir et al., 2000). Thus, every quantitation in
IHC may be inexact (Gehrig et al., 1999).

It may be an arbitrary decision what strength or
percentage of staining is regarded as positive
(Kopolovic and Wolman, 1996) and where to evaluate
or score an inhomogeneously stained slide. Major
differences, especially when scoring Her2/neu or p53
expression, may result from different thresholds used
by different observers. Binary assessments of positive
versus negative are reliable only at the extremes of
high and absent staining. Cases with intermediate
staining are variably interpreted and should thus be
validated by repeated staining or by different methods
(McShane et al., 2000).

Controls

The interpretation of any immunostaining is greatly
facilitated by applying appropriate controls to monitor
its overall performance. Nothing is more reassuring
than an internal positive control that has undergone the
whole process from tissue acquisition to processing
and storage as well as the immunostain itself together
with the tissue analyzed. Fortunately, such controls
are available for many antibodies in most tissues.

Failure of internal controls to stain adequately may
include both negativity in cells expected to express the
antigen analyzed and positivity in cells known to be
negative for the respective antibody. The respective
staining should be rejected and possibly repeated.
Naturally, no conclusions whatsoever should be drawn
from such a slide.

If not available, external controls can be used, among
which suitable tissues must be selected. However, for
many antibodies, apart from some specific keratins,
an appendix cross-section will provide at least some
reactive cells in a defined morphologic localization
(Table 4). For a few antibodies, such as HER2/neu
and Alk1, normal tissue controls may not be available.
Tissue microarrays (Chan et al., 2000; Hsu et al., 2002;
Packeisen et al., 2002), cell lines (Wick and Swanson,
2002), and the newly developed short constrained pep-
tides (Sompuram et al., 2002) may serve as ubiquitous
positive controls.

There is no general reference standard regarding
external controls, but some principles should be
observed. Tissues selected as positive controls should
not react strongly because an intermediately or weakly
reacting control is more sensitive to deficiencies in
performance of the immunostaining. In routine prac-
tice, nuclear antibodies (Ki-67 protein or hormone
receptors) are very sensitive to decreasing efficacy of
antigen retrieval and detection. External controls
reflect only a part of the procedure they undergo
together with the test specimen. They are sensitive
only to analytic errors and are not likely to reflect the
preanalytic conditions encountered in the laboratory
(O’Leary, 2001; Sompuram et al., 2002). To control
for the impact of tissue processing in parallel, a stain
for vimentin may be applied (O’Leary, 2001), and this
is probably the most important information that can be
derived from this stain against this almost ubiquitous
cell skeleton component. Moreover, unless cut on the
same slide as the test tissue, an external control cannot
prove whether the correct primary antibody was
applied to the respective slide.

Negative controls can be eliminated because they
are invariably present in all specimens. In addition,
because immunostains are commonly ordered in the
form of a panel on an individual case, the different
stains can provide information on whether the tissue
shows nonspecific staining as manifested by a similar
pattern being observed in disparate antibodies (Chan
et al., 2000).

If deficiencies are suspected, different controls may
help define the step responsible (Table 5).

The histopathologic report should include all data
including antibody clone, staining pattern, and con-
trols used.
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Table 4. External controls for selected, frequently applied antibodies

Antibody Controls

34BE12 Tonsil Squamous epithelium
Actin Appendix Smooth muscle, vessels
AE 1/3 Appendix Epithelium

AFP Liver

Alk-1 Tumor only

bcl-2 Appendix Extrafollicular B-cells
bcl-6 Appendix Follicular B-cells
BerEP-4 Appendix Epithelium

BNH-9 Appendix Vessels

Calcitonin Thyroid

Calretinin Mesothelia

Cam5.2 Appendix Epithelium

CD 10 Appendix Follicular B-cells

CD 117 Appendix Mast cells

CD 15 Appendix Granulocytes

CD la Thymoma Lymphocytes

CD 21 Appendix Follicular dendritic cells
CD 23 Appendix Follicular dendritic cells
CDh3 Appendix T-cells

