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Preface

This book puts together excerpts from various writings by the author on biotechnology
topics as they relate to cancer. It is meant for oncologists, scientists involved in research
on cancer biology, and physicians in various specialties who deal with cancer. It will be
useful for those working in life sciences and pharmaceutical industries, particularly
those involved in the discovery of anticancer agents and drug delivery in cancer. Basics
of various “omics” technologies and their application in oncology are described as
oncogenomics and oncoproteomics. Because the book is organized according to
technologies, only examples of application in cancers of various organs/systems are
described in various chapters. This may involve some repetition of overlapping
technologies for genomics, proteomics, biomarkers, and molecular diagnostics.

Molecular diagnostics have important applications in the investigation and
treatment of cancer. Biomarkers also provide important information relevant to
diagnosis, prognosis, and monitoring of treatment. Sequencing is making important
contributions to molecular diagnostics. Next generation sequencing has helped to
advance our understanding of pathophysiology of cancer, improve molecular
diagnosis of cancer, and facilitate anticancer therapeutics.

Nanobiotechnology is making important contributions to cancer diagnosis, drug
delivery, and therapy, justifying the use of “nanooncology” as a chapter heading.
Many of the drugs developed for cancer failed because of lack of penetration to the
site of action in the brain. Routes of drug delivery and applications to various types
of cancer are described. Various methods of improving systemic administration of
drugs for targeted delivery to cancer are described, including the use of
nanobiotechnology.

Cell and gene therapies, including antisense and RNA interference as well as
vaccines, have emerged as effective methods for the treatment of cancer. Modern
cancer therapies have many biotechnology-based products. Nanobiotechnology is
probably the most important biotechnology in relation to the refinement of drug
delivery, refinement of molecular diagnostics, and its integration with therapeutics.



vi Preface

Finally, a chapter on personalized oncology is important for the era of personalized
medicine. This concept is the best way of integrating new technologies to select the
appropriate strategy for the treatment of an individual patient.

Knowledge in biotechnology and oncology has grown tremendously and both
fields require massive encyclopedias for coverage. As a handy volume integrating
both of these fields, only coverage of selected highlights is possible. The bibliogra-
phy includes a total of ~1,000 selected references from recent literature on this
topic, which are appended to each chapter according to their relevance. The text is
supplemented by 53 tables and 10 figures.

The author wishes to acknowledge the help, guidance, and encouragement
received during the preparation of this work from David Casey, Editor for this proj-
ect at Springer, and Patrick J. Marton, Managing Editor, Springer Protocols.

Basel, Switzerland Kewal K. Jain



About This Book

This book contains excerpts from various biotechnology books and reports authored
by Prof. K.K. Jain that are relevant to cancer. The most important contributions of
biotechnology are to the molecular diagnosis of cancer and drug delivery in cancer
for personalized management of patients.
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Chapter 1
Molecular Biology of Cancer

1.1 Introduction

There are multiple factors involved in the causation of cancer, and both external and
intrinsic events play a role in the malignant transformation of cells. An understand-
ing of the biochemical abnormalities in tumor cells and the differences from normal
cellular biology can lead to the development of effective, nontoxic, tumor-specific
treatments.

Cancer is considered to be a genetic disease. The role of genes and oncogenes in
cancer is discussed in Chap. 2. Alteration to the DNA inside cells can endow it to
grow anywhere and divide indefinitely. Cancer cells differ from their normal coun-
terparts in several ways, some of which are related to their capacity for uncontrolled
growth. Analysis often shows increased amounts of DNA per cancer cell, indicating
an abnormal increase in chromosomal number, and the nuclei carrying this DNA
may take on abnormal shapes. An unusually high percentage of cells in a cancerous
growth are undergoing mitosis, as compared with an undetectably low rate of this
activity in normal cells. Cancer cells often lose tissue-specific differentiation and
indicate a high degree of malignancy. A malignant tumor consists of fully trans-
formed cells that can invade adjacent tissues and spread (metastasize) to other sites
in the body to form secondary tumor growths.

1.1.1 The Genesis of Cancer

1.1.1.1 Normal Cell Cycle and Growth

Growth and division of the cell are relevant to the problem of cancer. For the success-
ful completion of the cell cycle, the parental cell must grow large enough to provide
each of the daughter cells with complements such as DNA and proteins. Various
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steps in the cell cycle also need to be coordinated with the production of cellular
material. The cell cycle encompasses two important phases: S phase (DNA synthe-
sis), with duplication of the cellular genome, and M phase (mitotic), with division of
the chromosomes and separation of two equal portions as daughter cells. These two
phases are separated by two gaps: G1 gap, in which the cell accumulates enzymes
required for duplicating the genome, and G2 gap, in which the cell prepares itself for
mitosis and makes certain that DNA replication has been successfully completed.
Master regulator enzymes trigger the complex events of the cell cycle, and to prevent
uncontrolled cell proliferation, each cell is equipped with important guidelines.

Cells can exit from the cell cycle following M phase by entering a rest stop called
GO, in which they may remain quiescent for hours, days, or years. Cells can reenter
from GO into active G1 phase in response to various environmental stimuli. Events
that damage the regulatory apparatus of the cell may trap it in the active growth
cycle and initiate inappropriate growth of a cancer cell. Deregulation of restriction
points in the cell cycle appears to be required for tumor development.

Some fully differentiated cells eventually lose their ability to undergo further
division and die. In complex organisms, these cells may be replaced by division of
primitive stem cells that have a dual potential: to duplicate without differentiation or
to proceed toward a fully differentiated, nondividing state. Complex organisms
elaborate a large number of extracellular proteins that signal growth and differentia-
tion of stem cells in the hematopoietic lineage. Cancers in the hematopoietic system
may arise through overproduction of cells already committed to one pathway or
another during blood formation. A cancer may be viewed as a collection of cells
whose proliferation and differentiation have become uncoupled and who are not
able to complete their program of differentiation.

A single genetic change is rarely sufficient for the development of a malignant
tumor. Most evidences point to a multistep process of sequential alterations in several,
often many, oncogenes, tumor suppressor genes, or microRNA genes in cancer cells.
Mutations of these genes involve elimination of tumor-suppressing proteins and acti-
vation of oncoproteins. Methylation of CpG islands located in the promoter regions
of a number of tumor suppressor genes has also been considered an important epigen-
etic step in the process of carcinogenesis. There are other hypotheses as well. One of
these implies that breakdown of DNA duplication or repair leads to many thousands
of random mutations in cells. Another view points the finger at aneuploidy, the abnor-
mal number of chromosomes in a cell as the first step on the way to cancer.

Tumors often possess cytogenetically different clones that arise from the initial
transformed cell through secondary or tertiary genetic alterations. This heterogene-
ity contributes to differences in clinical behavior and responses to treatment of
tumors of the same diagnostic type. Apart from the initial clone and subclones,
tumors can also contain progenitor cancer cells, all of which constitute a spectrum
of cells with different genetic alterations and states of differentiation. These popula-
tions can differ in sensitivity to chemotherapy, radiotherapy, and other treatments,
making clinical management difficult. For these reasons, the initiating steps in the
development of cancer are of considerable clinical importance and are a priority in
the development of rational cancer treatment.
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1.1.1.2 Aneuploidy

Cells may become malignant even before any master genes, oncogenes, or tumor
suppressor genes are mutated. Carcinogenesis has also been considered as a multi-
step process in which new parasitic and polymorphic cancer cells evolve from a
single, normal diploid cell. A normal cell is converted to a prospective cancer cell
either by a carcinogen or spontaneously and evolves spontaneously, over months to
decades, to a clinically manifest cancer. The outstanding genotype of such a cell is
aneuploidy, an abnormal balance of chromosomes, which increases and varies in
proportion with malignancy. Enzymes that normally cooperate to fix DNA begin to
fail. Most aneuploid cells die as a result, but a few survive and produce a progeny
that are also aneuploid and different from parent cells.

The driving force of carcinogenesis is the inherent instability of aneuploid karyo-
types. Aneuploidy renders chromosome structure and segregation error prone,
because it unbalances mitosis proteins and the many teams of enzymes that synthe-
size and maintain chromosomes. The resulting karyotype instability sets off a chain
reaction of aneuploidizations, which generate ever more abnormal and eventually
cancer-specific combinations and rearrangements of chromosomes. According to
this hypothesis, the many abnormal phenotypes of cancer are generated by abnor-
mal dosages of thousands of aneuploid but un-mutated genes.

1.1.1.3 Chromosomal Instability

Chromosomal instability (CIN) can occur early on in the course of cancer genesis.
“Master genes,” whose function is critical for a cell to reproduce correctly, may be
disabled by mutations or epigenetically, and the cell makes a mistake at every divi-
sion. The aberrations get worse with each generation. The level of genes in the cell
changes as the chromosome pieces are added or deleted. In the course of time, the
level of tumor suppressor proteins drops below a critical threshold, whereas extra
copies of oncogenes can raise the amount of oncoproteins to dangerous levels, lead-
ing to uncontrolled growth of the cells.

No “master genes” have yet been identified, but centrosomes play critical roles
in processes that ensure proper segregation of chromosomes and maintain the
genetic stability of human cells. They contribute to mitotic spindle organization and
regulate cell cycle progression. Centrosomes are abnormal in most aggressive car-
cinomas, and centrosome defects have been implicated in chromosome instability
and loss of cell cycle control in invasive carcinoma. A significant fraction of precur-
sor lesions to some of the most common human cancers had centrosome defects,
including in situ carcinomas of the uterine cervix, prostate, and female breast.
Moreover, centrosome defects occur together with mitotic spindle defects, chromo-
some instability, and high cytological grade. Because most preinvasive lesions are
not uniformly mutant for p53, the development of centrosome defects does not
appear to require abrogation of p53 function. These findings suggest that centro-
some defects may contribute to the earliest stages of cancer development through
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the generation of chromosome instability. This, together with ongoing structural
changes in chromosomes, could accelerate accumulation of alleles catrying pro-
oncogenic mutations and loss of alleles containing wild-type tumor suppressor
genes and thus accelerate the genomic changes characteristic of carcinoma, the
most prevalent human cancer.

CIN is a defining characteristic of most human cancers. Mutation of CIN genes
increases the probability that whole chromosomes or large fractions of chromo-
somes are gained or lost during cell division. The consequence of CIN is an imbal-
ance in the number of chromosomes per cell (aneuploidy) and an enhanced rate of
loss of heterozygosity. A major question of cancer genetics is to what extent CIN,
or any genetic instability, is an early event and consequently a driving force for
tumor progression.

1.1.2 DNA Damage and Repair

In the presence of functional DNA repair pathways, DNA double-strand breaks
(DSBs) are mainly repaired by nonhomologous end joining (NHEJ) or homologous
recombination (HR), two conserved pathways that protect cells from aberrant chro-
mosomal rearrangements. During the past 2 decades, however, unusual and presum-
ably distinct DNA end-joining repair activities have been unraveled in NHEJ-deficient
cells, and these are likely to operate in various chromosomal contexts and species.
Most alternative DNA end-joining events reported so far appear to involve micro-
homologous sequences and are likely to rely on a subset of HR enzymes, namely,
those responsible for the single-strand annealing mechanism of HR, and on DNA
ligase III. Usually, microhomologies are not initially present at DSB ends and thus
need to be unmasked through DNA end resection, a process that can lead to exten-
sive nucleotide loss and is therefore highly mutagenic. In addition to microhomology-
mediated end-joining events, recent studies in mammalian cells point toward the
existence of a distinct and still ill-defined alternative end-joining pathway that does
not appear to rely on preexisting microhomologies and may possibly involve DNA
ligase 1. Whether dependent on microhomologies or not, alternative DNA end-
joining mechanisms are likely to be highly mutagenic in vivo, being able to drive
telomere fusion events and cancer-associated chromosomal translocations in mouse
models (Decottignies 2013).

1.1.2.1 Mechanism of DNA Damage in Fanconi Anemia Leading
to Leukemia

Fanconi anemia is a human cancer predisposition syndrome caused by mutations in
13 FANC genes. The disorder is characterized by genomic instability and cellular
hypersensitivity to chemicals that generate DNA interstrand cross-links (ICLs).
A central event in the activation of the Fanconi anemia pathway is the
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mono-ubiquitylation of the FANCI-FANCD?2 complex. Using a cell-free system, it
was shown that FANCI-FANCD?2 is required for replication-coupled ICL repair in
the S phase (Knipscheer et al. 2009). The results of this study show that multiple
steps of the essential S-phase ICL repair mechanism fail when the Fanconi anemia
pathway is compromised. This finding will not only help shed light on how to fight
cancer but how to maintain the stability of the human genome.

1.1.2.2 Accumulation of Random Mutations

As the cell divides, random mutations are introduced and go unrepaired as the genes
required to repair the DNA are disabled. As mutations accumulate by the thousands,
cancer-related genes are hit. Elimination of tumor suppressor proteins and the acti-
vation of oncoproteins short-circuit the autodestruct mechanism of the mutant cell
so that it cannot commit suicide and reproduces excessively. After many rounds of
mutation and expansion, one cell in the mutants breaks free of all restrictions on its
growth. The colony invades adjacent tissues in the host organ.

1.1.2.3 Anticancer Therapy-Related DNA Damage and Repair

Anticancer therapies usually damage tumor cell DNA. DNA damage responses and
DNA repair influence the outcome of therapy. However, the relation between DNA
repair mechanism efficiency and anticancer therapy might be more complex. Without
repair, damage can result in genetic instability and eventually cancer. Because DNA
repair normally excises lethal DNA lesions, efficient repair will contribute to intrinsic
drug resistance. Paradoxical relationship between DNA mismatch repair and drug
sensitivity has been revealed by model studies in cell lines. A publication has reviewed
the evidence for the contribution of carcinogenic properties of several drugs as well as
of alterations in specific mechanisms involved in drug-induced DNA damage response
and repair in the pathogenesis of therapy-related cancers (Casorelli et al. 2012).

1.1.3 Telomeres and Cancer

Specialized nucleoprotein structures, termed telomeres, cap the ends of human
chromosomes. These terminal structures, composed of repetitive arrays of guanine-
rich hexameric DNA together with specific telomere-binding proteins, play essen-
tial roles in protecting the chromosome from damage and degradation. In a
noncancerous cell, telomeres are shortened after every round of replication, and
when they reach a critically short length, the cell dies. Loss of telomere function is
an important mechanism for the chromosome instability commonly found in cancer.
Loss of a single telomere can result in ongoing instability, affect multiple chromo-
somes, and generate many of the types of rearrangements commonly associated
with human cancer (Bailey and Murnane 2006).
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The presence of telomerase in cancer cells prevents telomere shortening and
allows the cells to divide indefinitely. Activation of telomerase, a dedicated reverse
transcriptase that synthesizes telomeric sequences, is strongly associated with can-
cer. Telomeres and telomerase perform important roles in both suppressing and
facilitating malignant transformation. Telomerase may be involved in triggering
apoptosis, but the underlying molecular mechanism remains unclear.

Telomerase, by virtue of its reverse transcriptase activity and its absence from
normal tissues, is considered to be an excellent target for cancer chemotherapy.
Treatments that inhibit telomerase activity interfere with the growth of cancer.
Several approaches have been developed to inhibit telomerase activity in human can-
cer cells. Different components and types of inhibitors targeting various regulatory
levels have been regarded as useful for telomerase inhibition. Most methods, how-
ever, rely on successive telomere shortening. This process is very slow and causes a
long time lag between the onset of inhibition and the occurrence of senescence or
apoptosis as a reversal of the immortal phenotype. Many telomerase inhibitors seem
to be most efficient when combined with conventional chemotherapeutics.

Therapeutic strategies for inhibiting telomerase activity have included both tar-
geting components of telomerase (the protein component, telomerase reverse tran-
scriptase (TERT), or the RNA component, telomerase RNA component (TERC)) or
by directly targeting telomere DNA structures. A combination telomerase inhibition
therapy has been studied also. The TERT promoter has been used to selectively
express cytotoxic gene(s) in cancer cells, and a TERT vaccine for immunization
against telomerase has been tested (Siddiqa et al. 2006). Telomerase may have a use
in gene therapy. One of the problems in ex vivo gene therapy is the poor prolifera-
tion of extracted cells in the laboratory. Insertion of telomerase, alone or in combi-
nation with other factors, may enhance the replication capacity so that a larger
number of therapeutic cells can be delivered to the patient.

1.1.4 Role of Epigenetics in Cancer

In addition to having genetic causes, cancer is also an epigenetic disease. Epigenetics
refers to control of gene expression selectively without affecting the genomic DNA
sequence. Epigenetic regulation of gene transcription has emerged as a key biologi-
cal determinant of cellular differentiation and plays a significant pathogenic role in a
number of human diseases, particularly cancer. This regulation is mediated by selec-
tive, enzyme-catalyzed, covalent modification of DNA and of proteins (especially
histones) that control the conformational transition between transcriptionally active
and inactive states of chromatin. Disruption of the activity of disease-associated epi-
genetic enzymes offers a mechanism-based opportunity for pharmacological inter-
vention in diseases such as cancer. DNA methylation patterns undergo changes in
cancer cells and represent an attractive therapeutic target because such epigenetic
alterations are more readily reversible than genetic events. When used in combina-
tion with conventional chemotherapeutic agents, epigenetic-based therapies may
provide a means to sensitize drug-resistant tumors to established treatments.
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1.1.4.1 DNA Methylation and Cancer

DNA methylation is an important regulator of gene transcription and plays a role in
carcinogenesis. Alterations in DNA methylation are common in a variety of tumors
as well as in development. Of all epigenetic modifications, hypermethylation, which
represses transcription of the promoter regions of tumor suppressor genes leading to
gene silencing, has been most extensively studied. However, global hypomethyl-
ation has also been recognized as a cause of oncogenesis. New information con-
cerning the mechanism of methylation and its control has led to the discovery of
many regulatory proteins and enzymes. The contribution of dietary folate and meth-
ylenetetrahydrofolate reductase polymorphisms to methylation patterns in normal
and cancer tissues is under intense investigation. As methylation occurs early and
can be detected in body fluids, it may be of potential use in early detection of tumors
and for determining the prognosis. Because DNA methylation is reversible, drugs
like 5’-azacytidine, decitabine, and histone deacetylase inhibitors are being used to
treat a variety of tumors. Novel demethylating agents such as antisense DNA meth-
yltransferase and small interference RNA are being developed, making the field of
DNA methylation wider and more exciting.

1.1.5 Metabolic Changes in Cancer

Cancer cells show the Warburg effect, i.e., they consume a large amount of glucose,
maintain high rate of glycolysis, and convert a majority of glucose into lactic acid
even in the presence of oxygen compared to that of normal cells.

Cancer metabolism is a promising new area of research which deserves further
attention. Inhibition of the mammalian target of rapamycin (mTOR) pathway that
controls metabolism and proliferation of cells warrants further investigation.

1.1.6 Hallmarks of Cancer

It is difficult to explain why cancer does not affect more persons. Most people make
it to old age without getting cancer. A cell must require extraordinary skills to
become malignant. The classical six hallmarks of cancer are:

1. Self-sufficiency in proliferative growth signals

2. Insensitivity to growth inhibitory signals from disturbed adjacent tissues that
would normally arrest cell division

Evasion of apoptosis

Induction of angiogenesis

Acquisition of a potential for unlimited replication

Invasion and metastases

SN s W
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Two emerging hallmarks have been to this list: reprogramming of energy metab-
olism and evading immune destruction (Hanahan and Weinberg 2011). In addition
to cancer cells, tumors show another dimension of complexity as they contain a
repertoire of cells that contribute to the acquisition of hallmark traits by creating the
“tumor microenvironment.” Recognition of the widespread implications of these
concepts will influence the development of new methods to treat human cancer.
Further complexity has been added to this issue by discovery of cancer stem cells
and microRNAs, which will be described later.

1.1.7 Self-Sufficiency of Tumor Proliferation

Normal cells depend upon exogenous growth factors for release from quiescence
and for stimulation of DNA synthesis. Cancer cells often counterfeit their own mes-
sages to promote growth. Intracellular communication is important for tissue dif-
ferentiation, and the complex signaling networks are partly mediated by growth
factors. There are numerous interactions among growth factors, malignant cells, and
microenvironments. Growth factors can influence cell proliferation in a positive or
a negative manner. A link has been established between growth factors, receptors
with tyrosine kinase activity, and oncogenes. Activation of the growth factor signal-
ing pathway through genetic alterations affecting these genes contributes to the
development and progression of cancer. Various growth factors implicated in malig-
nant transformation include the following:

» Epidermal growth factor family

» Fibroblast growth factor family

» Hepatocyte growth factor

* Insulin growth factors

* Neurotrophic factors: prototype example is nerve growth factor

e Platelet-derived growth factor family (includes vascular endothelial growth
factors [VEGFs])

Transforming growth factor (TGF)-a seems to promote the entry of cells into
normal cycle from a quiescent state and may increase tumor growth by providing an
endogenous growth factor mechanism. TGF-f belongs to a family of polypeptide
growth factors that inhibit the growth of most epithelial factors. Responsiveness to
TGF-p by malignant cells has been linked to differentiation and progression of
malignancy. There is evidence for the loss of responsiveness to TGF- in progres-
sion of several cancers such as those involving the breast and the prostate.