CD 30 Appendix Plasma cells, isolated extrafollicular B-cells
CD 31 Appendix Vessels

CD 34 Appendix Vessels

CD 35 Appendix Follicular dendritic cells
CD 38 Appendix Plasma cells

CDh 4 Appendix T-cells (subset)

CD 5 Appendix T-cells

CD 52 Appendix All lymphocytes

CD 56 Brain

CD 79a Appendix B-cells

CD 8 Appendix T-cells (subset)

CD20 Appendix B-cells

CD45 Appendix Lymphocytes

CD57 Appendix Intrafollicular T-cells (subset)
CD9%9 Thymus Lymphocytes

CEA Appendix Epithelia

Chromogranin A Appendix Crypt epithelia

CK 10/13 Tonsil Epithelia

CK 19 Appendix Epithelia

CK 20 Appendix Epithelia

CK 5/6 Tonsil Epithelia

CK 7 Lung

Cytomegalovirus Positive case

Cyclin D1 Internal Few endothelia

Desmin Appendix Muscle

EMA Appendix Epithelia

Gastrin Stomach antrum Crypt epithelia
Glycophorin A Internal Erythrocytes

Hbc Positive case

Hbs Positive case

Heppar Liver

Her 2 neu Breast carcinoma With known overexpression
HMB 45 Skin Melanocytes
Immunoglobulins Appendix Plasma cells

Insulin Pancreas Islands
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Table 5. Effects of the most common deficiencies in IHC and steps to correct them.

Control Performance

Reason for Deficiency

Confirmation Steps to Be Taken

Low signal in all antibodies/
all cases

Low signal in one antibody/
many causes and controls

Low signal in all antibodies/
one case

Antibody with peculiar
staining

Antigen retrieval detection
system

Antibody dilution too high

Fixation

Wrong antibody pipetted
on the slide, error in

antibody dilution
Blocking serum from a
species against which the
detection system is
directed, slides dried out

High background

Check buffer pH; temperature
detection system batch;
irregular pipetting, especially
in automated stainers

Redilute antibody, check batch

Low proliferation index in
germinal centers

External controls, especially
tissue that formerly reacted

Check on H&E Rebiopsy may be required if
IHC is essential

Controls Redilute antibody

Staining product cannot be Restain

related to individual cells

External Quality Assurance

External measures of quality assurance supplement
the internal quality assurance. An individual pathologist
or laboratory should gauge their assay performance
against that achieved by a larger number of other labora-
tories. The results achieved in the external tests are
accurate predictors of in-house laboratory perform-
ance. External or institutional quality assurance has a
long history in pathology. Programs on surgical
pathology, IHC, and cytopathology have been
operational in the College of American pathologists for
almost two decades (Kraemer, 1989). Their IHC
proficiency-testing program (Taylor, 1994) serves as an
external test of performance in interpretation on external
tissues. It also includes continuing medical education
and laboratory inspection programs (O’Leary, 2001).

Generally, the external proficiency testing programs
have led to more homogeneous results in the staining.
In earlier years staining performance was also moni-
tored, for example, for kappa light chains and a variety
of other antigens (Reynolds, 1989). Initially, more than
50% of the laboratories failed to achieve acceptable
results, but 42% improved on subsequent trials. More
current trials, especially in the United Kingdom with
participants from all over Europe, have concentrated
on hormone receptors and Her2/neu expression in
breast carcinoma (Rhodes et al., 2001; Rhodes et al.,
2002). Multitissue array technology may well be applied
economically to test a range of different reactivities for
an antibody (Mengel et al., 2002; von Wasielewski et al.,
2002). A major point of discussion of external quality
control programs is that assays optimized for use on in-
house material cannot be expected to produce results of
the same quality on external material. Addressing this
question for hormone receptors, Rhodes et al. found IHC

results on external quality assurance tumors to be
correlated to in-house performance (Rhodes et al,
2000b).