1.1.8 Apoptosis

Normal cells, subjected to genetic damage about a critical level, usually activate an
autodestruct or suicide program called apoptosis (an ancient Greek word that refers
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to falling of leaves off a tree). Apoptosis is a genetically encoded program of cell
death characterized by cellular DNA fragmentation, plasma condensation, and
membrane blebbing, followed by cell fragmentation and formation of membrane
vesicles called apoptotic bodies. Cancer cells can bypass this mechanism. However,
the activation of the suicide program is regulated by many different signals that
originate from both the intracellular and the extracellular milieu. A class of highly
specific proteases, termed caspases, appears to have an important role in apoptosis
execution. Mitochondria also appear to have an essential role in apoptosis. The
release of apoptogenic protease appears to be under the control of bcl-2 gene
product.

Agents of the immune system can sometimes successfully order a cell to self-
destruct. One example is cytotoxic T lymphocytes (CTLs) or natural killer cells
(NK), which induce apoptosis in targets such as virus-infected cells or tumor cells.
In these cases, an effector molecule expressed at the surface of CTLs or NK cells or
a soluble cytokine produced by these effector cells is thought to be responsible for
target cell death. Fas ligand (FasL), a cell surface molecule belonging to the tumor
necrosis family, binds to its receptor Fas and induces apoptosis of Fas-bearing cells.
In the immune system, Fas and FasL are involved in downregulation of immune
reactions as well as in T-cell-mediated cytotoxicity. Malfunction of the Fas system
causes lymphoproliferative disorders and accelerates autoimmune disease.

Inhibitors of apoptosis may be genes normally present in the genome, which
become deregulated during oncogenesis. Cancer arises when deranged cells fail to
die. Oncogenesis is often associated with defects in p53 or the expression of anti-
apoptotic genes, especially bcl-2 family members or oncogenic forms of abl.
Similarly, oncogenic Ras has been shown to produce an apoptosis-resistant state.

1.1.8.1 Therapeutic Implications of Apoptosis in Cancer

Apoptosis is rare in cancer because tumor cells have adapted biological pathways to
circumvent cell death. Several anticancer therapies aim to induce apoptosis in these
cells. Resistance to apoptosis is the principal mechanism whereby tumors are able
to develop resistance to cancer therapies. An understanding of how a cell begins the
process of apoptosis may help in the design of more targeted cancer therapies.
Cytochrome ¢ (CC)-initiated Apaf-1 apoptosome formation represents a key ini-
tiating event in apoptosis. These molecules then bind to another protein called
Apaf-1 in the cell cytoplasm, and together they form a scaffolding “death wheel” to
activate enzymes called caspases that shred a cell apart. But a cell also needs extra
energy from ATP to undergo apoptosis, and this extra energy is produced from the
“pools” of free nucleotides that exist in the cell cytoplasm. Adding ATP to a cancer
cell should impede apoptosis, but a new study has shown that these nucleotide pools,
in fact, act not to promote apoptosis through production of ATP but to hinder it
(Chandra et al. 2006). They act as “pro-survival factors” that prevent CC, when
released from the mitochondria, from “seeing” Apaf-1 in the cytoplasm. The cell
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mitochondria needed to release a large and sustained volume of CC to overcome this
nucleotide barrier, and they also found evidence that as soon as the release of CC
increases, another mechanism kicks in that simultaneously begins to reduce the size
of the nucleotide pool to allow CC to bind to Apaf-1. Many cancer drugs focus on
pushing the mitochondria to release CC, and not on reducing the nucleotide pool,
and the new model suggests that decreasing this pool is essential to produce sensi-
tivity in cancer cells to apoptosis. Cancers such as melanoma and ovarian tumors
that quickly become resistant to therapy do so because they have found ways to
prevent mitochondria from releasing a lot of CC. Tumor cells also do not want to
decrease their nucleotide pool, because they need ATP for continued functioning.
An optimal cancer therapy should combine both strategies: maximize release of CC
and maximize the decrease of nucleotide levels. Some chemotherapy drugs, like
paclitaxel, cisplatin, and etoposide, appear, coincidentally and perhaps inadver-
tently, to do both and are very effective for specific cancers. However, the new find-
ings provide a theoretical approach that can help in the design of more targeted
chemotherapy drugs.

The ratio of apoptosis to mitosis is predictive of tumor growth, with increased
apoptosis favoring a positive prognosis. In contrast, necrosis is inversely correlated
with apoptosis and predicts a poor prognosis. Results such as these form the founda-
tion for cancer strategies that focus on the regulation of apoptosis. Treatments that
restore the ability to properly regulate apoptosis have potential benefits in cancer.

Bcl-2 and apoptosis. The bcl-2 family proteins regulate apoptosis, the natural pro-
cess by which damaged or unwanted cells die and are cleared from the body. When
this process is defective, such as when the bcl-2 family proteins are present in
excess, damaged cells can continue to divide, leading to the formation and growth
of tumors. The central role that bcl-2 family genes play in the control of programmed
cell death and response to chemotherapy suggests that these genes and their encoded
proteins provide targets which can be used for improving therapeutic outcomes in
patients with advanced cancers.

Effects of biological response modifiers, such as growth factors and cytokines,
on the expression of bcl-2 family genes need to be explored with the object of ren-
dering tumor cells more sensitive to induction of apoptosis. Growth of human B-cell
lymphomas bearing bcl-2 translocations can be specifically inhibited by antisense
oligonucleotides targeted against the bcl-2 gene. One strategy is to overexpress pro-
teins that suppress apoptosis, such as the bcl-2 family protein Mcl-1. The Mcl-1
protein plays a pivotal role in protecting cells from apoptosis and is overexpressed
in a variety of human cancers.

Survivin, also called baculoviral inhibitor of apoptosis repeat-containing 5
(BIRCY), is a protein encoded by the BIRCS gene. Survivin, a member of the inhibi-
tor of apoptosis (IAP) family, inhibits caspase activation, thereby leading to nega-
tive regulation of apoptosis. This has been shown by disruption of survivin induction
pathways, leading to increase in apoptosis and decrease in tumor growth. Survivin
is a potential target for apoptosis-based therapy in cancer, because cancer cells are
targeted while normal cells are spared.
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The role of cytokines in apoptosis. Treatment with cytokines and cytotoxic drugs
has been shown to sensitize tumor cells to Fas-mediated apoptosis. Fas is a cell
surface receptor of tumor necrosis factor (TNF) receptor family. Triggering of Fas
by its ligand, FasL, causes apoptosis, provided the cells are sensitized to the Fas
signal. For the latter approach, better methods of gene targeting will be needed to
replace proapoptotic genes in tumors.

Increase of apoptosis by inhibition of nuclear factor kappa B (NF-kB). The tran-
scription factor NF-kB is activated by chemotherapy and by irradiation in some
cancer cell lines and is the principal mechanism of inducible tumor chemoresis-
tance. Inhibition of NF-kB leads to enhanced apoptosis and is a new approach to
adjuvant therapy in cancer treatment. This inhibition has been achieved by adenovi-
ral-mediated delivery of a modified form of IkBa, the inhibitor of NF-kB, which
sensitizes chemoresistant tumors to the apoptotic potential of TNF-a and chemo-
therapeutic agent CPT-11, resulting in tumor regression.

Caspase-independent apoptosis. Caspase-mediated apoptosis is a major hindrance
to tumor growth and metastasis. Accordingly, defects in signaling pathways leading
to the activation of caspases are common in tumors. Moreover, many tumor cells
can unexpectedly survive the activation of caspases. As aresult, caspase-independent
cell death programs are gaining increasing interest among cancer researchers. The
heterogeneity of cancer cells with respect to their sensitivity to various death stimuli
further emphasizes the need for additional death pathways in the therapeutic control
of cell death. An understanding of the molecular control of alternative death path-
ways is beginning to emerge. Drugs or drug targets engaging caspase-independent
death routines already exist, and an example is topoisomerase inhibitor camptothe-
cin, which induces cathepsin-mediated apoptosis-like programmed cell death in
hepatocellular carcinoma cells.

1.1.8.2 Autophagy

Although apoptosis is the major mechanism of programmed cell death, cancer
therapies may induce modes of cell death different from apoptosis. The identified
mechanisms include mitotic catastrophe, autophagy, necrosis, and senescence.
Self-cannibalization, called autophagy, occurs when a cell forms a membrane
around a part of its cytoplasm or an organelle and then digests the contents, leav-
ing a cavity. A cell that dies from autophagy is riddled with cavities. Cells nor-
mally employ autophagy temporarily to survive when nutrients are short, to recycle
components to form new organelles, or to fend off viral or bacterial infection. In
cancer research, there is evidence both that autophagy is a form of programmed
cell death triggered to prevent the replication of damaged cells and that cancer
cells in some instances employ it to survive attack. Insights into the molecular
mechanisms of autophagy are now leading to the discovery of exciting new poten-
tial drug targets.
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1.1.9 Tumor Angiogenesis

Angiogenesis (formation of blood vessels) is fundamental to reproduction, development,
and repair. During human embryonic growth, vessels develop to deliver adequate
nourishment and oxygen from the maternal circulation. Angioblasts of extraembry-
onic mesoderm give rise to primitive vascular channels, and angiogenesis originates
from these structures. After the developing embryo has formed a primary vascular
plexus by a process termed vasculogenesis, further blood vessels are generated by
both sprouting and non-sprouting angiogenesis, which are progressively pruned and
remodeled into a functional adult circulatory system.

Tumor angiogenesis is known for over 100 years, but its mechanism remained
obscure. It was identified as an active process induced by humoral tumor-derived
stimuli only in the 1960s. In 1971, Judah Folkman proposed the hypothesis that
tumor growth is angiogenesis dependent and that endothelial cells may be
switched from a resting state to a rapid growth phase by a “diffusible” chemical
signal from tumor cells (Folkman 1971). This formed the basis of the concept for
antiangiogenesis therapy. Regardless of the mechanism of formation, tumor ves-
sels lose the normal anatomical structural arrangements and can be leaky and
fragile, leading to edema and hemorrhage. Functional genomic and proteomic
approaches have begun to revolutionize cancer research. The development of
powerful technologies, such as DNA microarrays, serial analysis of gene expres-
sion, RNA interference, and proteomics, has enabled investigations of gene iden-
tification and function at an unprecedented scale. Approaches integrating these
technologies with high-throughput forward and reverse genetic screens are
already providing insights into the pathomechanism of angiogenesis, leading to
the identification of proteins that can be used for selective targeting of tumor ves-
sels (Mittal and Nolan 2007).

Angiogenesis is a complex multistep process involving extensive interplay
between cells, soluble factors, and extracellular matrix components. Several angio-
genic peptides have been discovered. Some stimulate vascular endothelial cells to
proliferate, whereas others act indirectly by mobilizing host cells to release endo-
thelial growth factors. Endogenous inhibitors of angiogenesis (EAls) counteract the
activity of these angiogenic factors. The switch to neoplastic angiogenesis is a tilt in
the balance in favor of positive regulators (enhancers) of microvessel growth over
the negative regulators (inhibitors).

In a mouse model of pancreatic neuroendocrine cancer, administration of three
EAIs—endostatin, thrombospondin-1, and tumstatin peptides—and deletion of
their genes reveal neoplastic stage-specific effects on angiogenesis, tumor progres-
sion, and survival, correlating with endothelial expression of their receptors.
Deletion of tumstatin and thrombospondin-1 in mice lacking the p53 tumor sup-
pressor gene leads to increased incidence and reduced latency of angiogenic lym-
phomas associated with diminished overall survival (Xie et al. 2011). The results
demonstrate that EAIs are part of a balance mechanism regulating tumor angiogen-
esis, serving as intrinsic microenvironmental barriers to tumorigenesis.
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Galectin-1 (gal-1) is a receptor for the angiogenesis inhibitor anginex, and this
protein is crucial for tumor angiogenesis. Gal-1 is overexpressed in endothelial cells
of different human tumors. Expression knockdown in cultured endothelial cells
inhibits cell proliferation and migration. The importance of gal-1 in angiogenesis is
illustrated in the zebrafish model, where expression knockdown results in impaired
vascular guidance and growth of dysfunctional vessels. The role of gal-1 in tumor
angiogenesis is demonstrated in gal-1-null mice, in which tumor growth is mark-
edly impaired because of insufficient tumor angiogenesis (Thijssen et al. 2006).
Furthermore, tumor growth in gal-1-null mice no longer responds to antiangiogen-
esis treatment by anginex. Thus, gal-1 regulates tumor angiogenesis and is a target
for angiostatic cancer therapy.

The well-documented role of VEGF in tumor angiogenesis has led it to become
one of the leading therapeutic targets for the treatment of cancer. Emerging evi-
dence from genetically modified animal models, however, suggests that elevated
levels of VEGF may inhibit, rather than promote, early tumor development and
progression. For example, hypermorph VEGF transgenic mice display delayed
progression of a retroviral-induced murine leukemia, and knockdown of VEGF
expression within the myeloid compartment accelerates tumor progression
(Vecchiarelli-Federico et al. 2010). Several mechanisms have been proposed to
explain this paradox, whereby VEGF induces changes within the hematopoietic
compartment and tumor microenvironment through recruitment of tumor inhibitory
monocytic cells and the negative regulation of tumor angiogenesis. Therefore, the
levels of VEGF expression in both tumor and nontumor tissues, as well as the con-
text and timing of its modulation relative to cancer induction, play an important role
in determining the effects of VEGF expression on tumorigenicity.

1.1.10 Acquisition of a Potential for Unlimited Replication

Changes in cancer genes endow a cell with powers that allow it to outbreed its
neighbors. The cell passes its abnormalities in the DNA sequence to its descendants
so that the clone army keeps on growing and advancing.

1.1.11 Invasion and Metastases

Cancers usually become life threatening only after they disable the cellular circuitry
that confine them to a specific part of the particular organ in which they arose.
Genetic alterations in tumors occur in varying orders; many of them concomitantly
influence invasion as well as the other cancer-related cellular activities, genes
encoding elements of the cadherin/catenin complex, the nonreceptor tyrosine kinase
Src, the receptor tyrosine kinases c-Met and FGF receptor (FGFR), the small
GTPase Ras, and the dual phosphatase and tensin homolog (PTEN) are among
those involved.
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There are numerous clinical and experimental observations showing that invasion
results from the cross-talk between cancer cells and host cells, comprising myofibro-
blasts, endothelial cells, and leukocytes, all of which are themselves invasive. In
bone metastases, host osteoclasts serve as targets for therapy. The molecular analysis
of invasion-associated cellular activities, i.e., homotypic and heterotypic cell—cell
adhesion, cell-matrix interactions, and ectopic survival, migration, and proteolysis,
reveal branching signal transduction pathways with extensive networks between
individual pathways. Cellular responses to invasion-stimulatory molecules such as
scatter factor, chemokines, leptin, trefoil factors, and bile acids or inhibitory factors
such as platelet-activating factor and thrombin depend on activation of trimeric G
proteins, phosphoinositide 3-kinase, and the Rac and Rho family of small GTPases.
The role of proteolysis in invasion is not limited to breakdown of extracellular matrix
but also causes cleavage of proinvasive fragments from cell surface glycoproteins.

Metastasis or spread of tumors to sites in the body beyond the primary location
is the most malignant manifestation. To possess metastatic potential, a cell has to be
able to penetrate the epithelial basement membrane and invade the surrounding tis-
sue. Then the tumor cells spread via the lymphatics or the bloodstream or both,
extravasate, and multiply at secondary sites. Growth of tumors beyond 1 cm?’
requires vascularization of solid tumors. Angiogenesis not only allows further
growth of tumors but may facilitate hematogenous spread as well. Metastases pres-
ent the greatest obstacle to successful cancer therapy. Despite all the advances made
in conventional cancer treatments and surgical techniques, most of the cancer deaths
result from metastases. An understanding of the molecular mechanisms underlying
metastases is leading to novel cancer therapies which might provide a means for
disruption of metastasis formation.

Although tumorigenesis is necessary for formation of metastases, uncontrolled
growth alone will not produce metastatic phenotype. This multistep process requires
additional genetic changes, positive modulators (oncogenes), and loss of negative
regulators (tumor growth suppressors). Thus, tumorigenesis and metastasis have
both overlapping and separate features.

Most common organs involved by metastases are the lungs, the brain, and the
bones. It is unclear as to why particular cancers preferentially metastasize to certain
sites. The possibilities include differential survival and proliferation at these sites,
or selective trapping with or without preferential homing as in the case of breast
cancer. Chemokine receptors CXCR4 and CCR7 are found on breast cancer cells
and their ligands are highly expressed at sites associated with breast cancer metas-
tases. This results in chemotaxis, or directed migration of tumor cells from their
primary site via the circulation to the preferential sites of metastases.

1.2 Ion Channels and Cancer

Ton channels are protein pores in the cell membrane that allow the passage of ions
down their respective electrochemical gradients. Ion channels are classified accord-
ing to the ion passing through them (e.g., sodium, potassium, calcium, or chloride)
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Table 1.1 Ion channels involved in development of cancer

Ton channel Effect on cancer cell lines Mechanism

VGKCs Tumor progression and invasion Cell proliferation

VGSCs Metastatic carcinoma Cell motility

VGCCs Prostate cancer Cell differentiation
Small-cell lung cancer Cell motility

TRPM1 Melanoma Cell growth

TRPM7 Glioma Cell proliferation

TRPMS8 Prostate, breast, lung, and skin cancers Proliferation and apoptosis

TRPV Colorectal and prostate carcinoma Cell proliferation

Based on data from Li and Xiong (2011)

and the mechanisms by which they are opened or closed. There are two basic types
of ion channels: (1) voltage-gated ion channels (VGICs) and (2) ligand- or
transmitter-gated ion channels; but some channels exhibit dual gating mechanisms.
VGICs may be voltage-gated sodium channels (VGSCs), voltage-gated calcium
channels (VGCCs), or voltage-gated potassium channels (VGKCs). Both voltage-
gated and ligand-gated ion channels play important roles in physiological condi-
tions such as electrical signaling, gene expression, hormone secretion, learning, and
memory. However, in pathological conditions, the property or activity of ion chan-
nels may change and may promote the growth and proliferation of tumor cells.

Transient receptor potential (TRP) channels, transmembrane cation-permeable
channels that regulate intracellular Ca®* and Na* concentrations as well as mem-
brane voltage, are widely expressed in mammalian tissues. TRPM subfamily, also
called melastatin-like TRP channels, consists of eight members: TRPMI1/3,
TRPM4/5, TRPM6/7, TRPM2, and TRPMS. Ion channels represent promising tar-
gets for developing novel and effective cancer therapies (Li and Xiong 2011). The
role of ion channels in drug discovery for cancer is described in Chap. 14. Ion chan-
nels involved in cellular processes vital to the progression and development of can-
cer are shown in Table 1.1.

1.3 Cancer Microenvironment

All cancers contain a diverse population of cells, including cancer cells (typically
refer to those cells harboring genetic mutations), stromal fibroblasts, endothelial
cells, inflammatory cells, and abundant extracellular matrix. The cancer microenvi-
ronment, composed of noncancer cells and their stroma, has become recognized as
a major factor influencing the growth of cancer. The microenvironment has been
implicated in the regulation of cell growth, determining metastatic potential and
possibly determining location of metastatic disease and impacting the outcome of
therapy. While the stromal cells are not malignant per se, their role in supporting
cancer growth is so vital to the survival of the tumor that they have become an
attractive target for chemotherapeutic agents. Various cellular and molecular
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components of the stromal environment, their effects on cancer cell dynamics, and
the rationale and implications of targeting this environment for control of cancer
have been reviewed elsewhere (Li et al. 2007).

Despite the importance of tumor—stromal interactions, there is a limited under-
standing of the complex relationship between the tumor cells and the surrounding
stromal cells. It is now acknowledged that tumor cells and their stroma coevolve
during tumor development and progression. However, how stromal cells are altered
during tumor progression and how they reciprocally influence tumor initiation and
progression are poorly understood. Tumor microenvironments are attractive targets
for therapy, because they are presumably genetically stable, which is in contrast to
tumor cells that are known to be genetically unstable and thus can accumulate adap-
tive mutations and rapidly acquire drug resistance. Manipulating tumor—stromal
interactions has the potential to revert the malignant phenotype, which may eventu-
ally lead to reduction or elimination of metastasis-associated morbidity and turn
metastatic cancer into a manageable chronic disease.

A study indicates that hypoxia leaves a specific mark on miRNA profiles in a vari-
ety of cell types, with a critical contribution of the hypoxia-inducible factor, and a
subgroup of these hypoxia-regulated miRNAs seem to play a role in cell survival in a
low-oxygen environment (Kulshreshtha et al. 2007). Based on comparison of hypoxia-
associated miRNA spectra with published data from a large number of tumors, it is
proposed that cancer-associated miRNA profiles exhibit a hypoxic signature.

1.4 Epidemiology of Cancer

Despite numerous advances in medicine, cancer remains a major health problem.
Approximately 13 million new cases of cancer are diagnosed worldwide annually,
of which about half die. More than 11 million Americans are living with cancer or
the prospect that cancer may return. Approximately 1.6 million new cases of cancer
were reported in the USA in 2012, and cancer burden might increase with aging US
population. At current incidence rates, the total number of new cancer cases is
expected to nearly double by 2050 to three million. Cancer remains the second big-
gest cause of death in the USA, after heart disease, and nearly one in four Americans
is projected to die from cancer. There is more hope for the future, as better drugs and
better methods of delivery are developed. Statistics on selected cancers in the USA
for 2012 are shown in Table 1.2.

1.5 Current Management of Cancer

For many years, standard cancer therapy has been based on surgery, radiotherapy,
and chemotherapy, used alone or in combination. It is recognized that advanced
cancers cannot be cured with single drugs. They often are resistant to single agents,
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Table 1.2 Estimated new cases of cancer in the USA in most involved organs (2012)

Males: number of cases=810,040 Females: number of cases=762,870
Organ involved % of total Organ involved % of total
Prostate 33 Breast 32
Lung and bronchus 13 Lung and bronchus 12
Colon and rectum 10 Colon and rectum 11
Urinary bladder 7 Uterine corpus 6
Melanoma of skin 5 Melanoma of skin 4
Non-Hodgkin’s lymphoma 4 Non-Hodgkin’s lymphoma 4
Kidney 3 Ovary 3
Leukemia 3 Thyroid 3
Oral cavity 3 Urinary bladder 2
Pancreas 2 Pancreas 2
All other sites 17 All other sites 21

Source: American Cancer Society

and even if they are initially sensitive, their molecular heterogeneity usually guarantees
the secondary outgrowth of rare cells that are resistant. In contrast, drug combina-
tions can cure some types of cancers even at advanced stages. Examples of effective
therapeutic combinations include doxorubicin, bleomycin, vinblastine, and dacar-
bazine for Hodgkin’s lymphoma and bleomycin, etoposide, and cisplatin for testicu-
lar cancer.

Surgery can effectively remove some tumors, but surgery alone cannot effec-
tively treat cancers that have spread widely through the body. Radiotherapy and
chemotherapy can kill cancer cells and shrink tumors, but at safe doses, they may
fail to eradicate all cancer cells while at the same time causing side effects by dam-
aging healthy cells.

1.5.1 Chemotherapy

Currently available anticancer drugs can be divided into three broad categories:

1. Those that interact with DNA (cytotoxics)
2. Those that associate with membrane receptors (hormonal agents)
3. Those that bind to antigen expressed at the cell surface

The principal mechanism of action of each of the cytotoxic drugs is uncertain,
although all of them produce DNA damage. Alkylating agents induce arrest of DNA
transcription/replication. Antimetabolites induce DNA injury by inhibiting thymi-
dine synthetase, purine synthesis, or DNA repair. The anthracyclines damage DNA
by intercalating with DNA, generating free radicals, or interacting with DNA-
modifying enzyme topoisomerase. The final common pathway of cytotoxic-induced
cell death is via apoptosis.
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1.5.1.1 Limitations of Cancer Chemotherapy

Despite the introduction of numerous chemotherapeutic agents, cancer survival
rates for clinically advanced cancers have improved little during the past quarter of
a century. Although notable successes have been achieved in the treatment of acute
leukemias and malignant lymphomas, advanced solid malignancies (with the excep-
tion of testicular cancer and some other rare neoplasms) are usually incurable. The
major limitations of chemotherapy are toxicity and multidrug resistance.

All of the commonly used chemotherapy agents are associated with acute
toxic effects. These effects are a limiting factor in the dosing levels of these sub-
stances. Various supplementary treatments are used to counteract the adverse
effects. For example, myelotoxicity is treated with colony growth-stimulating
factors such as G-CSF, while other treatments have been developed to counteract
nausea and vomiting. One major adverse effect of chemotherapy in long-term
survivors is the development of secondary malignancies as a result of alkylating
agents. Various measures to reduce the incidence of chemotherapy-associated
toxicity include combination therapies, development of less toxic chemothera-
peutic agents, and improved targeted methods of drug delivery to avoid systemic
toxicity.

Several chemotherapy regimens include combinations of cytotoxic agents, each
of which has been shown to be effective as a single agent against the cancer type to
be treated. The toxicity profiles of the individual drugs are not superimposed to limit
the severity of toxicity. Dosage schedules are chosen to optimize tumor response
and toxicity profile. Scheduling of myelosuppressive chemotherapy is limited by
bone marrow recovery. Regimens for a myelosuppressive therapy alternating with
non-myelosuppressive therapy are used in such cases. High-dose chemotherapy has
been combined with autologous bone marrow or peripheral stem cell rescue as a
salvage therapy.

1.5.2 Radiotherapy

Radiotherapy is an established treatment for certain types of cancer. The role of
radiotherapy for a particular tumor is determined by the radiosensitivity of the
tumor. Pharmacological agents can interact with radiotherapy in several ways, and
attempts are being made to determine how drugs and radiation can be combined in
an optimal manner. Radiotherapy has been claimed to have a curative role as a sole
treatment for some cancer, as well as being a component of multimodal treatments
(including chemotherapy) for breast cancer and soft tissue sarcoma. For cancers
with both local control problems and metastatic potential, experts generally agree
that a combination of chemotherapy and radiotherapy is more effective than either
approach alone.
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1.5.2.1 Brachytherapy

Brachytherapy, or short-range radiation therapy, involves implanting small, rice-
sized radioactive pellets (“seeds”) directly into the tumors to confine and target
treatment within the cancer site. The implants deliver radiation to the cancer, gradu-
ally over time.

1.5.3 Surgery

Surgery plays an important role in the multidisciplinary management of cancer
although it fails to cure cancer in more than half the patients. In the absence of
metastases, the surgeon can ablate the primary tumor with a reasonable chance of
cure. This depends on the location of the tumor and the completeness of the exci-
sion. In the case of glioblastoma multiforme of the brain, it is not possible to remove
the tumor completely. Surgical methods are combined with other modalities such as
chemotherapy and radiotherapy as well as innovative methods of cancer drug deliv-
ery during surgery. Surgical procedures may be involved in implantation of antican-
cer therapeutic substances.

1.6 Role of “Omics” in Oncology

There are >100 technologies ending with the suffix “omics” that are relevant to
cancer. The most important of these are genomics (see Chap. 2), proteomics (see
Chap. 4), transcriptomics, and metabolomics. Transcriptomics is the study of the
entire set of RNA transcripts of an organism. Metabolomics is the study of the small
molecules, or metabolites, contained in a human cell, tissue, or organ (including
fluids) and involved in primary and intermediary metabolism. A related term meta-
bonomics is the use of nuclear magnetic resonance (NMR) technology to study
metabolomics.

Systems biology (see Chap. 16) requires the use of a variety of analytical plat-
forms including “omics” as well as bioinformatics, data integration, and modeling.
This concept fits in with the concept of personalized medicine by integrating several
technologies.

1.7 Historical Landmarks in Cancer Detection and
Treatment

Historical landmarks in drug delivery for cancer are shown in Table 1.3.
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Table 1.3 Historical landmarks in cancer detection and treatment

Year Landmark

3000 BC The first description of a disease resembling cancer in Egypt: Edwin Smith
Papyrus

460-370 BC Hippocrates used the term carcinos (crab in Greek) to describe cancer.
Celsus (28-50 Bc) translated the term into cancer (Latin), and Galen
(130-200 AD) used “oncos” for swelling

1847 The first laboratory test for a protein cancer biomarker, the Bence Jones
protein in urine

1895 Discovery of X-rays followed shortly by introduction of radiotherapy as
treatment for cancer

1898 Discovery of radium by Marie Curie

End of nineteenth ~ Paul Ehrlich envisioned antibodies as magic bullets that would specifically

century tract and kill microorganisms and cancer (Schwartz 2004)

1906 First concept of drug targeting to a specific site in the body by Paul Ehrlich

1932 Discovery of neutrons which later became the basis of boron neutron
capture therapy (Laramore 1997)

1940s Origin of nitrogen mustards as first anticancer therapy targeting all tumor
cells (Papas 2001)

1957 First hematopoietic stem cell transplantation: radiation and chemotherapy
for cancer followed by the intravenous infusion of bone marrow
(Thomas et al. 1957)

1958 First human bone marrow transplant as treatment for leukemia (Mathe and
Schwarzenberg 1979)

1958 Introduction of 5-fluorouracil, chemotherapy for cancer

1958 Introduction of brachytherapy: implanting small radioactive pellets directly
into the tumors

1965 Discovery of liposomes (Bangham et al. 1965), used later as vehicles for
anticancer drug delivery

1971 Report of carcinoembryonic antigen (CEA) as biomarker of cancer (Moore
etal. 1971)

1971 Introduction of the concept that tumor growth is angiogenesis dependent
(Folkman 1971)

1973 Discovery of “dendritic cells,” which elicited vivid T-cell response to
foreign substances, indicating their importance in the adaptive immune
response (Steinman and Cohn 1973). It provides new avenues for
prevention and therapy against cancer

1975 Generation of murine monoclonal antibodies that were later used for
targeted delivery of anticancer therapies (Kohler and Milstein 1992)

1985 Discovery of polymerase chain reaction (Mullis et al. 1986)

1987 Cancer targeting with nanoparticles coated with monoclonal antibodies
(Douglas et al. 1987)

1989 First experiment on gene therapy of patients with advanced cancer using
tumor-infiltrating lymphocytes transduced with genes coding tumor
necrosis factor (TNF) (Rosenberg et al. 1990)

1992 First use of antisense oligonucleotide in patients: for treatment of leukemia
(Bayever et al. 1992)

1995 FDA-approved Doxil, a liposomal intravenous formulation of doxorubicin,

for the treatment of Kaposi’s sarcoma. Drug carried by nanosized
liposomes is less toxic with targeted delivery

(continued)
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Table 1.3 (continued)

Year Landmark

1997 Approval by the FDA of rituximab, the first therapeutic antibody for
non-Hodgkin’s lymphoma

2001 Sequencing of the human genome completed opening the way for study of
cancer genes

2001 RNA interference shown to have anticancer effect

2001 FDA approved the first precision targeted anticancer drug, imatinib

(Gleevec), to treat chronic myeloid leukemia and gastrointestinal
stromal tumor

2003 Approval in China of the first product for gene therapy of cancer

2005 FDA-approved Abraxane™, a taxane based on nanotechnology, for the
treatment of breast cancer. Nanoparticle form of the drug overcomes
insolubility problems encountered with paclitaxel and avoids the use of
toxic solvents

2008 Sequencing of the first whole cancer genome in a patient with acute
myeloid leukemia (Ley et al. 2008)

© JainPharmaBiotec

References

Bailey SM, Murnane JP. Telomeres, chromosome instability and cancer. Nucleic Acids Res
2006;34:2408-17.

Bangham AD, Standish MM, Watkin JC. Diffusion of univalent ions across the lamellae of swollen
phospholipids. J Mol Biol 1965;13:238-52.

Bayever E, Iversen PL, Smith L, et al. Systemic human antisense therapy begins. Antisense
Research & Development 1992;2:109-10.

Casorelli I, Bossa C, Bignami M. DNA damage and repair in human cancer: molecular mecha-
nisms and contribution to therapy-related leukemias. Int J Environ Res Public Health
2012;9:2636-57.

Chandra D, Bratton SB, Person MD, et al. Intracellular nucleotides act as critical prosurvival fac-
tors by binding to cytochrome C and inhibiting apoptosome. Cell 2006;125:1333-46.

Decottignies A. Alternative end-joining mechanisms: a historical perspective. Front Genet
2013;4:48.

Douglas SJ, Davis SS, Illum L. Nanoparticles in drug delivery. Crit Rev Ther Drug Carrier Syst
1987;3:233-61.

Folkman J. Tumor angiogenesis: Therapeutic implications. N Engl J Med 1971;285:1182-6.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011;144:646-74.

Knipscheer P, Rischle M, Smogorzewska A, et al. The Fanconi Anemia Pathway Promotes
Replication-Dependent DNA Interstrand Cross-Link Repair. Science 2009;326:1698-701.

Kohler G, Milstein C. Continuous cultures of fused cells secreting antibody of predefined specific-
ity 1975. Biotechnology 1992;24:524-6.

Kulshreshtha R, Ferracin M, Wojcik SE, et al. A microRNA signature of hypoxia. Mol Cell Biol
2007;27:1859-67.

Laramore GE. The use of neutrons in cancer therapy: a historical perspective through the modern
era. Semin Oncol 1997;24:672-85.

Ley TJ, Mardis ER, Ding L, et al. DNA sequencing of a cytogenetically normal acute myeloid
leukaemia genome. Nature 2008;456:66-72.

Li H, Fan X, Houghton J. Tumor microenvironment: the role of the tumor stroma in cancer. J Cell
Biochem 2007;101:805-15.



22 1 Molecular Biology of Cancer

Li M, Xiong ZG. Ion channels as targets for cancer therapy. Int J Physiol Pathophysiol Pharmacol
2011;3:156-66.

Mathe G, Schwarzenberg L. Bone marrow transplantation (1958-1978): conditioning and
graft-versus-host disease, indications in aplasias and leukemias. Pathol Biol (Paris) 1979;27:
337-43.

Mittal V, Nolan DJ. Genomics and proteomics approaches in understanding tumor angiogenesis.
Expert Rev Mol Diagn 2007;7:133-47.

Moore TL, Kupchik HZ, Marcon N, Zamcheck N. Carcinoembryonic antigen assay in cancer of
the colon and pancreas and other digestive tract disorders. Am J Dig Dis 1971;16:1-7.

Mullis K, Faloona F, Scharf S, et al. Specific enzymatic amplification of DNA in vitro: the poly-
merase chain reaction. Cold Spring Harbor Symposium on Quantitative Biology 1986;51:
263-73.

Papas RJ. Origins of cancer therapy. Yale J Biol Med 2001;74:391-8.

Rosenberg SA, Aebersold P, Cornetta K, et al. Gene transfer into humans -immunotherapy of
patients with advanced melanoma, using tumor-infiltrating lymphocytes modified by retroviral
gene transduction. NEJM 1990;323:570-8.

Schwartz RS. Paul Ehrlich’s magic bullets. NEJM 2004;350:1079-80.

Siddiga A, Cavazos DA, Marciniak RA. Targeting telomerase. Rejuvenation Res 2006;9:378-90.

Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral lymphoid organs of mice.
I. Morphology, quantitation, tissue distribution. J Exp Med 1973;137:1142-62.

Thijssen V, Postel R, Brandwijk R, et al. Galectin-1 is essential in tumor angiogenesis and is a
target for antiangiogenesis therapy. PNAS 2006;103:5975-80.

Thomas ED, Lochte HL Jr, et al. Intravenous infusion of bone marrow in patients receiving radia-
tion and chemotherapy. N Engl J Med 1957;257:491-496.

Vecchiarelli-Federico LM, Cervi D, Haeri M, et al. Vascular Endothelial Growth Factor—A
Positive and Negative Regulator of Tumor Growth. Cancer Res 2010;70;863-7.

Xie L, Duncan MB, Pahler J, et al. Counterbalancing angiogenic regulatory factors control the rate
of cancer progression and survival in a stage-specific manner. Proc Natl Acad Sci U S A
2011;108:9939-44.



Chapter 2
Oncogenomics

2.1 Introduction

It is important to realize that cancer is not just one but many different diseases, each
with distinct characteristics and therapeutic requirements. Genomic research has
provided a stratification of cancer types. Genomics as applied to cancer or oncoge-
nomics provides an unprecedented opportunity for the discovery of potential new
targets. Through the establishment of a suite of research programs, the National
Cancer Institute (NCI) of the USA is developing the interface of genomics and can-
cer. The components of the program, including the Cancer Genome Anatomy
Project (CGAP), the Cancer Molecular Analysis Project, and the Initiative in
Chemical Genetics, provide a platform for the integration of basic and clinical
research for the benefit of patients’ health. Oncogenomics has assumed importance
as a guide to management and development of personalized cancer therapies. Gene
expression profiling of tumors is also used for developing targeted anticancer
therapies.

2.2 Cancer Genes

Progression of a single cell from a normal to a neoplastic state always involves a
series of genetic changes that alter either the regulation or the function of a variety
of different genes. Such genes may play roles in a number of overlapping physio-
logical processes, including genome maintenance, cell cycle control, apoptosis,
contact inhibition, invasion and metastasis, and angiogenesis. These cancer genes
are often classified in two main categories: oncogenes and tumor suppressor genes.
The distinction between these two categories is that tumor progression is promoted
by overexpression or gain of function in oncogenes but by nonexpression or loss of
function in tumor suppressor genes. Most highly penetrant cancer predispositions
are thought to be caused by germline mutations in tumor suppressor genes, but the

K.K. Jain, Applications of Biotechnology in Oncology, DOI 10.1007/978-1-4614-9245-0_2, 23
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same phenomenon can occur with germline mutations in oncogenes. For example,
rare germline mutations in the RET tyrosine kinase predispose to endocrine
neoplasms.

2.2.1 Oncogenes

Oncogenes are genes associated with neoplastic proliferation following a mutation
or perturbation in their expression. Oncogenes are part of the signal transduction
pathway, and various examples include growth hormones, receptors, G proteins,
protein kinases, transcription factors, and cyclins. Our understanding of oncogenes
originated with the discovery of certain viral genetic elements that are responsible
for the tumor-forming ability of retroviruses. Retroviruses have three genes: eng
and gag coding for structural proteins and pol coding for reverse transcriptase (the
enzyme that enables RNA to be converted into complementary DNA [cDNAY]).
A fourth gene gives retroviruses the ability to induce tumor growth in vivo. An
example of this is the tax gene in case of the HTLV (human T-cell leukemia virus).

The antecedent genes or proto-oncogenes play an essential physiological role in
normal cellular proliferation and differentiation. Proto-oncogenes do not have the
transforming potential to form neoplasms in their native state. They can induce
cancer, however, when they are captured and subverted by retroviruses (RNA
viruses). In general, they appear to act on biochemical pathways by which growth
factors stimulate cellular proliferation. Most hematopoietic tumors and soft tissue
sarcomas are initiated by the activation of an oncogene, followed by alterations in
tumor suppressor genes and other oncogenes. In contrast, most carcinomas are initi-
ated by the loss of function of a tumor suppressor gene, followed by alterations in
oncogenes and additional tumor suppressor genes.

2.2.2 Tumor Suppressor Genes

Cellular genes that regulate cell growth by counteracting the action of proto-
oncogenes are called “anti-oncogenes” or tumor suppressor genes. Potential sites
where these genes might inhibit the development of cancer include cell prolifera-
tion, differentiation, and senescence; cell-to-cell communication; and chromosomal
stability. Mutations in tumor-suppressing genes cause growth-inhibiting proteins
encoded by the genes to disappear, allowing the cell to survive and continue dividing
when normally it should not. An excess of oncoproteins and lack of tumor suppres-
sor proteins lead mutant cells to reproduce excessively.

In general, both alleles of tumor suppressor genes must be disrupted to observe
a phenotypic effect. Broadly speaking, there are two types of tumor suppressor
gene: “gatekeepers” and “caretakers.” In contrast to gatekeepers, caretaker genes
do not directly regulate proliferation, but act to prevent genomic instability.
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Thus, mutation of caretaker genes leads to accelerated conversion of a normal cell
to a neoplastic cell. Many caretaker genes are required for the maintenance of
genome integrity and play a role, directly or indirectly, in the repair of DNA strand
breaks by the homologous recombination pathway, failure of which is associated
with chromosome instability and cancer-prone clinical syndromes. This mechanism
might provide the possibility of cancer prevention approach such as stimulation of
alternative repair pathways or new treatment approaches to exploit the repair defi-
ciency in tumors.

The list of tumors associated with homozygous loss of specific chromosomal
loci is growing rapidly. In addition, in vitro evidence supports the existence of
tumor-suppressing genes (Table 2.1). To create these genes, fusion of a normal cell
with a malignant cell produces a hybrid in which the tumorigenic phenotype is usu-
ally suppressed; the differentiation program of the normal parent cell may then be
imposed upon this hybrid.

2221 p53

The p53 gene (named for its 53-kDa mass) is the best known of tumor suppressor
genes. This gene encodes a nuclear protein that binds to and modulates the expres-
sion of genes important for DNA repair, cell division, and cell death by apoptosis.
Apoptosis has been linked to p53 function in some cell types; by the same token,
loss of p53 function renders cells resistant to apoptosis in many cases. Mutations of
the p53 gene are the single most common genetic alteration observed in human
cancers; a mutant p53 gene has been detected in nearly half of human cancers. The
pS53 gene is located on chromosome 17p13.1, which is one of the more frequent
targets for chromosome alterations in human cancer. Although this gene is not
required for normal development, lack of p53 function raises the risk of cancer
substantially.

Chemical changes to DNA packaging proteins called histones regulate transcrip-
tion or activation of p53 and other target genes, which has major implications for the
treatment of cancer. Several proteins may be required for gene activation by the
tumor suppressor p53 in a single early step in this process. Various cofactor func-
tions, as well as underlying mechanisms are involved in distinct histone modifica-
tions in pS3-dependent gene activation.