Most studies on quality assurance have centered on
the sensitivity and specificity of immunohistochemical
staining for defined antibodies, but few data are avail-
able about the diagnostic use of IHC in different
laboratories. In a study embracing the whole process
of diagnostic IHC, the final diagnosis was not corre-
lated significantly to externally judged staining quality.
This does not suggest that sensitivity and specificity
were not an issue but that other steps of immunohisto-
chemistry, namely the selection of antibodies and
conclusions drawn from the stains, may be even more
problematic in diagnostic IHC at present (Riidiger
et al., 2002).

All these external quality control programs allow
only the detection of deficiencies in performance.
To master the complex IHC, regular workshops and
continuing medical education are of great help. Also,
reasonable applications of IHC in the differential diag-
nosis of tumors are discussed in this volume.

Class Il Applications

As outlined earlier, a limited but rapidly growing
number of immunohistochemical tests is applied to
detect target molecules for specific therapies and serves
as an immediate basis for therapeutic decisions. For such
antibodies the result cannot be directly confirmed by
morphology, and standardization is therefore of utmost
importance (Taylor, 1998a). The detected molecules
usually relate to pathways of carcinogenesis and thus
provide a basis for specific treatment. Their biological
basis is reviewed in other chapters in this volume.
Hormone receptors show classical application of IHC
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to guide therapy based on the staining of an antibody,
which cannot be validated by morphology. Similarly,
herceptin, a monoclonal antibody against the Her2/neu
molecule, is only indicated if the carcinoma overex-
presses the molecule, which is usually caused by an
amplification of the respective gene. Glivec is a tyrosin
kinase inhibitor that was originally developed for the
treatment of chronic myelogeneous leukemia but may
also be effective in gastrointestinal stroma tumors
expressing c-kit. Patients with solid tumors who might
benefit from this therapy are identified by immunos-
taining for CD117 (c-kit). Because such medications
offer a new perspective to specifically and effectively
treat neoplasms with fewer side effects, they will be
increasingly developed in the future.

Even if the prognostic value of a marker is good, it
can be masked if not measured reproducibly for clinical
trials, and some differences reported in outcome may
stem from different staining or different scoring systems
(McShane et al., 2000). A reasonable balance must be
found between sensitivity and specificity to accurately
predict patients likely to benefit from targeted treatment
(Rhodes et al., 2000c). An ideal test should capture all
possible treatment candidates with a high positive pre-
dictive value, should be agreed on among different
observers, and should be carried out easily. Thus, the
test must fulfill all the requirements of a true clinical
laboratory assay for prognostic or predictive markers,
prerequisites that are not easily met by immunohisto-
chemical assays (Rhodes et al., 2001).

Estrogen and Progesterone Receptors

Hormone receptor detection in breast carcinoma is a
prerequisite for antihormone (tamoxifen) treatment:
50-60% of estrogen receptor positive but only 5% of
negative breast carcinomas respond to a hormone
treatment. Being originally based on enzyme
immunoassays, the gold standard for hormone recep-
tors has transmutated to IHC, which is more sensitive,
specific, and economical (Zafrani et al., 2000). As a
morphology-based method IHC allows distinguishing
between reactivity originating from the tumor itself
and activity originating from reactive tissues.

Despite very good results in unicentric studies,
hormone receptor expression is still not measured
reproducibly: In a U.K. NEQUAS (National External
Quality Assessment Scheme) study including 200
laboratories in 26 countries, reproducible results over a
2-year period could only be achieved in 24 of 66
laboratories. Of the laboratories, 80% could demonstrate
receptor positivity in medium- and high-expressing
tumors, but only 37% revealed it in low-expressing
tumors (Rhodes et al., 2000c). The latter low-expressing
tumors are problematic in all studies (Mengel et al., 2002;

von Wasielewski et al., 2002). Compared to these tumors
sent to the laboratories externally, their pass rate on in-
house tumors was 81-97% (Rhodes et al, 2000c).
However, there was a significant positive correlation
between performance in both external and in-house
tumors of the study. Underachievement was usually the
result of overall staining sensitivity but neither of scoring
nor the assay system used. The variability between labo-
ratories increased if the participants used their own
threshold values. Because there was also a significant
correlation between the assay sensitivity and the reported
frequency of receptor positivity (Rhodes et al., 2000a),
as a minimum requirement of quality control the latter
should be noted in every institution and steps should be
taken if it is too low (Table 6).

Her2/neu

The Her2/neu molecule is a growth factor receptor
that distinguishes tumors of different biology among
those that are discovered at a low stage. It identifies the
harbingers of aggressive biological potential and is
predictive of the outcome of a therapy with mono-
clonal antibodies raised against this molecule.

To guide therapy, there is no single best method, but
IHC seems to hold most promise because of its cost,
convenience, and biological relevance (Thomson et al.,
2001; Wisecarver, 1999). The HercepTest was devel-
oped in a unique attempt to prospectively standardize
the methods (Rhodes et al., 2002). The FDA-approved
protocol for testing extends to all aspects from speci-
men size to the technical performance of antigen
retrieval, scoring, and controls in a need to address the
issues of limited standardization of the technical
procedures. In such an FDA-approved highly stan-
dardized test, adherence to the approved protocol is an
important issue, and, any deviation invalidates its
FDA-approved status (Tubbs and Stoler, 2000).

The reproducibility and sensitivity of Her2/neu
scoring was addressed in several external quality assur-
ance trials. Comparing different primary antibodies
(Press et al, 1994) and detection systems, in some

Table 6. Frequency of positive results for hormone
receptors in breast carcinoma in larger studies
(Rhodes et al., 2000a; Zafrani et al., 2000}

Estrogen receptor Progesterone receptor %
+ + 55
+ - 20
- + 3
- - 22
+ 59-78

+ 52-71
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studies a performance similar to HercepTest could also
be achieved with other primary antibodies (A0485,
TAB250) and detection systems (Thomson ef al., 2001).
The HercepTest has been criticized because of its high
false-positive rate, which means a low positive predictive
value (Pauletti et al., 2000). When the HercepTest scor-
ing system is adhered to strictly and the delivered cell
line controls perform as expected, agreement is excel-
lent. It gives more than 80% appropriate results, and the
level of agreement in laboratories using HercepTest was
significantly greater than that achieved by laboratories
using other methods. The latter laboratories improved
significantly on repletion; therefore, ongoing external
measures may have the potential to provide a level of
standardization equivalent to or even greater than the
HercepTest alone (Rhodes et al., 2002).

If systems other than the HercepTest are used, the
critical steps are antigen retrieval and dilution of the
primary antibody. In our experience, the HercepTest
antigen retrieval system is laborious and does not
result in maximum retrieval, which can be balanced by
the dilution of the primary antibody if other systems
are used.

In contrast to the hormone receptors, scoring is also
a major issue in Her2/neu interpretation. It is question-
able whether the scoring criteria of the HercepTest can
also be applied for other protocols and different cut-off
levels (60% instead of 10% cells with positive mem-
branes) have been proposed (Vincent-Salomon et al.,
2003). Certain details of scoring, however, should be
considered: only membrane staining may be scored,
whereas cytoplasmic staining should not be regarded
as positive. Also any staining of normal epithelia
should lead to a rejection of the case and repetition of
the stain (Thomson et al, 2001). Therefore, slides
analyzed for Her2/neu should contain neoplastic and
nonneoplastic tissue, the latter as internal negative
control.

Other Molecules

New approaches in the use of monoclonal antibod-
ies and specifically tailored molecules (e.g., against
tyrosinkinases) suggest that the number of molecules
against which specific therapies are available will
increase in the future and IHC will be increasingly
applied to select patients for these therapies. A molec-
ular substaging of disease may even be allowed by IHC
and information may be added to existing staging pro-
cedures (Joshi et al., 2003). However, all prognostic
and predictive markers first have to be validated in clin-
ical studies before they can be used in general practice.
“The din and clatter of clinicians requesting the use of
prognostic and predictive markers that have not been
carefully evaluated in appropriate clinical studies must

be perceived as the noise, not the signal, of good med-
ical care” (Swanson, 1999).