2222 plé6

The normal function of the protein encoded by the tumor suppressor gene p16 is to
inhibit function of the cyclin D-CDK complexes. Thus, loss of p16 function, which
occurs in roughly 50 % of all human tumors, has a phenotype similar to overexpres-
sion of the proto-oncogene cyclin D1, i.e., it promotes cell cycle progression from
the G1 to the S phase.
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Table 2.1 Tumor suppressor genes, their chromosomal location, function, and associated tumors

Chromosomal

Gene location Function Associated tumor

APC 5q21 p-Catenin binding, communi-  Familial adenomatous
cates between cell surface polyposis coli
proteins and microtubules

BRCAL 17q21-22 Tumor suppressor gene Inherited susceptibility to
(unknown function) breast and ovarian cancer

BRCA2 13q12-13 Tumor suppressor gene Hereditary breast cancer
(unknown function)

CDK4 12q13 Cyclin-dependent kinase Hereditary melanoma 2

pl6 (CDK2A)  9p21 pl6-cyclin-dependent kinase ~ Germline mutations cause
inhibitor hereditary melanoma

DCC 1821 Cell adhesion Colorectal cancer

EXT1 8q24.1 Tumor suppressor gene Langer—Giedion syndrome
(unknown function)

FHIT 3p24.3 Tumor suppressor gene 50 % of gastrointestinal
altered by exposure to cancers
environmental agents

MSH2 2pl6 Mismatch repair genes Hereditary nonpolyposis

MLH1 3p21 colorectal cancer

PMS2 7p22

NF1 17q11.2 GTPase-activating protein von Recklinghausen’s
(GAP) for ras from neurofibromatosis
neural crest-derived cells

NF2 22ql1.1 Integration of cytoskeleton Acoustic neuroma, bilateral
with plasma membrane meningiomas

P53 17p13 Transcription factor, Germline mutations cause
regulates cell cycle and Li—Fraumeni syndrome
apoptosis

PTC 9q22.3 Membrane protein involved Basal-cell carcinoma
in hedgehog protein
signal transduction

PTEN 10g23.3 PTEN (phosphatase and Prostate cancer, Cowden
tensin homolog), a tumor syndrome (genetic
suppressor gene, prevents disorder with high risk of
cells from dividing developing cancer)
rapidly

RB1 13ql4 Regulates transcription Retinoblastoma
factors (E2F-DP1),
regulates cell cycle

RET 10q11 Receptor tyrosine kinase Medullary thyroid cancer.

Multiple endocrine
neoplasia 2

TSC2 16p13 Tumor suppressor gene Tuberosclerosis 2
(unknown function)

VHL 3p25 Elongin (transcription von Hippel-Lindau
elongation) syndrome

WT1 11p13 Zinc finger transcription Wilms’ tumor,
factor nephroblastoma

© Jain PharmaBiotech
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Whereas somatic mutations are responsible for most p53 and pl6 lesions in
human tumors, rare germline mutations of p53 cause Li—Fraumeni syndrome, and
germline mutations of p16 cause predisposition to melanoma. Germline mutations
of tumor suppressor genes manifest their effects in an autosomal-dominant fashion,
because each cell in a mutation carrier starts with only one normal copy of the tumor
suppressor gene. Within individual cells, somatic mutation of the remaining normal
allele occurs frequently enough that the carrier experiences a markedly elevated
lifetime cancer risk.

2.2.2.3 Rb Gene

Rb, a tumor suppressor gene, is linked to two key processes that frequently malfunc-
tion when cancer begins—proliferation and apoptosis. The Rb tumor suppressor
pathway is functionally inactivated in most human cancers. Loss of Rb expression
has been widely reported in both acute myeloblastic and acute lymphoblastic leuke-
mias. Mutations in Rb are linked to several types of cancer including the childhood
disease retinoblastoma.

2.2.2.4 BRIT1 Gene

A signaling network of molecular checkpoint pathways protects the human genome
by detecting DNA damage, initiating repair, and halting division of the damaged
cell so that it does not replicate. The gene, BRIT1, activates two of these check-
point pathways: the ATM pathway springs into action in response to damage
caused by ionizing radiation and the ATR pathway responds to DNA damage
caused by ultraviolet radiation. BRIT1 is underexpressed in human ovarian, breast,
and prostate cancer cell lines, and defects in BRIT1 seem to be a key pathological
alteration in cancer initiation and progression (Rai et al. 2006). Disruption of
BRIT1 function abolishes DNA damage responses and leads to genomic instabil-
ity, which fuels the initiation, growth, and spread of cancer. By using siRNA to
silence the BRIT1 gene, the scientists shut down both checkpoint pathways in cells
exposed to either type of radiation. siRNA was then used to silence the gene in
normal human mammary epithelial cells (HMECs). With the result that inactiva-
tion of the gene caused chromosomal aberrations in 25 % of cells. Control group
HMEC had no cells with chromosomal aberrations. In cells with the gene silenced
that were then exposed to ionizing radiation, 80 % of cells had chromosomal aber-
rations. Reduced BRIT1 expression is also found in advanced epithelial ovarian
cancer as well as in prostate cancer tissue compared with noncancerous cells.
Thus, BRIT1 may function as a tumor suppressor, and as such, further understand-
ing of its function may well contribute to novel, effective therapeutic approaches
for cancer.
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2.2.2.5 Tumor Suppressor Genes and Metastases

Although search for a specific metastatic-inducing gene continues, transfection with
oncogenes has been shown to induce metastatic potential in tumor cell models.
Tumor suppressor genes can encode proteins that partly inhibit the metastatic cas-
cade. Loss of expression of inhibitory proteins may lead to progression of a tumor
to a metastatic state.

FoxMI1 transcription factor gene, stimulated by oncogenic signaling pathways
and reactive oxygen species, is overexpressed in cancer. This depends upon activa-
tion by cyclin and cyclin-dependent kinases as well as Plkl. FoxM1 stimulates
expression of several genes involved in the cell cycle progression and supports pro-
liferation of tumor cells by stimulating expression of the antioxidant genes and
reducing oxidative stress. A study provides evidence that FoxM1, in the absence of
its inhibitor, the tumor suppressor Arf, drives metastasis of hepatocellular carci-
noma (Raychaudhuri and Park 2011). It induces an epithelial-mesenchymal-like
transition phenotype in cancer cells, increases cell migration, and induces premeta-
static niche at the distal organ of metastasis. FoxM1 directly activates genes involved
in multiple steps of metastasis.

2.2.3 Role of Bub 1 Gene in Cell Division

Bub 1 is an enzyme that controls several processes required for cell division to
occur (Perera et al. 2007). It is a component of the spindle assembly checkpoint, a
surveillance mechanism that ensures genome stability by delaying anaphase until
all the chromosomes are stably attached to spindle microtubules. Discovery of the
gene that generates Bub 1 is significant because if it is switched off, then the cells
are unable to divide successfully and die. Mouse embryos lacking the Bub 1 gene
are unable to develop. Bub 1 inactivation in adult males inhibits proliferation in
seminiferous tubules, reducing sperm production and causing infertility. Unlike
some other genes that become mutated in cancer cells, the Bub 1 gene appears nor-
mal indicating that it behaves in exactly the same way in cancer cells as it does in
healthy cells. Because Bub 1 had such a profound effect on cell division at all stages
of a cell’s life, it is hoped that will have a similar effect on cancer cells and stop
proliferation of the tumor. This may be a new way of destroying tumors and could
lead to alternative methods of cancer treatments. Drugs are already being developed
that are able to block the actions of Bub 1-type enzymes, known as “protein
kinases”; such kinase blockers or “inhibitors” are already providing a whole new
approach to tackling cancer, and Bub 1 inhibitors may be another weapon in the
oncologist’s arsenal.
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2.2.4 Anticancer Treatments Based on RNA Regulation
of Genes

RNA plays an important and direct role in the synthesis of proteins, but not all types
of RNA are directly involved in this activity. One particular type of RNA is involved
in regulation of the dihydrofolate reductase gene (DHFR), determining whether the
gene is “on” or “off” (Martianov et al. 2007). In quiescent cells the mechanism of
transcriptional repression of the major promoter of the gene encoding DHFR
depends on a noncoding transcript initiated from the upstream minor promoter and
involves both the direct interaction of the RNA and promoter-specific interference.
The specificity and efficiency of repression is ensured by the formation of a stable
complex between noncoding RNA and the major promoter, direct interaction of the
noncoding RNA with the general transcription factor IIB, and dissociation of the
preinitiation complex from the major promoter. By using in vivo and in vitro assays
such as inducible and reconstituted transcription, RNA bandshifts, RNA interfer-
ence, chromatin immunoprecipitation, and RNA immunoprecipitation, it was shown
that the regulatory transcript produced from the minor promoter has a critical func-
tion in an epigenetic mechanism of promoter-specific transcriptional repression.

The DHFR gene produces an enzyme that controls thymine production, neces-
sary in rapidly dividing cells, and thus plays a key role in control of tumor growth.
Inhibiting the DHFR gene could help prevent the growth of ordinary cells which
develop into cancer. The first anticancer drug, methotrexate, acts by binding and
inhibiting the enzyme produced by this gene. Understanding how we can use the
RNA to switch off or inhibit DHFR and other genes may have important therapeutic
implications for developing new anticancer treatments.

2.2.5 Interaction of Cancer Genes

How driver mutations in cancer genes interact to promote tumor development is not
well understood. Renal cell carcinoma (RCC) provides an opportunity to study
complex relationships among cancer genes. The four most commonly mutated
genes in RCC of clear-cell type (the most common type) are two-hit tumor suppres-
sor genes, and they cluster in a 43-Mb region on chromosome 3p that is deleted in
~90 % of tumors (Pefia-Llopis et al. 2013). Meta-analyses conducted by these
authors show that mutations in PBRM1 and SETD2 co-occur in tumors at a fre-
quency higher than expected by chance alone, indicating that these mutations may
act together in tumorigenesis. In contrast, consistent with their previous results,
mutations in PBRM1 and BAP1 tend to be mutually exclusive, which may indicate
negative genetic interactions. Mutations in these genes define RCC with different
pathological features, gene expression profiles, and outcomes. Negative genetic
interactions among cancer genes may indicate that dependencies of cancer gene
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action may extend beyond those on tissues. Better understanding of cancer gene
dependencies may help to identify weak points in genesis of cancer that can be
exploited for anticancer therapeutics.

2.3 Cancer Genome Anatomy Project

CGAP was initiated by the NCI of the USA as an interdisciplinary program to
establish the information and technological tools needed for deciphering the molec-
ular anatomy of a cancer cell. One goal of CGAP was to discover new human genes
that may be useful in understanding the process of cancer or in monitoring its
course. The purpose of CGAP was to develop methods for early detection of cancer,
thereby facilitating diagnosis and classification of this disease, assessment of prog-
nosis, and formulation of strategies for cancer prevention. CGAP has been examin-
ing the mRNA produced by various types of cancers.

2.4 Human Tumor Gene Index

Human Tumor Gene Index has been established as collaboration between the NCI
of the USA, academic institutions, and the industry with the participation of phar-
maceutical companies such as GlaxoSmithKline, Merck & Co., Bristol-Myers
Squibb, and Genentech. More than 50,000 genes that are active in one or more
cancers have been identified. The Tumor Gene Index includes a number of impor-
tant features such as:

* The index initially focuses on lung, breast, ovarian, prostate, and colon cancer.

* It contains both microdissected and macrodissected tissues.

e Full-length cDNA libraries are constructed from microdissected tissues to pro-
vide a template for sequencing projects.

* Gene discovery is linked to pathological analysis of human cancer progression.

e Methods are being developed to assess gene expression from archived tumor
tissue.

2.5 Gene Expression Profiling in Cancer

The activity of a gene, so-called gene “expression,” means that its DNA is used as
a blueprint to produce a specific protein. Only a small number of these genes, about
15,000, are expressed in a typical human cell, but the expressed genes vary from
one cell to another. The discovery that eukaryotic genes are not contiguous
sequences of DNA but consist of coding sequences (exons) interrupted by
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intervening sequences (introns) led to a more complex view of gene expression. The
temporal, developmental, typographical, histological, and physiological patterns in
which a gene is expressed provide clues to its biological role. Malfunctioning of
genes is involved in most diseases including cancer.

Gene expression can be detected by various techniques described in Chap. 6.
Most of the cancer research during past few decades has been devoted to the analy-
sis of genes that are expressed differently in tumor cells as compared with their
normal counterparts. Intravital microscopy combined with green fluorescent protein
(GFP) has provided powerful insight into gene expression in tumors. However, the
optical techniques used are plagued by poor axial resolution. Multiphoton laser-
scanning microscope can provide high 3D resolution of gene expression and func-
tion in deeper regions of tumors. Gene expression studies have shown that many
genes that are overexpressed in human cancer cells are specific to a variety of nor-
mal tissues, including normal tissues other than those from which the cancer origi-
nated. This general property of cancer cells plays a major role in determining the
behavior of the cancers, including their metastatic potential.

Functional genomic approaches, such as DNA microarrays and serial analysis of
gene expression (SAGE), have enabled researchers to determine the expression
level of every gene in a given cell population, which represents that cell popula-
tion’s entire transcriptome. Large-scale gene expression allows simultaneous study
of thousands of genes of interest in a specific tissue/tumor of interest, and the ability
to identify expression signatures associated with functional phenotypes.

Microarray analysis can be used to search for global signatures of cancer metas-
tases. Certain gene expression profiles correlate with primary versus metastatic can-
cers, regardless of tumor origin. Some primary tumors already contain a metastatic
gene expression signature before they spread to other parts of the body, and this
profile can be used to predict patient outcome. Using a cDNA array that contains
10,000-20,000 genes, clinical samples can be analyzed for gene expression differ-
ences between benign, local, and metastatic prostatic tissue.
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Chapter 3
Sequencing in Cancer

3.1 Introduction

The genome sequence is an organism’s blueprint: the set of instructions dictating its
biological traits. The term DNA sequencing refers to methods for determining the
exact order of the three billion nucleotide bases—adenine, guanine, cytosine, and
thymine—that make up the DNA of the 23 pairs of human chromosomes. In de
novo sequencing, short DNA fragments purified from individual bacterial colonies
are individually sequenced and assembled electronically into one long, contiguous
sequence. This method does not require any preexisting information about the
sequence of the DNA. Whole-genome sequencing (WGS) is determination of the
primary nucleotide sequence of the entire genome from a single individual.
Resequencing using next-generation technologies means determination of varia-
tions of DNA sequence in an organism where the nominal sequence is already
known. It is often performed using PCR to amplify the region of interest (preexist-
ing DNA sequence is required to design the PCR primers). Resequencing is more
relevant for translation into diagnostics and clinical applications.

The advent of large-scale sequencing methods has enabled analyses of the
protein-coding parts of cancer genomes to find the mutated genes that cause com-
mon human cancers. Unbiased mutation analyses of human cancers have revealed
genomic landscapes composed of a few frequently mutated genes alongside a mul-
titude of infrequently mutated genes. These analyses have revealed considerable
heterogeneity of mutated genes even among tumors of the same tissue origin (Ali
and Sjoblom 2009).

The mutations in individuals’ genomes which can lead to cancer are so diverse
that many researchers believe that we will have to sequence a patient’s tumor DNA
before we can effectively treat his disease. Due to growing throughput and shrinking
cost, massively parallel sequencing is rapidly becoming an attractive alternative to
microarrays for the genome-wide study of gene expression and copy number altera-
tions in primary tumors. The NHGRI-supported, large-scale sequencing centers
have begun to tackle the unique challenges associated with using high-throughput
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DNA sequencing to characterize tumor genomes. In addition to providing important
data on genomic aberrations in select tumor types, this research serves to inform
methods and systems development as The Cancer Genome Atlas (TCGA), jointly
sponsored by NCI and NHGRI, wraps up its 8-year effort in 2014.

The development of sophisticated genomic analysis sequencing technologies has
opened the door to a new era of life-science research, enabling scientists to com-
pletely survey entire cancer genomes within individuals. By creating a catalog of
both single base changes, or SNPs, and large segments of DNA rearrangements in
genomes known as structural variants, researchers hope to one day identify all
sources of genetic variation that contribute to cancer. This kind of portrait of the
genetic underpinnings of disease will help scientists to lay the groundwork for the
molecular events that occur in the generation of individual cancers.

3.2 Sequencing Technologies for Tumor DNA

Collaboration has been established among investigators at the J. Craig Venter
Institute and the Johns Hopkins University to assess different technologies for
sequencing tumor DNA. This project will analyze the DNA sequence of 37 genes in
a collection of 20 glioblastoma tumors. Two sequencing technology platforms will
be assessed for their ability to generate useful sequence data from heterogeneous
tumor samples: the Sanger sequencing method as implemented on an ABI capillary
electrophoresis instrument and the pyrosequencing method as implemented on the
sequencing instrument from 454 Life Sciences.

3.2.1 Amplicon Sequencing in Cancer

Human cancer genomes commonly have areas known as amplicons, which are seg-
ments of DNA that are repeated many 100s of times and often contain several genes,
one of which may cause tumor growth. A publication looked at reports of amplicons
in cancer, used a new classification system to rank evidence of their tumor-promoting
effects, and identified them as cancer drivers (Santarius et al. 2010). The results iden-
tified 77 genes, which are important for the development of cancer, nine of which had
not previously been linked to tumor growth: four genes for breast cancer, one for
bladder cancer, two for prostate cancer, one for gastric cancer, and one for glioblas-
toma. Although many cancer genes are easy to detect because they carry clear genetic
signatures, amplicons often contain multiple genes, making it difficult to distinguish
the driving cancer genes from those that are merely passengers. By linking genome
sequencing technologies with the new classification system, the authors hope to be
able to continue to identify more genes that contribute to the development of cancer.
Most of the genes identified are in biological pathways already known to be involved
in cancer development. However, three of the new genes found—YWHAB, YWHAQ,
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and CDC6—appear to be in a pathway involved in the initial stages of replication of
DNA, a pathway not previously identified in cancer.

Ion AmpliSeq™ Cancer Panel (Ion Torrent), by pairing this 46-gene cancer
hotspot panel with the new Ion AmpliSeq Library Kit 2.0, enables detection of rare
somatic mutations and enjoys 98 % coverage uniformity and further reductions in
strand bias. The Ion AmpliSeq™ Comprehensive Cancer Panel (CCP) reveals
tumor mutation profiles and is optimized for use with formalin-fixed paraffin-
embedded (FFPE) tissues. This panel enables sensitive, high-coverage detection of
rare genetic variants by employing >16,000 primer pairs targeting >400 genes
involved in tumor formation. Compared to whole-exome sequencing, Ion
AmpliSeq™ CCP requires only 40 ng of input DNA, has a significantly lower price,
and provides nearly tenfold better coverage of individual genes, providing better
sensitivity and specificity for detecting somatic mutations. CCP delivers excep-
tional quality, with coverage uniformity and on target bases both greater than 90 %.

3.2.2 Exosome Sequencing

Tumor cells release an abundance of microvesicles containing a selected set of pro-
teins and RNAs. It has been shown that tumor microvesicles (exosomes) also carry
DNA, which reflects the genetic status of the tumor, including amplification of the
oncogene c-myc (Balaj et al. 2011). Exosome Diagnostics is developing an ultradeep,
multiplexed sequencing method using RNA from blood and urine exosome prepara-
tions. The method can detect with high-sensitivity rare gene mutations upregulated
into exosomes by cancer cells and will form the basis of clinical diagnostic tests for
early detection of cancer and as a guide to personalized management of cancer.

3.2.3 Gaining Insights into Mutational Processes

Cancer is driven by mutation. Tobacco smoking is the principal lifestyle exposure
that causes cancer, exerting carcinogenicity through >60 chemicals that bind and
mutate DNA. A small-cell lung cancer (SCLC) cell line, NCI-H209, was sequenced
using massively parallel sequencing technology, to explore the mutational burden
associated with tobacco smoking (Pleasance et al. 2010). Multiple mutation signa-
tures that were identified testify to the presence of multiple carcinogens in tobacco
smoke and their implication for sequencing. Effects of transcription-coupled repair
and a second, more general, expression-linked repair pathway were evident.
Identification of a tandem duplication of exons 3—8 of CHD7 in frame, and another
two lines carrying PVT1-CHD?7 fusion genes, indicates that CHD7 may be recur-
rently rearranged in this disease. These findings indicate the potential of NGS to
provide insights into mutational processes, cellular repair pathways, and gene net-
works associated with cancer.
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3.2.4 Multiplexed Cancer Gene Mutation Analysis

The mass spectrometry-based method known as OncoMap can profile ~400 muta-
tions in 33 oncogenes or tumor suppressor genes. This method has certain limita-
tions, e.g., it can only detect known mutations in a relatively small number of genes
and has limited potential for finding small indels and misses chromosomal amplifi-
cations and deletions. To overcome these limitations, scientists at the Dana—Farber
Cancer Institute (Boston, MA) have developed a massively parallel sequencing
strategy for profiling cancer genes from FFPE tumor samples, using it to create
barcoded Illumina sequencing libraries. These libraries are then pooled, and Agilent
SureSelect capture system is used before sequencing the genes. The scientists tested
this approach in ten cancer lines—assessing about 400,000 bases of DNA coding
for 138 cancer-related genes that are considered to be clinically actionable. They
were able to simultaneously detect SNPs, indels, amplifications, and deletions in the
cells. For example, in a breast cancer cell line known as MDA-MB-231, the team
detected CDKN1A amplification, along with deletions in JAK2 and CDKN2A—
changes that were subsequently validated using microarray analysis. In a pilot study
using FPE samples for breast and colon cancer, they identified several mutations
that appear to lend themselves to targeted therapeutics including alterations in
K-ras, PIK3CA, TSCI, and BRCAI. This method has potential applications for
studies of tumor biology as well as for translational analyses.

A multigene NGS test developed and provided by Life Technologies Corporation
is in use since 2012 at Cancer Research UK Stratified Medicine laboratories for
comparison with existing test methods. Oxford BRC is to measure and report on an
expanded panel of 150 genes selected by their investigators and pharmaceutical
partners. The genes will include potential new drug targets or biomarkers for effi-
cacy of existing drugs or those in development. A new clinical trial model could
emerge in which multigene testing aims to make trial enrolment less of a trial-and-
error process. With availability of standardized genomic testing, one diagnostic test
will enable a physician to recommend several trials that may be suitable for a patient.
At the same time, pharmaceutical companies should be able to start their studies
more quickly and will be able to review the genetic profile of patient cohorts to bet-
ter understand the genetic factors associated with favorable or unfavorable drug
response. This will facilitate the development of personalized cancer therapies.