Validation of Tests

Naturally, tests detecting molecules for therapeutic
decisions have to be, and usually are, validated by
independent methods. This validation may be clinical,
against a gold standard (if this is available), or by
interlaboratory variability (Wick and Mills, 2001).
Ideally, it would be based on the response to therapy;
however, this may not be practical because it may take
years to perform all the necessary clinical studies.
Other techniques to detect the protein or different
aspects of the same biological process may serve for
comparison.

To detect hormone receptors, radioimmune assays
were originally the method of choice; however, IHC is
more practical, not only because of its easier handling
but also because, being based on morphology, it allows
neoplastic cells to be distinguished from reactive cells.
Cases that are positive for the radioimmune assays but
negative for IHC may be so because of poor fixation,
delayed handling, or sampling errors in the assay
(Gehrig et al., 1999).

The protein expression measured by IHC may
also be compared to the messenger ribonucleic
acid (mRNA) expression as measured by reversed-
transcription-polymerase chain reaction (RT-PCR) (Dall
et al., 1995). Differences may result from concealed epi-
topes after fixation, posttranslational modification, or
block of protein expression; in the latter case IHC would
probably give the more valid result. Again, IHC allows
correlation expression to tumor cells.

In the case of HER-2/neu expression, IHC may be
calibrated with the aid of fluorescence in situ
hybridization (FISH) (see Volume I of this series).
Cases with 3+-overexpression in the HercepTest also
show an amplification of the corresponding gene by
FISH studies and respond to therapy. Cases with weak
expression (1+/2+) should be validated with FISH.
Low-score results are variably predictive of gene
amplification, and there is a high inter-observer vari-
ability (Thomson et al., 2001). Up to 42% of cases
with score 2, which is also regarded as positive, may
not be amplified (Roche and Ingle, 1999).

FISH studies and IHC assess different aspects of the
HER?2/neu gene in breast cancer, namely amplification
versus overexpression, and it is not yet clear whether
gene amplification or protein overexpression is the better
predictor for clinical outcome and clinical response.

Studies have also been performed to assess the
concordance of different antibodies to FISH studies,
which give different results from different investigators.
In one study on 254 breast cancers, HercepTest showed
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a lower concordance to the FISH than other antibodies,
namely TAB250 and CD11 (O’Malley et al., 2001), in
others, a better one compared to e2-4001 (Hoang et al.,
2000).

Immunohistochemistry as an Ancillary
Technique in Diagnostic Pathology

Despite the growing importance of the previously
mentioned applications of IHC to predict responses to
specific therapies, most immunohistochemical staining
is performed to characterize or classify poorly
differentiated neoplasm. Some tumors, especially in
hematopathology, are defined mainly according to their
immunophenotype, and IHC is thus indispensable for
their diagnosis. In this regard, IHC remains an ancillary
technique that has to be understood in the context of
morphologic studies. The major risk to the patient is not
a poor performance of the immunohistochemical stain-
ing but the failure to perform the appropriate staining as
part of the diagnostic workup. Antibodies and reagents
for diagnostic purposes are classified by the FDA as
Class I devices because they have no significant history
of false or misleading claims or risks associated with
their inherent characteristics (Taylor, 1998a).

The problems in diagnostic IHC are not so much the
technical performance of the staining but rather lie at
the interface between classical histology and IHC,
namely to choose antibodies and conclude from a set
of tests to a diagnosis, which is an integration of all
available data (Riidiger et al., 2002). The process goes
far beyond technical questions and includes additional
steps. (An external quality control study, performed by
the German Association of Pathologists, focused on
the integration of IHC into the diagnostic process).
Special emphasis was placed on the interface between
IHC and morphologic methods as well as on the con-
clusions drawn from individual staining. An interesting
result of this study was that the technical performance
of individual staining was not decisive, and so correct
diagnosis was reached in only a minority of cases.
However, morphologic results obtained and informa-
tion on the antibody specificity and the conclusions
drawn from staining patterns were important.