3.2.5 NGS-Based Molecular Profiling of Cancer
in FFPE Specimens

Foundation Medicine Inc. has developed NGS-based molecular profiling of cancer
in FFPE specimens with an aim to bring comprehensive cancer genome analysis to
routine care of cancer patients. A study was conducted on colorectal cancer, NSCLC,
and melanoma specimens by performing paired-end sequencing on the Illumina
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HiSeq™ 2000 platform for 2,574 exons representing 176 genes captured using
Agilent SureSelect™ baits. Comprehensive variant profiles were generated for each
sample, including base substitutions, insertions/deletions, copy number alterations,
and targeted rearrangements. Results showed that the test identified a total of 214
driver mutations (including multiple mutations in well-known cancer genes such as
TP53, STK11, APC, CDHI1, ATM, GNAS, SMAD4, PIK3CA, KIT, MDM2, and
CDKN2A), of which only 37 (17.3 %) could have been detected by conventional
hotspot analyses. Results of the study were 100 % concordant with conventional,
single gene analysis previously reported by commercial reference laboratories for
BRAF, K-ras, and EGFR. More than 50 % of specimens studied had mutations
which may be useful for decision-making in management of cancer patients.

3.2.6 Paired-End Sequencing

Characterization of breakpoints in disease-associated balanced chromosome rear-
rangements (DBCRs), which disrupt or inactivate specific genes, has facilitated the
molecular elucidation of a wide variety of genetic disorders and cancer. However,
conventional methods for mapping chromosome breakpoints, such as fluorescent in
situ hybridization (FISH) with dye-labeled bacterial artificial chromosome (BAC)
clones, are laborious and time-consuming and usually do not provide sufficient reso-
lution for definite identification of the disrupted gene. The efficiency of breakpoint
mapping has improved considerably by combination of DNA array hybridization with
chromosome sorting. However, this can only be applied when the physical properties
of the derivative chromosomes allow them to be flow sorted. For characterizing the
breakpoints in all types of balanced chromosome rearrangements more efficiently and
more accurately, massively parallel sequencing has been performed using Illumina
1G analyzer and SOLID systems to generate short sequencing reads from both ends
of DNA fragments. This method was applied to four different DBCRs, including two
reciprocal translocations and two inversions (Chen et al. 2010). By identifying read
pairs spanning the breakpoints, the authors were able to map the breakpoints to a
region of a few hundred base pairs that could be confirmed by subsequent PCR ampli-
fication and Sanger sequencing of the junction fragments. These results show the fea-
sibility of paired-end sequencing of systematic breakpoint mapping and gene finding
in patients with disease-associated chromosome rearrangements.

Paired-end sequencing is emerging as a key technique for assessing genome
rearrangements and structural variation on a genome-wide scale. This technique is
particularly useful for detecting copy-neutral rearrangements, such as inversions
and translocations, which are common in cancer and can produce novel fusion
genes. This approach will be useful in calibrating future cancer sequencing efforts,
particularly large-scale studies of many cancer genomes that are enabled by next-
generation sequencing technologies (Bashir et al. 2008).

Recurrent gene fusions, typically associated with hematological malignancies
and rare bone and soft tissue tumors, have recently been described in common solid
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tumors. An integrative analysis of high-throughput long- and short-read transcrip-
tome sequencing of cancer cells has been used to “re-discover” the BCR-ABLI
gene fusion in a chronic myelogenous leukemia cell line and the TMPRSS2-ERG
gene fusion in prostate cancer cell line and tissues (Maher et al. 2009). High-
throughput sequencing is opening up an important class of cancer-related mutations
for comprehensive characterization.

Genome-wide paired-end massively parallel DNA sequencing has been used to
rapidly map translocation breakpoints (Slade et al. 2010). This method was applied
for fine mapping of a de novo t(5;6)(q21;q21) translocation in a child with bilateral,
young-onset Wilms tumor. This involved genome-wide paired-end sequencing of
approximately six million randomly generated ~3 kb fragments from constitutional
DNA containing the translocation and led to identification of six fragments in which
one end mapped to chromosome 5 and the other to chromosome 6. PCR assays were
designed that amplified across the rearrangement junction to characterize the break-
points at sequence level resolution. The 6q21 breakpoint transects and truncates
HACEI, an E3 ubiquitin-protein ligase that has been implicated as a somatically
inactivated target in Wilms tumorigenesis. These data indicate that constitutional
disruption of HACEI] likely predisposes to Wilms tumor. However, HACE1 muta-
tions are rare and therefore can only make a small contribution to Wilms tumor
incidence. Nevertheless, this study demonstrates the usefulness of genome-wide
paired-end sequencing in the delineation of apparently balanced chromosomal
translocations, for which it is likely to become the method of choice.

Paired-end sequencing strategy has been used to identify somatic rearrange-
ments in breast cancer genomes (Stephens et al. 2009). There are more rearrange-
ments in some breast cancers than previously appreciated. This study has
demonstrated the ability of next-generation sequencing technologies to detect chro-
mosomal rearrangements at a level that previous sequencing technologies and cyto-
genetics could not do. The study indicates that whole-genome short-read sequencing
technologies are becoming increasingly important for identifying cancer-causing
genes that could eventually lead to better diagnosis and treatment.

3.2.7 RNA-Seq to Study Cancer Transcriptome

RNA-Seq uses NGS to study the transcriptome—the set of all RNA molecules—at
a nucleotide level. It evaluates cDNA, which is synthesized from an mRNA tem-
plate. RNA-Seq, a massively parallel method, improves on microarray technology
because it sequences transcriptomes, which are easier to sequence than genomes due
to the smaller size of the section of DNA that code for protein. RNA-Seq offers the
ability to detect somatic mutations and accurately measure allele-specific expres-
sion. To investigate these advantages, a novel strand-specific RNA-Seq was applied
to tumors and matched normal tissue from patients with oral squamous cell carcino-
mas (Tuch et al. 2010). In order to better understand the genomic determinants of the
gene expression changes observed, the tumor and normal genomes of one of these
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patients were also sequenced. By comparing the transcriptomic perturbations
observed in one patient to his underlying normal and tumor genomes, the allelic
imbalance in the tumor has been associated with copy number mutations, which are
strongly associated with changes in transcript abundance. These results support a
model in which allele-specific deletions and duplications drive allele-specific
changes in gene expression in the developing tumor that could reveal important
therapeutic targets. The information provided by studies like this will help to clarify
the molecular basis for cancer development and thus provide valuable insight into
developing therapeutic strategies for treating cancer.

3.2.8 Sequencing Cancer Cell Lines

U87MG, a commonly studied glioblastoma cell line, has been decoded as a model
of broad cancer genome sequencing (Clark et al. 2010). The authors generated
greater than 30x genomic sequence coverage using a novel 50-base mate-paired
strategy with a 1.4 kb mean insert library. All data were aligned using a custom
designed tool called BFAST, allowing optimal color space read alignment and accu-
rate identification of DNA variants. The aligned sequence reads and mate-pair infor-
mation identified 35 interchromosomal translocation events, 1,315 structural
variations, 191,743 small insertions and deletions (indels), and 2,384,470 single-
nucleotide variations (SN'Vs). Among these observations, the known homozygous
mutation in PTEN was robustly identified, and genes involved in cell adhesion were
overrepresented in the mutated gene list. Data were compared to 219,187 heterozy-
gous SNPs assayed by Illumina 1M Duo genotyping array to assess accuracy:
93.83 % of all SNPs were reliably detected at filtering thresholds that yield greater
than 99.99 % sequence accuracy. Protein-coding sequences were disrupted predom-
inantly in this cancer cell line due to small indels, large deletions, and transloca-
tions. In total, 512 genes were homozygously mutated, including 154 by SN'Vs, 178
by small indels, 145 by large microdeletions, and 35 by interchromosomal translo-
cations to reveal a highly mutated cell line genome. Of the small homozygously
mutated variants, 8 SN'Vs and 99 indels were novel events not present in dbSNP.
These data demonstrate that routine generation of broad cancer genome sequence is
possible outside of genome centers. The sequence analysis of US7MG provides an
unparalleled level of mutational resolution compared to any cell line to date.

3.2.9 Sequencing for Studying Chromothripsis in Cancer

Although somatic mutations driving cancer usually accumulate gradually over time,
they could also arise in a single catastrophic event of chromosome shattering termed
chromothripsis whereby tens to hundreds of genomic rearrangements occur in a
single cellular crisis (Stephens et al. 2011). This phenomenon was demonstrated by
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using high-throughput sequencing and microarrays. The authors documented chro-
mothripsis in a number of human cancers and showed that several oncogenic lesions
can emerge from one genomic crisis. Results from analyses of hundreds of cancer
cell lines indicate that approximately 2-3 % of all cancers and about a quarter of
bone cancers involve chromothripsis. While some cells with catastrophic chromo-
somal damage undergo apoptosis and die, others can stitch together chromosomal
fragments and then go on not only to survive but also to gain a selective advantage
that ultimately leads to cancer. This is consistent with the apparent rapidity with
which cancer appears in some cases.

The discovery stems from the authors’ efforts to characterize rearrangements in
chronic lymphocytic leukemia (CLL). Using the Illumina Genome Analyzer II, the
researchers did massively parallel, paired-end sequencing to look for chromosomal
rearrangements in ten CLL samples collected from as many different individuals.
One of these individuals carried not only a smattering of focal point changes and
rearrangements on chromosomes 1, 12, 13, and 15 but also a cluster of 42 rearrange-
ments concentrated on one arm of chromosome 4, a pattern that was strikingly dif-
ferent from the genome-wide changes previously reported for breast, lung, and
pancreatic cancers. Given the patterns detected, the team argues that it is extremely
unlikely that these genetic changes accumulated in the cells over time. Instead, the
nature and localization of these rearrangements point to rapid rearrangements in the
genome. Although much of the genome is quiet in cells that have undergone chro-
mothripsis, these cells typically have one chromosome, chromosomal arm, or region
of a chromosome that is radically rearranged. Rearrangements involving one or a
few chromosomes crisscross back and forth across involved regions. More research
is needed to determine the cause of chromothripsis. It might be a consequence of
exposure to ionizing radiation and/or other environmental exposures. Faced with
hundreds of DNA breaks, the cell’s DNA repair machinery attempts to rescue the
genome. The resultant hodgepodge bears little resemblance to its original structure,
and the genomic disruption has wholesale and potentially oncogenic effects.

Chromothripsis has been associated with aggressive cancer, but it also has a role
in the genesis and progression of benign tumors. WGS and gene expression profiling
of uterine leiomyomas have shown that chromosome shattering and reassembly
resembling chromothripsis is a major cause of chromosomal abnormalities in uterine
leiomyomas (Mehine et al. 2013). The authors proposed that tumorigenesis occurs
when tissue-specific tumor-promoting changes are formed through these events.

3.2.10 Sequencing of Complex Human Cancer Genomes

Human cancers often carry many somatically acquired genomic rearrangements,
but conventional strategies for characterizing these are laborious and low through-
put and have low sensitivity or poor resolution. Massively parallel sequencing has
been used to generate sequence reads from both ends of short DNA fragments
derived from the genomes of two individuals with lung cancer (Campbell et al.
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2008). By investigating read pairs that did not align correctly with respect to each
other on the reference human genome, germline structural variants and somatic
rearrangements were characterized to the base-pair level of resolution. The patterns
of germline and somatic rearrangement were markedly different. The results dem-
onstrate the feasibility of systematic, genome-wide characterization of rearrange-
ments in complex human cancer genomes, raising the prospect of a new harvest of
genes associated with cancer using this strategy.

3.2.11 Sequencing Single Cells to Study Evolution of Cancer

In cancers, where genetic heterogeneity is common, CNVs cannot resolve mixed
populations of cells, and important information that would be useful for reconstruct-
ing evolutionary history may be lost. Accurate quantification of genomic copy num-
ber within an individual nucleus is feasible with flow-sorted nuclei, WGA, and
NGS, and it is possible to make inferences about the evolution and spread of cancer
by examining multiple cells from the same cancer (Navin et al. 2011). The authors
of this study applied single-nucleus sequencing to investigate tumor population
structure and evolution in two human breast cancer cases. Analysis of 100 single
cells from a polygenomic tumor revealed three distinct clonal subpopulations that
probably represent sequential clonal expansions. Additional analysis of 100 single
cells from a monogenomic primary tumor and its liver metastasis indicated that a
single clonal expansion formed the primary tumor and seeded the metastasis.
Patterns in the metastatic sample indicate that cancers cropping up at secondary
sites in the body carry many of the same copy number patterns of the original tumor.
In contrast to gradual models of tumor progression, these data indicate that tumors
grow by mutational spurts rather than a gradual snowballing of mutations. In addi-
tion, both primary tumors tested contained “pseudodiploid cells” harboring a host
of genetically diverse rearrangements. These rearrangements did not seem to over-
lap from one pseudodiploid cell to the next and did not show up in aneuploid cell
populations in the tumor samples. These pseudodiploid cells might represent a pop-
ulation of cancer precursor cells that spur some of the genomic diversity, which
eventually leads to cancer development.

3.2.12 Sequencing for Assessing Resistance to Anticancer
Therapy

Resistance to anticancer therapies is an important cause of treatment failure. RAF
inhibition in BRAF-mutant melanoma is an example of the promise and challenge
of many targeted anticancer drugs; although response rates are high, resistance
invariably develops. Tumor mutation profiling has been used to characterize resis-
tance in the clinical setting. As a proof of principle, massively parallel sequencing
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of cancer genes was performed in a tumor obtained from a patient with melanoma
who developed resistance to PLLX4032 after an initial dramatic response (Wagle
et al. 2011). The resulting profile identified an activating mutation at codon 121 in
the downstream kinase MEK1 that was absent in the corresponding pretreatment
tumor. The MEK1C121S mutation was shown to increase kinase activity and confer
robust resistance to both RAF and MEK inhibition in vitro. Thus, MEK1C121S or
functionally similar mutations are predicted to confer resistance to combined MEK/
RAF inhibition. These results provide an insight into mechanisms of acquired resis-
tance to kinase inhibition.

3.3 Cancer Genome Atlas

TCGA is a coordinated effort to accelerate our understanding of the molecular basis
of cancer through the application of genome analysis technologies, including large-
scale genome sequencing (http://cancergenome.nih.gov/). A component of TCGA
Pilot Project will be high-throughput genomic sequencing. This activity will be
conducted by the following Genome Sequencing Centers that have extensive expe-
rience in large-scale genomic DNA sequencing:

e Broad Institute Sequencing Platform, Broad Institute of MIT and Harvard,
Cambridge, MA

e Washington University Genome Sequencing Center, Washington University
School of Medicine, St. Louis, MO

e Human Genome Sequencing Center, Baylor College of Medicine, Houston, TX

The Tumor Sequencing Project (TSP) Consortium is a collaboration among par-
ticipants at the Baylor College of Medicine Human Genome Sequencing Center, the
Broad Institute Genome Sequencing Platform, the Dana—Farber Cancer Institute,
the Memorial Sloan—Kettering Cancer Center, the Genome Sequencing Center and
Siteman Cancer Center at Washington University, the MD Anderson Cancer Center,
and the University of Michigan Medical Center. The TSP will pilot approaches to
large-scale identification of genomic changes in tumors and aims to sequence the
exonic regions of 1,000 genes in almost 200 specimens of adenocarcinoma of the
lung, as well as use high-density SNP genotyping arrays for high-resolution identi-
fication of changes in chromosomal copy number.

International Cancer Genome Consortium (ICGC) (http://www.icgc.org/) is
planning to sequence genomes of 20,000 cancer patients spread across 50 tumor
types and subtypes so that any single tumor type will be sequenced with sufficient
statistical power to identify all significant underlying variants. This will provide the
investigators with a new approach to explore the genetic basis of the particular can-
cers they are studying. They will be able to investigate associations between the
genetic changes observed in cancer genomes and compare them with normal
genomes. This completeness of data, i.e., developing a comprehensive list of
changes in thousands of genomes, will enable the molecular definition of cancer
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subtypes according to the type of change and affected pathways. This would lead to
the discovery of hundreds of highly informative diagnostic and prognostic biomark-
ers, with applications in predictive personalized disease prevention, earlier diagno-
sis, and improved treatments, while minimizing drug resistance and harmful side
effects. Indications for use of some existing anticancer drugs can be redefined. With
evolving cost-effective sequencing technologies, the cost of such studies, currently
estimated to be hundreds of millions of dollars, would drop considerably.

3.4 Sequencing of Tumors of Various Organs/Systems

3.4.1 Sequencing of Brain Tumors

There is significant interest in new sequencing-based technologies that map genetic
and epigenetic alterations in brain tumors comprehensively and at high resolution.
Members of the PedBrain Tumor Consortium plan to sequence DNA from matched
tumor—normal samples to about 30 times coverage with the aim of uncovering the
genetic underpinnings of pediatric brain cancer. In the process, they hope to find
clues for improving pediatric cancer treatments and diagnostics. Several sequencing
projects are underway with this aim. Washington University (St. Louis, MO) and St.
Jude Children’s Research Hospital have their own pediatric cancer genome sequenc-
ing projects, aimed at sequencing more than 600 pediatric cancer genomes over 3
years to find genetic and epigenetic patterns in these cancers. The German Cancer
Research Center and GATC Biotech are collaborating to sequence children’s brain
tumors for a project being done within the ICGC.

3.4.1.1 Sequencing for Genetic Alterations in Gliomas

Variants at 8q24.21 have been shown to be associated with glioma development. By
means of tag SNP genotyping and imputation, pooled NGS using long-range PCR,
and subsequent validation of SNP genotyping, the authors of a publication identi-
fied seven low-frequency SNPs at 8q24.21 that were strongly associated with gli-
oma risk (Jenkins et al. 2012). The most strongly associated SNP, rs55705857,
remained highly significant after individual adjustment for the other top six SNPs
and two previously published SNPs. After stratifying by histological and tumor
genetic subtype, the most significant associations of rs55705857 were with oligo-
dendroglial tumors and gliomas with mutant IDH1 or IDH2. Strong associations
were observed for astrocytomas with mutated IDH1 or IDH2 (grades 2—4) but not
for astrocytomas with wild-type IDH1 and IDH2. The conserved sequence block
that includes rs55705857 is consistently modeled as a miRNA.

Pediatric low-grade gliomas (PLGGs) are among the most common solid tumors
in children but, apart from BRAF kinase mutations or duplications in specific sub-
classes, few genetic driver events are known. Diffuse PLGGs comprise a set of
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uncommon subtypes that exhibit invasive growth and are therefore especially chal-
lenging clinically. High-resolution CNV analysis performed on formalin-fixed,
paraffin-embedded diffuse PLGGs has been done to identify recurrent alterations
(Ramkissoon et al. 2013). Diffuse PLGGs exhibited fewer such alterations than
adult low-grade gliomas, but several significantly recurrent events were identified.
The most significant event, 8q13.1 gain, was observed in 28 % of diffuse astrocy-
toma grade IIs and resulted in partial duplication of the transcription factor MYBL1
with truncation of its C-terminal negative-regulatory domain. A similar recurrent
deletion—truncation breakpoint was identified in two angiocentric gliomas in the
related gene v-myb avian myeloblastosis viral oncogene homolog (MYB) on
6923.3. WGS of a MYBL1-rearranged diffuse astrocytoma grade II demonstrated
MYBLI tandem duplication and few other events. Truncated MYBL1 transcripts
identified in this tumor induced anchorage-independent growth in 3T3 cells and
tumor formation in nude mice. Truncated transcripts were also expressed in two
additional tumors with MYBL1 partial duplication. These results define clinically
relevant molecular subclasses of diffuse PLGGs and highlight a potential role for
the MYB family in the biology of low-grade gliomas.

WGS to identify multiple new genetic alterations involving BRAF, RAFI,
FGFR1, MYB, MYBLI, and genes with histone-related functions, including
H3F3A and ATRX, in PLGGs revealed only a single non-silent somatic alteration
in 62 % of tumors (Zhang et al. 2013). Intragenic duplications of the portion of
FGFR1 encoding the tyrosine kinase domain (TKD) and rearrangements of MYB
were recurrent and mutually exclusive in 53 % of grade II diffuse PLGGs.
Transplantation of Trp53-null neonatal astrocytes expressing FGFR1 with the
duplication involving the TKD into the brains of nude mice generated high-grade
astrocytomas with short latency and 100 % penetrance. FGFR1 with the duplication
induced FGFR1 autophosphorylation and upregulation of the MAPK/ERK and
PI3K pathways, which could be blocked by specific inhibitors. Focusing on the
therapeutically challenging diffuse PLGGs, this study has discovered genetic altera-
tions and potential therapeutic targets across the entire range of PLGGs.

3.4.1.2 Sequencing for Genetic Alterations in Medulloblastoma

Medulloblastoma is an aggressively growing tumor, arising in the cerebellum or
medulla/brain stem. It is the most common malignant brain tumor in children and
shows tremendous biological and clinical heterogeneity. Despite recent treatment
advances, approximately 40 % of children experience tumor recurrence, and 30 %
will die from their disease. To identify the genetic alterations in medulloblastoma, a
search was made for CNVs using high-density microarrays and sequencing of all
known protein-coding genes and miRNA genes using Sanger sequencing in a set of
22 tumors (Parsons et al. 2011). On average, each tumor was found to have 11 gene
alterations, fewer by a factor of 5-10 than in the adult solid tumors that have been
sequenced to date. In addition to alterations in the Hedgehog and Wnt pathways,
this study led to the discovery of genes not previously known to be altered in
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medulloblastomas; most notably, inactivating mutations of the histone-lysine
N-methyltransferase genes MLL2 or MLL3 were identified in 16 % of patients.
These results demonstrate key differences between the genetic landscapes of adult
and childhood cancers, highlight dysregulation of developmental pathways as an
important mechanism underlying medulloblastomas, and identify a role for a spe-
cific type of histone methylation in human tumorigenesis.

An integrative deep sequencing analysis of 125 tumor—normal pairs was con-
ducted as part of the ICGC PedBrain Tumor Project (Jones et al. 2012). Tetraploidy
was identified as a frequent early event in Group 3 and 4 tumors, and a positive cor-
relation between patient age and mutation rate was observed. Several recurrent
mutations were identified, both in known medulloblastoma-related genes (CTNNB1,
PTCHI, MLL2, SMARCA4) and in genes not previously linked to this tumor
(DDX3X, CTDNEP1, KDM6A, TBR1), often in subgroup-specific patterns. RNA
sequencing confirmed these alterations and revealed the expression of the first
medulloblastoma fusion genes identified. Chromatin modifiers were frequently
altered across all subgroups. These findings enhance our understanding of the
genomic complexity and heterogeneity underlying medulloblastoma and provide
several potential targets for new therapeutics, especially for Group 3 and 4 patients.

3.4.2 Sequencing of Breast Cancer

Current approaches typically rely on PCR amplification followed by Sanger
sequencing of individual exons for finding point mutations and indels, followed by
another test to detect larger exonic deletions and duplications. NGS of breast cancer
genomes reveals insight into tumor heterogeneity and how it can contribute to future
breast cancer classification and management.

3.4.2.1 BRCA Mutations

Inherited loss-of-function mutations in the tumor suppressor genes BRCAI,
BRCA2, and multiple other genes predispose to high risks of breast and/or ovarian
cancer. Cancer-associated inherited mutations in these genes are collectively quite
common, but individually rare. Genetic testing for BRCA1 and BRCA2 mutations
(Myriad Genetics) has become an integral part of clinical practice, but testing is
generally limited to these two genes and to women with severe family histories of
breast or ovarian cancer. It may miss some women with paternally inherited BRCA1/
BRCA2 mutations or mutations in other cancer-related genes. NewGene Inc.’s
breast cancer genetic test, unlike Myriad’s BRACAnalysis, which is PCR based,
uses next-generation sequencing technology that results in faster turnaround times
and lower costs compared to other technologies. This will lead to improved access
to a breast cancer genetic test with clinical use for patients. The test is based on full
gene sequencing of the BRCA1 and BRCA2 genes, so it is not targeting specific
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mutations. NewGene uses the Roche 454 GS-FLX platform for pyrosequencing.
Unlike traditional Sanger sequencing, which involves looking at individual seg-
ments of a gene one segment at a time and one patient at a time, pyrosequencing
enables the investigation of genes of interest in multiple patients in the same run and
with multiple gene fragments in the same run. Thus, NewGene can look at 20,000
fragments in one run in contrast to one fragment per run allowed by Sanger
sequencing-based methods. Because each patient requires about 100 fragments to
be sequenced, the increase in the number of patients that can be investigated in a
single run and the improvement in throughput achieved by this technology are sig-
nificant. Test results using this technology can be achieved in as little as 4 weeks.

A genomic assay has been developed to capture, sequence, and detect all muta-
tions in 21 genes, including BRCA1 and BRCA2, with inherited mutations that
predispose to breast or ovarian cancer (Walsh et al. 2010). Constitutional genomic
DNA from subjects with known inherited mutations, ranging in size from 1 to
>100,000 bp, was hybridized to custom oligonucleotides and then sequenced using
a genome analyzer. Analysis was carried out blind to the mutation in each sample.
Together, these sequences account for roughly a million bases of DNA per individ-
ual. Average coverage was >1,200 reads per base pair. After filtering sequences for
quality and number of reads, all single-nucleotide substitutions, small insertion and
deletion mutations, and large genomic duplications and deletions were detected.
There were zero false-positive calls of nonsense mutations, frameshift mutations, or
genomic rearrangements for any gene in any of the test samples. This approach
enables widespread genetic testing and personalized risk assessment for breast and
ovarian cancer. By allowing comprehensive parallel testing of multiple cancer sus-
ceptibility genes, it will be possible to confidently identify the fraction of women
with breast or ovarian cancer who carry a germline alteration in a cancer susceptibil-
ity allele and the characteristics of the tumors of patients’ inherited mutations in
various genes. The whole procedure can be done for less than $1,500 per sample.
New moderate- to high-risk breast and/or ovarian cancer-associated genes will
likely be incorporated into the method as they are discovered.

3.4.2.2 Circulating Nucleic Acids as Biomarkers of Cancer

Circulating nucleic acids (CNA), isolated from serum or plasma, are increasingly
recognized as biomarkers of cancer. Recently developed NGS provides high num-
bers of DNA sequences to detect the trace amounts of unique serum biomarkers
associated with breast carcinoma. Serum CNA of women with ductal carcinoma
was extracted and sequenced on a 454/Roche high-throughput GS-FLX platform
and compared with healthy controls and patients with other medical conditions
(Beck et al. 2010). Breast cancer was accurately detected at a diagnostic specificity
level of 95 % with a calculated sensitivity of 90 %. Identification of specific breast
cancer-related CNA sequences provides the basis for the development of a serum-
based routine laboratory test for breast cancer screening and monitoring. This is in
development by Chronix Biomedical.
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3.4.2.3 Deep Sequencing of miRNA for Signatures of Invasiveness

The transition from ductal carcinoma in situ to invasive ductal carcinoma is a key
event in breast cancer progression that is still not well understood. To discover the
miRNAs regulating this critical transition, biopsies were used from invasive ductal
carcinoma, from ductal carcinoma in situ, and from normal breast (Volinia et al.
2012). The miRNA signatures were selected from a recently published deep sequenc-
ing dataset (Farazi et al. 2011). The miRNA profile established for the normal breast
to ductal carcinoma in situ transition was largely maintained in the in situ to invasive
ductal carcinoma transition. Nevertheless, a 9-miRNA signature was identified that
differentiated invasive from in situ carcinoma. Specifically, let-7d, miR-210, and
miR-221 were downregulated in the in situ and upregulated in the invasive transition,
thus featuring an expression reversal along the cancer progression path. Additionally,
microRNAs were identified for overall survival and time to metastasis. Five noncod-
ing genes were associated with both prognostic signatures—miR-210, miR-21, miR-
106b*, miR-197, and let-7i, with miR-210 as the only one also involved in the
invasive transition. To pinpoint critical cellular functions affected in the invasive
transition, we identified the protein-coding genes with inversely related profiles to
miR-210: BRCA1, FANCD, FANCF, PARPI1, E-cadherin, and Rb1 were all acti-
vated in the in situ and downregulated in the invasive carcinoma. Additionally, we
detected differential splicing isoforms with special features, including a truncated
EGFR lacking the kinase domain and overexpressed only in ductal carcinoma in situ.

3.4.2.4 Sequencing of Breast Cancer Metastases

Massively parallel DNA sequencing technologies provide an unprecedented ability
to screen entire genomes for genetic changes associated with tumor progression.
Genomic analyses of four DNA samples from an African-American patient with
basal-like breast cancer—peripheral blood, the primary tumor, a brain metastasis,
and a xenograft derived from the primary tumor—have been reported (Ding et al.
2010). The metastasis contained two de novo mutations and a large deletion not
present in the primary tumor and was significantly enriched for 20 shared muta-
tions. The xenograft retained all primary tumor mutations and displayed a mutation
enrichment pattern that resembled the metastasis. Two overlapping large deletions,
encompassing CTNNA1, were present in all three tumor samples. The differential
mutation frequencies and structural variation patterns in metastasis and xenograft
compared with the primary tumor indicate that secondary tumors may arise from a
minority of cells within the primary tumor.

Basal-like breast cancer was selected for the study because it is aggressive and
tends to affect younger African-American women. Moreover, it is estrogen receptor
(ER) negative and responds poorly to chemotherapy. During their analyses of these
genomes, the team identified 50 point mutations and small insertions or deletions
that were present in one of the tumor genomes but not matched normal tissue,
including 48 mutations found in all three tumors. Of the 48 point mutations and
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small indels present in all three tumors, 20 were significantly enriched in the meta-
static tumor, reflecting the fact that the metastatic tumor is made up of a subset of
cells that have survived treatment. The affected genes included CSMDI, a gene
shown to be mutated in some colorectal, head, and neck cancers that has also been
linked to survival in invasive ductal breast cancer, JAK2 and NRK, genes mutated
in some other breast cancers, and TP53, another known cancer-related gene. These
results suggest the same genes are often mutated in cancers turning up at various
sites in the body. Additional cancer genome analyses may eventually yield clues
about developing site-agnostic treatments. The similarity between the mouse and
human tumors suggests that mouse models can be valid preclinical surrogates of
metastatic disease to evaluate new cancer drugs.

3.4.2.5 Triple-Negative Breast Cancer

Subtypes of breast cancer are generally diagnosed based upon the presence or lack
of three receptors that are known to fuel most breast cancers: progesterone receptors
(PR), ER, and HER2. Unfortunately, none of these receptors are found in women
with triple-negative breast cancer (TNBC), i.e., the offending tumor is ER-negative,
PR-negative, and HER2-negative and does not respond to receptor targeted
treatments.

WGS has revealed previously unreported mutations in metastatic TNBC. Somatic
genomic alterations in these advanced tumors, particularly those that might guide
targeted therapies, have been cataloged following initial analyses of WGS and tran-
scriptome sequencing data from prospective metastatic mMTNBC (Craig et al. 2013).
In a sample of 14 tumors from ethnically diverse metastatic TNBC patients, the
researchers found significant mutations and other changes in more than a dozen
genes through WGS performed on Life Technologies’ SOLiD™ 4.0. The most fre-
quently mutated gene among the tumors (7 of 14) was the TP53 tumor suppressor,
and aberrations were observed in additional tumor suppressor genes including
CTNNAI, which was detected in 2 of 6 African-American patients (who typically
have more aggressive and treatment-resistant disease). Alterations were also seen in
the ERBB4 gene, known to be involved in mammary-gland maturation during preg-
nancy and lactation, but not previously linked to mTNBC. RNA sequencing revealed
consistent overexpression of the FOXMI1 gene, when tumor gene expression was
compared to nonmalignant breast samples. Using an outlier analysis of gene expres-
sion comparing one cancer to all the others, the authors detected expression patterns
unique to each patient’s tumor. Integrative DNA/RNA analysis provided evidence
for deregulation of mutated genes. Finally, molecular alterations in several cancers
supported targeted therapeutic intervention on clinical trials with known inhibitors,
particularly for alterations in the RAS/RAF/MEK/ERK and PI3K/AKT/MTOR
pathways. In conclusion, whole-genome and transcriptome profiling of mTNBC
have provided insights into somatic events occurring in this difficult-to-treat cancer.
These genomic data have guided patients to investigational treatment trials and pro-
vide hypotheses for future trials in this irremediable cancer. Genome sequencing
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will eventually become a standard tool for oncologists, enabling them to tailor ther-
apies to the unique genetic profiles of each of their patients.

3.4.2.6 Whole-Genome Sequencing in Breast Cancer

Genomic Health, using Illumina’s NGS technology, has completed sequencing of
the whole human transcriptome in FFPE tumor and normal breast tissue samples
and found hundreds of differences in both coding and noncoding transcripts between
the two sample populations. Analysis showed that prognostic significance of these
differences was modest. Further evaluation of these transcripts by gene-set analysis
produced a group that was rich in prognostic genes. RT-PCR assays were designed
for a number of noncoding transcripts and were used to screen breast cancer speci-
mens revealing an association between specific genes and some noncoding RNAs
with risk recurrence of breast cancer.

A genome-wide functional profiling approach was used to identify multiple
genes that confer resistance or sensitivity to tamoxifen. Combining whole-genome
shRNA screening with massively parallel sequencing, the impact of more than
56,670 RNA interference reagents targeting 16,487 genes on the cellular response
to tamoxifen was profiled (Mendes-Pereira et al. 2012). This screen, along with
subsequent validation experiments, identified a compendium of genes whose silenc-
ing causes tamoxifen resistance (including BAP1, CLPP, GPRC5D, NAEI, NF1,
NIPBL, NSDI1, RAD21, RARG, SMC3, and UBA3) and also a set of genes whose
silencing causes sensitivity to this endocrine agent (C10orf72, C150rf55/NUT,
EDF1, INGS5, K-ras, NOC3L, PPP1R15B, RRAS2, TMPRSS2, and TPM4).
Multiple individual genes, including NF1, a regulator of RAS signaling, also cor-
relate with clinical outcome after tamoxifen treatment.

3.4.3 Sequencing of Colorectal Cancer

TCGA project plans to profile genomic changes in 20 different cancer types and has
now presented results from multidimensional analyses of human colorectal carci-
noma (CRC). CRC is an important contributor to cancer mortality and morbidity.
The distinction between the colon and the rectum is largely anatomical, but it has
both surgical and radiotherapeutic management implications and it may have an
impact on prognosis. Most investigators divide CRC biologically into those with
microsatellite instability (MSI), which are located primarily in the right colon and
are frequently associated with the CpG island methylator phenotype as well as
hypermutation, and those that are microsatellite stable but chromosomally unstable.

Previous investigations have uncovered several critical genes and pathways that
are important in the initiation and progression of CRC. These include the WNT,
RAS-MAPK, PI3K, TGF-p, P53, and DNA mismatch repair pathways. Large-scale
sequencing analyses have identified numerous recurrently mutated genes and a
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recurrent chromosomal translocation, but a fully integrated view of the genetic and
genomic changes and their significance for CRC tumorigenesis was lacking.
Genomic patterns that have now been uncovered in CRC, including samples origi-
nating at sites in either the colon or the rectum, reveal genomic profiles that are
similar to those present in tumors at each site (The Cancer Genome Atlas Network
2012). By doing sequencing, CNV analyses, and/or methylation profiling on almost
300 CRC samples, the team narrowed in on key genes and pathways that tend to be
altered in CRC. For the new analysis, researchers used SOLiD or Illumina sequenc-
ing platforms to sequence the exomes of 224 tumor—normal pairs to an average
depth of >20x over 80 % or more of the coding sequences targeted. With the
Illumina HiSeq 2000, they also did low-coverage WGS on 97 of the tumors and
matched normal samples. The transcriptional analysis was expanded further through
RNA sequencing and miRNA sequencing experiments. The data presented provide
a useful resource for understanding CRC and identifying possibilities for treating it
in a targeted way. Although it may take years to translate this foundational genetic
data on CRC into new therapeutic strategies and surveillance methods, this genetic
information will be the springboard for determining what will be clinically effective
against CRC. A subset of the CRC, most often tumors showing up in the right or
ascending colon, had unusually high mutation levels. Approximately 16 % of the
tumors could be classified as hypermutated, containing a median of 728 predicted
somatic mutations apiece.

More than 75 % of these hypermutated samples showed enhanced methylation
levels and MSI. As the survival rate of patients with high MSI-related cancers is
better and these cancers are hypermutated, mutation rate may be a better prognostic
indicator.

From their genome sequence data, researchers tracked down several suspected
translocation events involving bits of sequence from different chromosomes. For
example, 3 of the 97 tumors assessed by low-coverage genome sequencing con-
tained a fusion linking the first exons of the chromosome 11 gene NAV?2 to part of
the chromosome 2 gene TCF7L1, which codes for a component in the WNT path-
way, a known contributor to CRC. Almost all of the tumors from both the hypermu-
tated and the non-hypermutated groups included mutations expected to boost the
activity of the WNT signaling pathway and to curb signaling via the TGF- path-
way, changes that are expected to produce an increase in the activity of the myc
proto-oncogene. These findings fit with early reports suggesting that compounds
targeting that pathway may be effective against some CRCs. Possible therapeutic
approaches to CRC included WNT signaling inhibitors and small-molecule
[-catenin inhibitors, which are showing initial promise. Other commonly affected
pathways included the RTK-RAS, MAP kinase, TP53, and PI3 kinase pathways,
which point to potential targets for new CRC treatments. Approximately 5 % of the
CRC tumors studied had extra copies of a gene, ERBB2, as do many breast cancer
tumors. The drug Herceptin, which is effective for breast cancer patients with too
many ERBB2 genes, might also help CRC patients with the same aberration.
Clinical trials have been proposed to test the effects of Herceptin in these CRC
patients. Approximately 15 % of CRCs had a mutation in a gene BRAF that is also
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often mutated in melanoma. A drug approved for melanoma blocks the function of
BRAF gene product, but it has not worked in CRC patients.

3.4.4 Sequencing of Head and Neck Cancer

3.4.4.1 NGS for Detection of HPV Sequences in Carcinoma
of Oropharynx

Human papillomavirus (HPV) infection in cases of squamous cell carcinoma of the
oropharynx is a strong predictive and prognostic biomarker. Use of NGS can pro-
vide a novel method for the detection of HPV in DNA isolated from FFPE tissues
from head and neck cancer patients, the viral subtype involved, and a direct readout
of viral load (Conway et al. 2012). A lower level of chromosome instability was
detected in HPV-positive tumors compared to HPV-negative tumors, as observed in
previous studies. Specificity of HPV detection by sequencing compared to tradi-
tional detection methods using either PCR or pl6 immunohistochemistry was
100 %. Sensitivity was 50 % when either compared to PCR or 75 % when compared
to p16. In addition, the ability of NGS to detect other HPV subtypes that would not
have been detected by traditional methods was demonstrated. This method can be
applied to any tumor and any virus. It also provides a tumor genomic copy number
karyogram. Thus, the use of NGS for the detection of HPV in cancer provides a
multiplicity of data with clinical significance in a single test.

3.4.5 Sequencing of Hematological Malignancies

3.4.5.1 Myelodysplastic Syndromes

Myelodysplastic syndromes (MDSs) are clinically heterogeneous disorders charac-
terized by clonal hematopoiesis, impaired differentiation, peripheral blood cytope-
nias, and a risk of progression to acute myeloid leukemia (AML). Somatic mutations
may influence the clinical phenotype but are not included in current prognostic scor-
ing systems. Combination of genomic approaches, including NGS and mass
spectrometry-based genotyping, identified somatic mutations in 18 genes in sam-
ples of bone marrow aspirate from patients with MDS and associated them with
specific clinical features (Bejar et al. 2011). Mutations in TP53, EZH2, ETV6,
RUNX1, and ASXL1 were found to be predictors of poor overall survival in MDS
patients independently of established risk factors.

The genetic changes that underlie progression from the MDS to secondary AML
are not well understood. Whole-genome deep sequencing using Illumina GAIIx or
HiSeq was performed on paired samples of skin and bone marrow from subjects
with secondary AML to identify somatic mutations specific to secondary AML
(Walter et al. 2012). Nearly all the bone marrow cells in patients with MDS and
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secondary AML were found to be clonally derived. Thus, genetic evolution of sec-
ondary AML is a dynamic process shaped by multiple cycles of mutation acquisi-
tion and clonal selection. These results clearly establish that MDS is truly an early
form of cancer. The results also suggest that it may be possible to get a therapeutic
advantage in AML by targeting the mutations present in the original clonal popula-
tion. However, further research will be required to find out whether a mutation is in
the founding clone that initiated the cancer or in a later-evolving clone.

3.4.5.2 Acute Myeloid Leukemia

The molecular pathogenesis of AML has been studied with the use of cytogenetic
analysis for several years. Recurrent chromosomal structural variations are well
established as diagnostic and prognostic biomarkers, suggesting that acquired genetic
abnormalities (i.e., somatic mutations) have an essential role in pathogenesis.
However, the full complement of DNA mutations that are responsible for the patho-
genesis of AML is not yet known, but several sequencing studies have been done.

Massively parallel DNA sequencing was used to obtain a very high level of cov-
erage (~98 %) of a primary, cytogenetically normal, de novo genome for AML with
minimal maturation and a matched normal skin genome (Mardis et al. 2009). The
AML genome that was sequenced contains ~750 point mutations, of which only a
small fraction are likely to be relevant to pathogenesis. By comparing the sequences
of tumor and skin genomes of a patient with AML-M1, recurring mutations were
identified that may be relevant for pathogenesis of AML. However, some studies
have shown that many patients with AML carry no mutations in any of the currently
recognized driver genes associated with the pathogenesis of AML.

Sequencing has been used to analyze mutations in 18 genes in tumors from indi-
viduals with AML, looking at how alterations in these genes are related to survival
rates and response to increase in chemotherapy dose (Patel et al. 2012). Results showed
that patients whose tumors contained alterations to either DNMT3A or NPM1, sur-
vival rates improved when higher-than-usual doses of the chemotherapy drug dauno-
rubicin were used. The same was true for individuals whose tumors harbored MLL
gene translocations. Information of this type is useful for a clinician for planning of
treatment at time of diagnosis and the start of therapy. If the patient has the mutation
in question, the clinician can go ahead and give the higher chemotherapy dose, but if
the patient does not have the mutation, a higher dose may not be of benefit.