Table 7 outlines steps that do not strictly refer to the
technical aspects of IHC.

In most cases, the differential diagnosis based on the
H&E-stained sections was of utmost importance to
reach the correct final diagnosis. This included
diagnoses that were based on morphology and only sub-
stantiated by IHC. Some difficult cases also fell into this
category if appropriate markers were not available to
prove the diagnosis by IHC. As an example, a
keratin-negative metastasis originating from the adrenal

Table 7. Steps of diagnostic
immunohistochemistry

>

Formulation of a tentative diagnosis/differential diagnosis
A Selection of appropriate primary antibodies to solve the
question

Technical steps
Interpretation of every staining
Conclusions for the diagnosis
Final diagnosis as an integration of all available information

> > >

was diagnosed based on the H&E section. In another
group of cases, the correct selection of antibodies to
solve a differential diagnostic problem was decisive. In
a few cases the conclusions drawn from correctly inter-
preted staining were most important (e.g., to know the
distribution of single keratins CD7 and CK20 in normal
tissues to distinguish a primary gall bladder carcinoma
from a metastasis of colonic carcinoma).

It is concluded from this study that for diagnostic
purposes, currently the major problems are not techni-
cal aspects but the proficiency of the pathologist to
select antibodies for certain differential diagnoses and
to draw conclusions from the pattern of staining. Thus,
the selection of an appropriate staining should be an
integral part of quality assurance in IHC to solve a
diagnostic problem taking the capabilities and limita-
tions of the laboratory into account. This underlines
the importance of continuing medical education and
workshops to share knowledge about staining charac-
teristics and the diagnostic value of commonly used
antibodies.

Cost-Benefit Analysis in Immunohistochemistry

The cost of IHC should also be addressed, although
there is no formal cost-benefit analysis of IHC. The
benefits of pathologic tests are difficult to identify and
quantify in understandable terms, and the cost-
effectiveness thresholds are controversial. It is not settled
whether there are limits above which services should not
be provided (Raab, 2000).

It may be difficult to prove that correct diagnoses
have a direct beneficial effect on patient outcome. This
is probably true only if differential therapies are avail-
able that are effective for at least one of the diseases in
question (Wick et al, 1999). With the exception of
hematologic malignancies, IHC has a limited role in
altering the clinical course on oncology cases. Although
some questions may seem crucial intuitively, they may
have little impact on the outcome, especially if there is
no effective therapy for any of the tumor types in ques-
tion and identical treatment will be applied anyway.
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The prognosis for “poorly differentiated neoplasms”
such as melanoma or primitive neuroectodermal tumor
has not changed substantially with the advent of IHC.
In metastatic tumors of unknown origin, there are no
truly site-specific treatments, with the exception of
breast carcinoma. Prognostic information directly
linked to IHC may be spurious at present; however,
with the introduction of more specific therapeutic
approaches it may become more important, especially
if patients are selected based on the performance of the
single antibody.

Cost effectiveness can also be related to an increase
in diagnostic certainty, which usually is a great clinical
demand (Raab, 2000). IHC is an inexpensive technique
when compared to other clinical investigations. Based
on theoretical models, IHC would therefore still be
cost effective even if it was rarely efficious. Thus, it is
considerably undervalued, especially if it can save
numerous clinical investigations in the detection of a
primary tumor in metastatic cancer. Based on models,
IHC would be cost effective even if the cost were 5-10
times as much as it currently costs in the United States
(Raab, 2000).

To work cost effectively, it is important to formulate
differential diagnoses based on the conventional
staining and to select individual antibodies to answer
the differential diagnosis in question rather than using
a large panel of different antibodies in every case.
Clearly, studies are needed that address the impact of
IHC (and of other ancillary methods and referral cen-
ters) on patient outcome and to build up evidence
regarding its cost efficiency.