Given that most bone marrow cells are short-lived, the accumulation of multiple
leukemogenic mutations in a single clonal lineage has been difficult to explain.
Serial acquisition of mutations has been postulated to occur in self-renewing hema-
topoietic stem cells (HSCs). Genomic analysis of HSCs from six patients with de
novo AML using next-generation exome sequencing has revealed mutations present
in individual AML patients harboring the FLT3-ITD (internal tandem duplication)
mutation (Jan et al. 2012). In addition to their sequencing approach, the team also
used high-throughput flow cytometry to identify biomarkers specific for a patient’s
healthy HSCs versus their leukemia stem cells and to isolate the very rare popula-
tions of precancerous HSCs. The genetic sequences from the precancerous blood
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stem cells were then compared to the same regions from the patients’ leukemia-
plagued stem cells. Analysis revealed the exact order of rare mutations that blood
stem cells accrued to become cancerous. Some of these mutations include those in
the NPM1, TET2, and SMC1A genes. Finally, through single-cell analysis, a clonal
progression of multiple mutations was shown to occur in the HSCs of some AML
patients. These preleukemic HSCs suggest the clonal evolution of AML genomes
from founder mutations, revealing a potential mechanism contributing to relapse.
Such preleukemic HSCs may constitute a cellular reservoir that should be targeted
therapeutically for more durable remissions.

The performance of most NGS analysis tools for identifying medium-sized
insertions such as FLT3-ITD mutations is largely unknown. A multigene, targeted
NGS assay was used to obtain deep sequence coverage of FLT3 and 26 other genes
from 22 FLT3 ITD-positive and 29 ITD-negative specimens to examine the perfor-
mance of several commonly used NGS analysis tools for identifying FLT3-ITD
mutations (Spencer et al. 2013). ITD mutations were present in hybridization-
capture sequencing data, and Pindel was the only tool out of the seven tested that
reliably detected these insertions. Pindel had 100 % sensitivity and 100 % specific-
ity; it provided accurate ITD insertion sizes and was able to detect ITD alleles pres-
ent at estimated frequencies as low as 1 %. These data demonstrate that FLT3-ITDs
can be reliably detected in panel-based, NGS assays.

3.4.5.3 Acute Promyelocytic Leukemia

Acute promyelocytic leukemia (APL) is a malignancy of the bone marrow, in which
there is a deficiency of myeloid cells and an excess of immature cells called promyelo-
cytes. APL is most commonly caused by a translocation (15:17) and expression of the
promyelocytic leukemia and the retinoic receptor-a (PML-RARA) fusion product;
however, the events that cooperate with PML-RARA in APL pathogenesis are not
well understood. An innovative approach has been used to find other relevant muta-
tions in APL. WGS and copy number analysis of a well-characterized APL mouse
model has uncovered somatic mutations in Jak1l and lysine (K)-specific demethylase
6A (Kdm6a, also known as Utx) in mice with APL and validated the ability of Jakl
mutations to cooperate with PML-RARA in APL (Rampal and Levine 2011). The
findings implicate the JAK/STAT pathway in the pathogenesis of APL and illustrate
the power of WGS to identify novel disease alleles in murine models of disease.

3.4.5.4 Chronic Myelomonocytic Leukemia

Ultradeep NGS has been used in hematological malignancies for diagnosis as well
as disease classification. It has been applied in chronic myelomonocytic leukemia
(CMML), which is a clonal hematopoietic malignancy characterized by features of
myeloproliferative neoplasm as well as a MDS, and where data on a comprehensive
cytogenetic or molecular genetic characterization are limited. NGS technology was
used to investigate CBL, JAK2, MPL, NRAS, and K-ras at known mutational



54 3 Sequencing in Cancer

hotspot regions in CMML (Kohlmann et al. 2010). Cytogenetic aberrations were
found in 18.2 % of patients; in contrast, at least one molecular mutation was
observed in 72.8 % of patients. NGS screening has been demonstrated to support a
comprehensive characterization of the molecular background in CMML. A pattern
of molecular mutations translates into different biological and prognostic categories
of CMML. An ongoing study, IRON (Interlaboratory Robustness of NGS), is evalu-
ating targeted sequence PCR (Fluidigm, NimbleGen, and RainDance) and PCR
cleanup (Agencourt).

3.4.5.5 Hairy Cell Leukemia

Hairy cell leukemia (HCL), a cancer of the bone marrow, is a well-defined clinico-
pathologic entity whose underlying genetic lesion is still obscure. HCL results in
accumulation of abnormal B lymphocytes in the blood. Roughly 2,000 new cases of
HCL are diagnosed annually in the USA and Europe. Whole-exome sequencing
identified five missense somatic clonal mutations that were confirmed on Sanger
sequencing, including a heterozygous mutation in BRAF that results in the BRAF
V600E variant protein (Tiacci et al. 2011). Since BRAF V600E is oncogenic in
other tumors, further analyses were focused on this genetic lesion. None of the
patients with other peripheral B-cell lymphomas or leukemias who were evaluated
carried the BRAF V600E variant. It was concluded that BRAF V600E mutation is
present in all patients with HCL, and this finding may have implications for the
pathogenesis, diagnosis, and targeted therapy of HCL. It also provides an immedi-
ate therapeutic indication for the use of available anti-B-raf drugs. Trovagene has
licensed this technology for diagnostic applications, and assay may help physicians
monitor the effectiveness of treatment and disease relapse.

3.4.5.6 Sequencing in Chronic Neutrophilic Leukemia and Atypical CML

Chronic neutrophilic leukemia (CNL) and atypical (BCR-ABL1-negative) chronic
myeloid leukemia (CML) are diagnosed on the basis of neoplastic expansion of
granulocytic cells and exclusion of genetic drivers that are known to occur in other
myeloproliferative neoplasms. An integrated approach of deep sequencing coupled
with the screening of primary leukemia cells obtained from patients with CNL or
atypical CML against panels of tyrosine kinase-specific siRNAs or small-molecule
kinase inhibitors has been used to identify potential genetic drivers in these disor-
ders (Maxson et al. 2013). The investigators validated candidate oncogenes using in
vitro transformation assays and drug sensitivities with the use of assays of primary-
cell colonies. Activating mutations were identified in the gene encoding the receptor
for colony-stimulating factor 3 (CSF3R) in 59 % of patients with CNL or atypical
CML. These mutations segregate within two distinct regions of CSF3R and lead to
preferential downstream kinase signaling through SRC family-TNK2 or JAK
kinases and differential sensitivity to kinase inhibitors. A patient with CNL carrying
a JAK-activating CSF3R mutation had marked clinical improvement after the
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administration of the JAK1/2 inhibitor ruxolitinib. It was concluded that mutations
in CSF3R are common in patients with CNL or atypical CML and represent a
potentially useful criterion for diagnosing these neoplasms.

3.4.6 Sequencing of Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC), one of the most common virus-associated can-
cers, is the third most frequent cause of cancer-related death worldwide. Massively
parallel sequencing of a primary hepatitis C virus (HCV)-positive HCC and matched
lymphocytes from the same individual using Illumina GAIIx has led to identifica-
tion of >11,000 somatic substitutions of the tumor genome that showed predomi-
nance of T>C/A>G transition and a decrease of the T>C substitution on the
transcribed strand, suggesting preferential DNA repair (Totoki et al. 2011). The
authors further validated previously uncharacterized mutation patterns, intrachro-
mosomal rearrangements, and fusion genes, as well as genetic heterogeneity within
the tumor. Whole-exome sequencing at a high sequence depth revealed a TSC1 non-
sense substitution in a subpopulation of the tumor cells. This first high-resolution
characterization of a virus-associated cancer genome identified previously unchar-
acterized mutation patterns, intrachromosomal rearrangements, and fusion genes, as
well as genetic heterogeneity within the tumor. Of the 670 insertion and deletion
(indel) patterns detected in the tumor, 7 affected genes; 2 of these changes altered
known tumor suppressors, TP53 and AXIN1, while 5 were in genes linked to other
types of cancer. The findings included alterations in TSCI, a gene that codes for a
component of a protein complex, which is inactivated in a subpopulation of tumors
and negatively regulates the mammalian target of rapamycin signaling—an impor-
tant oncogenic pathway related to the growth, metabolism, and stemness of cancer
cells. This could be a promising molecular therapeutic target in HCC progression.

Another genome-wide association study using Illumina HumanHap610-Quad
and HumanHap550v3 Genotyping BeadChip in 721 individuals with HCV-induced
HCC and HCV-negative controls of Japanese origin detected eight SNPs that
showed possible association (Kumar et al. 2011). Subsequent analyses using indi-
viduals with chronic hepatitis C (CHC) revealed a lone risk locus near the chromo-
some 6 gene MICA that is significantly associated with progression from CHC to
HCC. Although the molecular mechanism whereby MICA polymorphisms confer
the risk of disease progression needs to be characterized in the future, these findings
reveal a crucial role of genetic variations in host innate immune system in the devel-
opment of HCV-induced HCC.

3.4.7 Sequencing of Melanoma

Earlier genome sequencing study of malignant melanoma has shown that skin can-
cers tend to have a particularly high DNA mutation rate, partly reflecting the
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environmental component of these cancers, since UV light can cause extensive
DNA damage. Some genes have been linked to the disease already, notably the
BRAF gene, which can be targeted therapeutically. However, much remains
unknown about the repertoire of mutations that can underlie melanoma. Recent
sequencing of 14 melanoma exomes along with the exomes for matched normal
blood samples led to identification of previously unrecognized mutations affecting
nearly 70 genes including a recurrent mutation in TRRAP in 4 % of cases as well as
mutations in GRIN2A in 33 % of tumors (Wei et al. 2011). These findings point to
a role for glutamate signaling processes in skin cancer. Although the glutamate
pathway has been tied to melanoma and other types of cancer before, this study
marks the first time certain genes within this pathway have been linked to mela-
noma. To achieve this, the researchers captured 37 million bases of coding
sequence—representing ~20,000 genes—with the Agilent SureSelect system for
each tumor and matched normal sample. They then sequenced the tumor and nor-
mal exomes to a mean depth of 180 times or more using the Illumina GAIIL. Even
after filtering variants in tumor exomes against those in matched normal exomes,
the dbSNP database, and 1,000 Genomes Project data, they were still left with
nearly 5,200 apparent somatic mutations affecting 3,568 genes in the tumors. By
doing targeted Sanger sequencing, incorporating information on sequence cover-
age, gene size, and extent of mutation in affected genes, and applying a so-called
MPG algorithm, the team was able to narrow in on 68 genes containing somatic
changes. Of these, 16 genes are suspected to contain driver mutations. Whole-
exome sequencing is continuing on additional melanoma samples. The researchers
also hope to compare the mutations found in primary tumors with those in meta-
static samples from the same individual to get a better idea of which mutations
occur earliest and to learn more about whether mutations are shared within different
metastases. The next challenge is to determine which of these alterations are the
most important and using that information for patient care. Functional studies are
needed to determine the consequences of driver mutations and more.

Synonymous mutations affect protein function, but they are rarely investigated in
oncogenomics. A study used whole-genome and whole-exome sequencing to iden-
tify somatic mutations in melanoma samples and validated a synonymous somatic
mutation in bcl2L12 that harbored the recurrent F17F mutation (Gartner et al.
2013). Protein made from mutant bcl2LL12 transcript bound pS53, inhibited
UV-induced apoptosis more efficiently than wild-type bcl2L.12, and reduced endog-
enous p53 target gene transcription. The data indicate that silent alterations have a
role to play in human cancer and emphasize the importance of their investigation in
future cancer genome studies.

3.4.8 Sequencing of Ovarian Cancer

A catalog of molecular aberrations that cause ovarian cancer is critical for develop-
ing and deploying therapies that will improve patients’ lives. TCGA project has
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analyzed mRNA expression, miRNA expression, promoter methylation, and DNA
copy number in high-grade serous ovarian adenocarcinomas and the DNA sequences
of exons from coding genes in most of these tumors (The Cancer Genome Atlas
Research Network 2011). The equipment used included Agilent, Illumina, and
Affymetrix arrays to look at CNV, mRNA expression, miRNA expression, and
methylation profiles of tumor samples. Whole-exome sequencing was carried out on
a subset of these. High-grade serous ovarian cancer was found to be characterized by
TP53 mutations in almost all tumors. Pathway analyses suggested that homologous
recombination was defective in about half of the tumors analyzed and that notch and
FOXMI1 signaling are involved in serous ovarian cancer pathophysiology. Although
relatively few genes were found to contain recurrent mutations in the ovarian cancer,
the researchers tracked down numerous CNVs and several frequently mutated path-
ways, along with miRNA, methylation, and transcription signatures that hold prom-
ise for categorizing ovarian cancer and predicting survival outcomes. Overall, these
discoveries set the stage for approaches to the treatment of high-grade serous ovarian
cancer in which aberrant genes or networks are detected and targeted with therapies
selected to be effective against these specific aberrations.

3.4.9 Sequencing of Prostate Cancer

Prostate cancer is the second most common cancer in men worldwide and causes
over 250,000 deaths each year. Overtreatment of indolent disease also results in
significant morbidity. The full range of prostate cancer genomic alterations is
incompletely characterized. Common genetic alterations in prostate cancer include
losses of NKX3.1 (8p21) and PTEN (10g23), gains of AR (the androgen receptor
gene), and fusion of ETS family transcription factor genes with androgen-responsive
promoters.

The complete sequence of seven primary human prostate cancers and their paired
normal counterparts, using the Illumina GAII to sequence primary tumor samples,
has been published (Berger et al. 2011). Several tumors contained complex chains of
balanced, i.e., copy-neutral rearrangements that occurred within or adjacent to
known cancer genes. Rearrangement breakpoints were enriched near open chroma-
tin, AR, and ERG DNA binding sites in the setting of the ETS gene fusion
TMPRSS2-ERG, a key feature of prostate cancer, but inversely correlated with
these regions in tumors lacking ETS fusions. This observation suggests a link
between chromatin or transcriptional regulation and the genesis of genomic aberra-
tions. Three tumors contained rearrangements that disrupted CADM?2 and four har-
bored events disrupting either PTEN (unbalanced events), a prostate tumor
suppressor, or MAGI2 (balanced events), a PTEN interacting protein not previously
implicated in prostate tumorigenesis. Thus, genomic rearrangements may arise from
transcriptional or chromatin aberrancies and engage prostate tumorigenic mecha-
nisms. This study emphasizes the advantage of WGS for a disease like prostate
cancer, where the rearrangements seem to be important for the disease progression.
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When the researchers incorporated epigenetic information into their analysis, they
found clues that tumors carrying the TMPRSS2-ERG gene fusion also tend to have
more breakpoints in the regions of the genome reported to have open chromatin and
active transcription in prostate cancer studies. On the other hand, tumors lacking this
fusion have more breakpoints in parts of the genome with closed chromatin regions
that are typically transcriptionally silent. More sequencing work is needed to deter-
mine whether these patterns hold in additional prostate tumors. If genomes of all
prostate cancer risk categories are sequenced, one may be able to distinguish indolent
from aggressive prostate cancer based on the sequence information and potentially
prevent unnecessary prostatectomies and overtreatment of prostate cancer.

3.4.9.1 Identification of Mutations in Prostate Cancer by Exome
Sequencing

Characterization of the prostate cancer transcriptome and genome has identified
chromosomal rearrangements and CNVs, including ETS gene family fusions, PTEN
loss, and AR amplification, which drive prostate cancer development and progres-
sion to lethal, metastatic castration-resistant prostate cancer (CRPC). Sequencing of
the exomes of lethal, heavily pretreated metastatic CRPCs obtained at rapid autopsy
and treatment-naive, high-grade localized prostate cancers has identified low overall
mutation rates even in heavily treated CRPCs and confirmed the monoclonal origin
of lethal CRPC (Grasso et al. 2012). They also carried out aCGH and gene expres-
sion analyses on both CRPC and localized tumors, as well as matched benign tumor
tissue, using Oncomine tool (Compendia Bioscience) to process and analyze their
data. Although the overall mutation rate was relatively low in the tumors, including
those exposed to extensive treatment, researchers did find nine genes with recurrent
somatic mutations; six of the genes had been implicated in the disease before, while
3—MLL2, OR5L1, and CDK12—were new. Consistent with past results, their
analysis suggested that PTEN and WNT signaling pathways are often altered in
prostate cancer. Potential driver mutations also turned up in known tumor suppres-
sor genes and oncogenes, as well as genes from pathways involved in cell check-
points, DNA damage repair, and AR signaling. The exomes also contained mutations
to genes from histone or chromatin modification-related pathways, e.g., one of the
newly discovered genes, MLL2, codes for a histone methyltransferase enzyme
belonging to a protein complex that interacts with the AR. That analysis also helped
in uncovering a prostate cancer subtype characterized by mutations to the chroma-
tin-modifying enzyme gene CHD1, and subsequent experiments indicated that most
tumors containing CHD1 alterations do not harbor ETS gene family fusions.
Through a series of follow-up experiments, the team explored the biological basis
for some of the mutations detected, looking, for instance, at physical interactions
between the AR and the gene products of mutated genes, including FOXA1. In sum-
mary, the mutational landscape of heavily treated metastatic cancer identified novel
mechanisms of AR signaling deregulation in prostate cancer. The study provides
insights into the resistance mechanisms that evolve in refractory tumors.
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Recurrent somatic base-pair substitutions are believed to be less contributory in
prostate tumorigenesis but have not been systematically analyzed in large cohorts.
By sequencing the exomes of prostate tumor and normal tissue pairs with SureSelect
system (Agilent Technologies) and Illumina HiSeq 2000, new recurrent mutations
were identified in multiple genes, including MED12 and FOXA1 (Barbieri et al.
2012). SPOP was the most frequently mutated gene, with mutations involving the
SPOP substrate-binding cleft in 6-15 % of tumors across multiple independent
cohorts. Prostate cancers with mutant SPOP lacked ETS family gene rearrange-
ments and showed a distinct pattern of genomic alterations. Thus, SPOP mutations
may define a new molecular subtype of prostate cancer. Because of the SPOP gene
product’s role in helping to mark proteins for destruction through ubiquitin-mediated
pathways, researchers hypothesized that mutations to the gene might contribute to
cancer development or progression through deregulation of yet unidentified cellular
processes. There might be an accumulation of proteins in the cell that are not cleaned
out, and this might lead to cancer growth, or the mutations could be removing pro-
teins that help prevent unchecked cell growth. Those involved in the study noted
that additional studies will be needed to explore the genetic, epigenetic, and tran-
scriptional interplay within this and other prostate cancer subtypes and to determine
whether the presence of SPOP alterations correspond to any discernible prognostic
or treatment outcome patterns.
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Chapter 4
Oncoproteomics

4.1 Introduction

The term “proteomics” indicates PROTEins expressed by a genOME and is the
systematic analysis of protein profiles of tissues. The term “proteome” refers to all
proteins produced by a species, much as the genome is the entire set of genes.
Unlike the genome, the proteome varies with time and is defined as “the proteins
present in one sample (tissue, organism, cell culture) at a certain point in time.”
Proteomics parallels the related field of genomics. Now that the human genome has
been sequenced, we face the greater challenge of making use of this information for
improving healthcare and discovering new drugs. There is an increasing interest in
proteomic technologies now because deoxyribonucleic acid (DNA) sequence infor-
mation provides only a static snapshot of the various ways in which the cell might
use its proteins, whereas the life of the cell is a dynamic process. With this back-
ground, DNA/RNA (ribonucleic acid) sequences, per se, are not enough for the
clear identification of a therapeutic target because proteins and not DNA/RNA are
the basis of mode of action of drugs.

The role of proteomics in the study of cancer pathology, cancer diagnostics, and
anticancer drug discovery is referred to as oncoproteomics (Jain 2002b, 2008).
Relation of oncoproteomics to other technologies is shown in Fig. 4.1. Currently,
cancer research is one of the most popular applications of proteomics.

Cancer is a proteomic disease driven by defective protein pathways. Biomarkers
are released from tissue microenvironments of cancer, and the entire signaling
pathways are the new targets of therapy. Reliable new technologies now exist for
multiplex mapping of tissue and cellular phosphoprotein signaling pathways.
Phosphoproteins provide a record of ongoing kinases and linear substrate activity in
key signaling pathways driven by the pathological state. Study of relevant proteins
is useful for gaining an understanding of the pathology and progression of cancer.
Proteomic-based approaches, which enable the quantitative investigation of both
cellular protein expression levels and protein—protein interactions involved in
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Fig. 4.1 Relation of oncoproteomics to other technologies. © Jain PharmaBiotech

signaling networks, promise to define the molecules controlling the processes
involved in cancer. Proteomic-based profiling uniquely allows delineation of global
changes in protein expression patterns resulting from transcriptional and posttran-
scriptional control, posttranslational modifications, and shifts in proteins between
different cellular compartments. Given that comprehensive expression profiles
obtained using genomics and proteomics are highly complementary, a combined
approach to profiling may well uncover expression patterns that could not be pre-
dicted using a single approach.

Morphoproteomics combines histopathology, molecular biology, and proteomics
to depict the protein circuitry in diseased cells for uncovering molecular targets
amenable to specific intervention, thereby facilitating personalized therapy. Such an
approach can uncover or confirm potential molecular targets that may be essential
to the growth, integrity, and histogenesis of a particular tumor type and that are
amenable to specific therapeutic interventions. Directions for future research should
focus on points of convergence in signal transduction pathways and consider inte-
gration of morphoproteomic with genomic and pharmacoproteomic as well as
protein-function microarray data.
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4.2 Proteomic Technologies for the Study of Cancer

Several proteomic technologies used for the study of cancer have been described in
a detailed report on proteomics (Jain 2013). Some of these are briefly described in
this chapter.