Another topic in cost containment is the repetition
of outside IHC in referral centers. In a study by
Wetherington et al. there was a nonconcordance in
testing in about one-fifth of the cases (21.2%) and IHC
resulted in a significant change in diagnoses in 18% of
186 cases (Wetherington et al., 2002). Reasons may be
manifold but are partially subjective. Pathologists are
used to the staining characteristics in their own labora-
tories and may not feel confident evaluating outside
slides. Additionally, appropriate controls to validate
the sensitivity and specificity may not be available.

In conclusion, there are some good approaches to
quality control in IHC, but because of its widespread
use, patients have too much to lose to allow diagnostic
IHC to continue much longer as a laissez-faire disci-
pline. More elaborate and individual therapeutic
approaches have raised a need for greater objectivity
(Taylor, 1994). We are still far from our colleagues in
laboratory medicine with regard to the validation of
our diagnoses. Future years will probably bring the
exclusive use of validated methods only for IHC to the
absolute exclusion of others. Also, measures have to be

taken to further validate assay results by demonstrating
consistency over time, by calibrating results quantita-
tively, and by introducing duplicate tests for the more
serious applications. Currently, IHC exists as an
adjunctive morphologic method that is not consistently
validated by other objective methods such as in situ
hybridization or PCR.

In the future, certified reference material and appro-
priately standardized and validated control reagents
may replace the standardization of each and every step
of the immunohistochemical test. If the controls for a
specific test are validated and mandated, the reagents
and platforms do not need to be mandated as long as
they produce the desired results (Moskaluk, 2002).

The success of quality assurance schemes strongly
depends on the willingness of pathologists to commit
themselves to the guidelines (Sweep and Geurts-Moespot,
2000). Upcoming demands for more specialized technol-
ogists and administrative oversight as well as for techni-
cal and informational infrastructure to satisfy the
requirements for procedural collaboration and technical
documentation. By validating immunohistochemistry
like this, expenses will increase and in the end prompt
many laboratories to refer specimens needing IHC to
specialized centers (Wick and Mills, 2001).
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Introduction

Microarrays have revolutionized biological research
by allowing researchers to study the expression of
thousands of genes simultaneously for the first time
(DeRaisi et al., 1996; Schena et al., 1995). Although
biomedical investigators have quickly adopted this
powerful new research tool, accurate analysis and
interpretation of the data have presented an immense
challenge in the fields of statistical science and data
mining. To make matters worse, microarray technology
has rapidly expanded from simply a ribonucleic acid
(RNA) expression profiling method to many different
applications, including genome-wide single nucleotide
polymorphism (SNP) genotyping (Lindblad-Toh et al.,
2000a; Lindblad-Toh et al., 2000b; Mei et al., 2000),
comparative genomic hybridization (CGH) (Albertson
and Pinkel, 2003; Pollack et al., 1999), and various
types of protein arrays (Cahill and Nordhoff, 2003). A
variety of data analysis tools have been developed to
accommodate the various applications for microarray
analysis. In this article, we survey some common ana-
Iytical strategies for expression analysis, which can be
potentially adapted to most microarray applications.

Handbook of Immunohistochemistry and in situ Hybridization of Human Carcinomas,
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The major steps involved in microarray data analy-
sis are as follows: 1) microarray image acquisition and
raw data generation, 2) data normalization and trans-
formation, 3) classification and exploratory data analy-
sis, and 4) post-analysis follow-up and validation. The
first step, microarray image acquisition and raw data
generation, is heavily platform dependent. Regardless
of the approach chosen, the arrays are scanned after
hybridization. Independent grayscale images, typically
16-bit tiff (tagged information file format) files, are
generated for each sample to be analyzed. Image
analysis software is then used to identify arrayed spots
and measure the relative fluorescence intensities for
each element. There are many commercial and 