4.2.1 Application of CellCarta Technology for Oncology

CellCarta™ (Caprion) enables hypothesis-free studies whereby the proteome of a
large number of samples is profiled in order to identify proteins whose abundance
differs between study groups or cohorts. Endogenous peptides obtained from diges-
tion with trypsin are first analyzed in scanning mode by mass spectrometry (MS)
coupled to liquid chromatography (LC-MS). CellCarta has been applied in areas of
special pharmaceutical interest for tumor antigen discovery, protein biomarker dis-
covery, pharmacoproteomics, and protein phosphorylation. Applications in oncol-
ogy are the most extensive. Isolation of purified membrane proteins from resected
tumors is followed by differential analysis of protein abundance. High-value protein
targets are identified. Examples of applications in oncology are in lung and colon
cancer.

4.2.2 Accentuation of Differentially Expressed Proteins
Using Phage Technology

A method called ADEPPT (accentuation of differentially expressed proteins using
phage technology) can identify proteins that are produced in different amounts in
diseased tissue compared with healthy tissue (Suber et al. 2004). The method uses
a large “library” with thousands of strains of the bacteriophage known each making
a different peptide that binds to a specific protein. By using a large bacteriophage
library, the researchers can detect proteins that are produced at varying levels in dif-
ferent tissue samples. The technique can rapidly determine differences between
lung cancer tissue and normal lung tissue by measuring subtle variations in the
proteins they produce. ADEPPT can pick up proteins in lung cancer that are over-
looked by more conventional methods of protein profiling. This method might
enable researchers to detect proteins responsible for all types of cancer and poten-
tially assist them in finding better drug targets to treat various diseases. This infor-
mation could also be used for early detection of cancers, e.g., by testing for elevated
levels of proteins in the blood, which could improve the chances of successful treat-
ment. ADEPPT method may complement existing methods such as 2D gel electro-
phoresis (GE) by detecting less abundant proteins.
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4.2.3 Cancer Tissue Proteomics

Cancer tissue proteomics implies direct tissue profiling and use of imaging MALDI
MS to provide a molecular assessment of numerous expressed proteins within a tis-
sue sample. Analysis of thin tissue sections results in the visualization of 500—1,000
individual protein signals in the molecular weight range from 2,000 to >200,000.
Laser capture microdissection (LCM), in combination with MS, enables acquisition
of protein signatures from a single cell type within a heterogeneous sample. These
signals directly correlate with protein distribution within a specific region of the
tissue sample. The systematic investigation of the section allows the construction of
ion density maps, or specific molecular images, for virtually every signal detected
in the analysis. Application of this approach to study proteomics of specific tumors
will be described later in this chapter.

Matrix-assisted laser desorption/time-of-flight (MALDI-TOF) MS can be used
to generate protein spectra directly from frozen tissue sections from surgically
resected cancer specimens. Profiling MALDI MS has been used to monitor altera-
tions in protein expression associated with tumor progression and metastases.
Current data suggests that MALDI MS will be superior to immunohistochemical
stains and electron microscopy in identifying the site of origin for tumors currently
labeled as “tumor of unknown primary.” Another application in surgical pathology
would be the rapid evaluation of margins of surgical excision of a tumor. Routine
analysis of surgical margins by frozen section is very difficult because some cancers
invade in a single-cell fashion without producing a grossly identifiable mass.
Sensitivity of MS enables detection of even a few tumor cells within a significantly
larger portion of tissue.

The capability of MALDI MS to measure susceptibility and response to thera-
peutic agents in tumor and surrounding tissues is particularly useful in personalized
management of cancer. The original protein profile obtained from the primary tumor
can be used to influence the selection of therapeutic agents. Levels of chemothera-
peutic agents can be measured directly from a tissue biopsy to assess adequacy of
delivery to a particular organ site. It will also help in detecting alterations in specific
molecular pathways directly modulated or indirectly affected by the anticancer
agent. Finally, it could be used to monitor chemotherapy effects on the tumor.

4.2.4 Desorption Electrospray Ionization for Cancer Diagnosis

A modified MS technique, desorption electrospray ionization (DESI), involves aim-
ing a fine water mist at a surface with a pencil-sized tube that also sucks up the fluid
after the droplets have mixed with the material in the sample. Whereas ordinary MS
is both time- and labor-intensive, DESI not only is portable, but it can also deter-
mine the chemical composition of an unprepared sample, e.g., cancer in liver tissue,
within 5 s and tell the difference between diseased and non-diseased regions of
tissue samples. Another advantage of DESI is that it can detect lipid biomarkers,



4.2 Proteomic Technologies for the Study of Cancer 67

whereas conventional MS is good at detection of protein biomarkers. Cancerous
regions possess higher levels of certain lipid molecules, which could indicate a sig-
nificant relationship between lipids and tumor proliferation. The devices might one
day prove useful in helping surgeons ensure that all of the tumor is destroyed before
a patient leaves surgery and also to identify other potential tumor sites in the tissue
that are indistinguishable to the naked eye. It would help physicians determine how
well a drug is working in different organs of the body. Analysis of different regions
in a tissue sample would facilitate evaluation of the mechanism of its drug action
and its effectiveness.

4.2.5 Id Proteins as Targets for Cancer Therapy

Id (inhibitor of DNA binding) proteins represent attractive targets for cancer ther-
apy. Their involvement in the progression of human cancer is now established,
based on the analysis of tumor cell cultures, human cancer biopsies, and animal
tumor models. Four members of the Id protein family, Id1 to Id4, which lack the
basic DNA-binding domain, function as dominant inhibitors of cell cycle regula-
tors. Id proteins within invasive and progressive cancers have distinctive expression
patterns that are potential specific diagnostic and/or prognostic biomarkers.
Overexpression of Id proteins promotes cancer cell proliferation and resistance
against apoptosis.

Multiple strategies can now be used to target the functional activities of intracel-
lular proteins for cancer therapy. These include antisense oligonucleotides, siRNA,
anti-gene or ribozyme gene transfer, small molecules, or peptides. However, each of
these strategies has potential advantages and disadvantages. Even though numerous
genes that are regulated by Id gene expression in cancer cells have been identified,
much work must be done to link these associated genes to downstream functional
activities.

4.2.6 Identification of Oncogenic Tyrosine Kinases
Using Phosphoproteomics

PhosphoScan® proteomics (Cell Signaling Technology Inc.) is used for broad profil-
ing of phosphorylation in cells and tissues. PhosphoScan® profiling involves immu-
noaffinity purification and tandem MS, and its effectiveness in kinase target and
biomarker discovery has been documented. This phosphoproteomic approach has
been used to characterize tyrosine kinase signaling across NSCLC cell lines as well
as tumors (Rikova et al. 2007). Profiles of phosphotyrosine signaling are generated
and analyzed to identify known oncogenic kinases such as epithelial growth factor
receptor (EGFR) and c-Met as well as novel anaplastic lymphoma kinase (ALK)
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and ROS fusion proteins. Other activated tyrosine kinases such as PDGFRa and
DDRI1 not previously implicated in the genesis of NSCLC are also identified. By
focusing on activated cell circuitry, this approach provides insight into cancer biol-
ogy not available at the chromosomal and transcriptional levels and can be applied
broadly across all human cancers. Further use of this technology has shown that in
drug-sensitive cells the targeted tyrosine kinase drives other RTKs and an extensive
network of downstream signaling that collapse with drug treatment (Guo et al.
2008). Comparison of the signaling networks in EGFR and c-Met-dependent cells
has identified a core network of approximately 50 proteins that participate in path-
ways mediating drug response.

4.2.7 Laser Capture Microdissection Technology
and Cancer Proteomics

LCM technology integrates a standard laboratory microscope with a low-energy
laser and a transfer film in a convenient, one-step aim-and-shoot method. LCM
provides research or pathology laboratories with the ideal microdissection method
and can be combined with proteomic technologies (Jain 2002a). LCM was con-
ceived and first developed as a prototype research tool at the NCI. The commercial
version, Arcturus CellPix II Laser Capture Microdissection, is configured to isolate
specific cells of interest from microscopic regions of tissue/cells/organisms for later
molecular analysis. It offers a sterile method of extracting pure subsets of cells from
tissue specimens and cytological smears. Tissue biopsy is examined under a micro-
scope; the cells of interest are located and activated by the laser beam and adhere to
the transfer film. The film is placed directly into the DNA, RNA, or enzyme buffer.
The cellular material detaches from the film and is ready for subsequent molecular
analysis. The tissue remaining on the slide is fully accessible for comparative
molecular analysis of adjacent cells. Most importantly, the exact morphologies of
both the captured cells and the surrounding tissue are preserved. LCM has been
combined with a protein chip and enabling researchers to rapidly generate and ana-
lyze protein profiles or fingerprints using relatively small number of cells. Thus, the
global changes between normal and disease samples can be readily evaluated.

The fluctuations of expressed genes or alterations in the cellular DNA that cor-
relate with a particular disease stage can ultimately be compared within or between
individual patients. Such a fingerprint of gene expression patterns can provide cru-
cial clues for the etiology and might ultimately contribute to diagnostic decision and
therapies tailored to individual patients. Molecules found to be associated with a
defined pathological lesion might serve as imaging or therapeutic agents.

LCM has been extensively used in cancer research, contributing to the under-
standing of tumor biology by mutation detection, clonality analysis, epigenetic
alteration assessment, gene expression profiling, and proteomics (Cheng et al.
2013). LCM is being used in the Cancer Genome Anatomy Program to catalog the
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development of cells from normal to diseased state. It can be applied to any disease
process, which is accessible through tissue sampling, such as premalignant cancer
lesions. One limitation of LCM is poor quality of nucleic acids and proteins from
the archival samples and the drawback of working with frozen samples. To over-
come these problems, a rapid simple method for the enrichment of normal and
tumor cells was developed, called epithelial aggregate separation and isolation.

4.2.8 Mass Spectrometry for ldentification of Oncogenic
Chimeric Proteins

The ALK on 2p23 is a tyrosine kinase that forms chimeric fusions with numerous
translocation partners. An MS-based approach has been described for the identifica-
tion of ALK fusion partners (Elenitoba-Johnson et al. 2006). This approach accu-
rately identified the nucleophosmin (NPM)-ALK fusion protein in an anaplastic
large-cell lymphoma-derived cell line carrying the t(2;5)(p23;q35) and the TPM3—
ALK in a clinical biopsy of inflammatory myofibroblastic tumor carrying the t(1;2)
(q21;p23). This study shows the ability of MS to identify oncogenic chimeric pro-
teins resulting from chromosomal rearrangements. This proteomic strategy is read-
ily applicable to the identification of the participating members of any fusion protein
encoded from chromosomal translocation, wherein one of the partners is known and
suitable antibodies are available. When immunoprecipitation and Western blotting
using an antibody against a known translocation partner yield a protein band with a
molecular weight distinct from that of the known protein; this band shift from its
expected size raises the possibility of the presence of a chimeric fusion protein. This
will enable the rapid identification of protein partners encoded by chromosomal
translocations and represents a potential opportunity for a discovery method for the
identification of fusion proteins in malignant neoplasms.

Several approaches to enrich for tyrosine phosphoproteins in cancer cells for
subsequent LC—tandem MS analysis using lysates from SU-DHL-1 cells, which
express the NPM—-ALK as a model system, have been evaluated (Schumacher
et al. 2007). Cells were grown in the presence or absence of the phosphatase inhib-
itor sodium orthovanadate, and tyrosine phosphoproteins were subsequently
enriched by immunoprecipitation or immunoaffinity chromatography and protein
identification performed by LC—tandem MS. Results show that sodium orthovana-
date improves enrichment and thus detection of tyrosine phosphoproteins.
Immunoprecipitation of tyrosine phosphoproteins using two different antiphos-
photyrosine antibodies increased the number of protein identifications. Finally,
peptides from proteins enriched by immunoprecipitation are more abundant than
those enriched by immunoaffinity chromatography, and relatively few proteins
were found in common. These data demonstrate the utility of an enrichment strat-
egy for the MS-based identification of tyrosine phosphoproteins and show the
advantage of complementary techniques for greater protein identification.
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4.2.9 Proteomic Analysis of Cancer Cell Mitochondria

A combination of reverse-phase protein microarray with radiolabeled glucose
metabolic studies showed that there is a specific association between altered cyto-
chrome c oxidase subunit levels and altered metabolism in cancer cells (Krieg et al.
2004). Mutations in mitochondrial DNA have been frequently reported in cancer
cells. Significance of gene expression patterns is not established yet. The role of
proteomics in the study of mitochondrial proteome in cancer is as follows:

 Identification of abnormally expressed mitochondrial proteins in cancer cells is
possible by mitochondrial functional proteomics.

* Proteomics can identify new markers for early detection and risk assessment, as
well as targets for therapeutic intervention.

4.2.10 ProteinChip System

The ProteinChip System (Bio-Rad) is an extremely rapid and powerful proteomic
tool for highlighting the differences in protein expression profiles directly from
complex tissue lysates and therefore will have a high impact in cancer.

4.2.11 Proteomic Study of p53

The p53 protein is thus one of the main lines of defense against cancer. Almost half
of all cancers involve a mutation of the gene for p53. The p53 transcription factor is
found in every cell of the body, where it helps to prevent cancer by activating and
deactivating the right genes. When the cell is exposed to potentially carcinogenic
stress, such as DNA damage or oxygen deficiency, p53 can switch on the genetic
program for cell death, preventing the cancer from spreading to the rest of the body.
p53 triggers cell cycle arrest and apoptosis through transcriptional regulation of
specific target genes. The effect of p53 activation on the proteome has been investi-
gated using 2D GE analysis of mitomycin C-treated HCT116 colon carcinoma cells
carrying wild-type p53 (Rahman-Roblick et al. 2007). Of the numerous protein
spots separated in overlapping narrow-pH-range gel strips, 115 showed significant
expression changes upon p53 activation. The identity of 55 protein spots was
obtained by MS, and most of these were not known to be connected to p53 previ-
ously. The proteins fall into different functional categories, such as mRNA process-
ing, translation, redox regulation, and apoptosis, consistent with the idea that p53
regulates multiple cellular pathways. p53-dependent regulation of five of the upreg-
ulated proteins, e[F5A, hnRNP C1/C2, hnRNP K, lamin A/C, and Nm23-H1, and
two of the downregulated proteins, Prx I and TrpRS, was examined in further detail.
Analysis of mRNA expression levels demonstrated both transcription-dependent
and transcription-independent regulation among the identified targets. Thus, this
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study reveals protein targets of p53 and highlights the role of transcription-
independent effects for the p53-induced biological response. Many of the mecha-
nisms were previously unknown, and in several cases, changes are seen only at
protein level and not at gene level. This new information will be of value for the
development of new therapies.

4.2.12 Role of Proteomics in the Study of Cancer
Stem Cell Biology

Embryonic stem cells (ESCs) rely on Polycomb group proteins to reversibly repress
genes required for differentiation. Stem cell Polycomb group targets are up to
12-fold more likely to have cancer-specific promoter DNA hypermethylation than
nontargets, supporting a stem cell origin of cancer in which reversible gene repres-
sion is replaced by permanent silencing, locking the cell into a perpetual state of
self-renewal and thereby predisposing to subsequent malignant transformation
(Widschwendter et al. 2007). Cancer stem cells (CSCs) are stemlike cells that drive
tumor growth and metastasis formation, but little is known about the regulation of
CSC maintenance pathways in cancer and how these are affected by cancer-specific
genetic alterations and by treatment. Proteomics is emerging as a powerful tool to
identify the signaling complexes and pathways that control multi- and pluripotency
and CSC differentiation (Kranenburg et al. 2012).

4.2.13 Single-Cell Protein Expression Analysis
by Microfluidic Techniques

The analysis of single cells obtained from needle aspirates of tumors is constrained
by the need for processing. Microfluidic approaches have been applied to measure
the expression of surface proteins in single cancer cells or in small populations. Two
approaches involve (1) indirect fluorescence labeling of cell surface proteins and
channeling of cells in a microfluidic device past a fluorescence detector for signal
quantification and analysis and (2) passing coated channeled cells in a microfluidic
device over detection zones with ligands to surface proteins and measuring rates of
passage and of retardation based on transient interactions between surface proteins
and ligands. Experiments measuring passage retardation showed significant differ-
ences in passage rates between FGF-2-treated and FGF-2-untreated MCF-7 cells
over reaction regions coated with fibronectin and antibody to integrin a581 com-
pared with control regions (Fitzpatrick et al. 2006). Blocking peptides reversed the
retardation, demonstrating specificity. Thus, immunofluorescence detection in a
microfluidic channel demonstrates the potential for assaying surface protein expres-
sion in a few individual cells and will enable the development of future methods that
do not require cell handling. The flow retardation device represents the first applica-
tion of this technology for assessing cell surface protein expression in cancer cells
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and may provide a way for analyzing expression profiles of single cells without
preanalytic manipulation.

4.2.13.1 Dynamic Cell Proteomics in Response to a Drug

The variability of the protein response of human cancer cells to a chemotherapy
drug, camptothecin, has been studied by a dynamic-proteomic approach that mea-
sures the levels and locations of nearly 1,000 different endogenously tagged pro-
teins in individual living cells at high temporal resolution (Cohen et al. 2008). All
cells show rapid translocation of proteins specific to the drug mechanism, including
the drug target (topoisomerase-1), and slower, wide-ranging temporal waves of pro-
tein degradation and accumulation. However, the cells differ in the behavior of a
subset of proteins. The proteins, whose dynamics differ widely between cells, can
be identified in a way that corresponds to the outcomes—cell death or survival. This
opens the way to understanding molecular responses to drugs in individual cells.

4.3 Integration of Cancer Genomics and Proteomics

The current trend is to integrate genomics, transcriptomics, and proteomics for the
profiling of tumor tissues, an approach referred to as operomics. The major goals
are the molecular classification of tumors and the identification of markers for the
early detection of cancer. Molecular analyses of tumors rely on microdissected tis-
sues, which are simultaneously investigated for genomic, transcriptomic, and pro-
teomic changes. Genomic alterations in tumor cells being investigated include
deletions, amplifications, and methylation changes across the entire genome as well
as point mutations in specific genes. Expression analysis at the RNA level is being
undertaken using oligonucleotide- and complementary DNA (cDNA)-based micro-
arrays. An important aspect of this approach is the large-scale identification and
quantitative analysis of tumor proteins in whole-cell lysates as well as in protein
compartments. Protein separation strategies include 2D PAGE and LC. Specific
protein subsets of interest include membrane proteins, secreted proteins, and anti-
genic proteins as sources of biomarkers for early detection of cancer.

4.4 Use of Proteomics in Cancers of Various Organ Systems

4.4.1 Proteomics of Brain Tumors

4.4.1.1 Malignant Glial Tumors

Human brain astrocytomas range from the indolent low-grade to the highly infiltrating
and aggressive high-grade form, also known as glioblastoma multiforme. The exten-
sive heterogeneity of astrocytic tumors complicates their pathological classification.



4.4  Use of Proteomics in Cancers of Various Organ Systems 73

A study has compared the protein pattern of low-grade fibrillary astrocytomas to
that of glioblastoma multiforme by 2D GE (Odreman et al. 2005). The level of most
proteins remains unchanged between the different grade tumors, and only few dif-
ferences are reproducibly observable. Fifteen differentially expressed proteins, as
well as 70 conserved spots, were identified by MS in this study. Western and immu-
nohistochemical analysis confirmed the differential expression of the identified pro-
teins. These data provide an initial reference map for brain gliomas. The proteins
more highly expressed in glioblastoma multiforme included peroxiredoxins 1 and 6,
the transcription factor BTF3, and alpha-B-crystallin, whereas protein disulfide
isomerase A3, the catalytic subunit of the cAMP-dependent protein kinase, and the
glial fibrillary acidic protein are increased in low-grade astrocytomas. These find-
ings contribute to deepening our knowledge of the factors that characterize this
class of tumors and, at the same time, can be applied toward the development of
novel molecular biomarkers potentially useful for an accurate classification of the
grade of astrocytomas.

Screening and evaluation of protein biomarkers for the detection of glioblasto-
mas and their distinction from healthy individuals and benign gliomas have been
done by using SELDI-TOF MS coupled with an artificial neural network algorithm
(Liu et al. 2005). An accuracy of 95.7 %, sensitivity of 88.9 %, specificity of 100 %,
positive predictive value of 90 %, and negative predictive value of 100 % were
obtained in a blinded test set comparing glioma patients with healthy individuals; an
accuracy of 86.4 %, sensitivity of 88.9 %, specificity of 84.6 %, positive predictive
value of 90 %, and negative predictive value of 85.7 % were obtained when patient’s
gliomas were compared with benign brain tumor. Total accuracy of 85.7 %, accu-
racy for grade I-II astrocytoma of 86.7 %, accuracy for III-IV astrocytoma of
84.6 % were obtained when grade I-II astrocytoma was compared with grade III-
IV ones (discriminant analysis). MALDI MS tissue profiling technology has been
used to detect differentially expressed proteins in high-grade and low-grade astro-
cytomas with level I confidence for prognosis (Holt et al. 2006). SELDI-TOF MS
combined with bioinformatic tools could greatly facilitate the discovery of bio-
markers with sensitivity and specificity for the discrimination of glioma patients
from healthy individuals and those with brain benign tumors.

4.4.1.2 Meningiomas

Meningiomas arise from the coverings of the brain and are usually considered to be
benign tumors but may become malignant. They are classified into three groups
(benign, atypical, and anaplastic) based on morphologic characteristics. Atypical
meningiomas, which are WHO grade 2 tumors, and anaplastic meningiomas, which
are WHO grade 3 tumors, exhibit an increased risk of recurrence and premature
death compared with benign WHO grade 1 tumors. Although atypical and anaplas-
tic meningiomas account for <10 % of all of meningiomas, it can be difficult to
distinguish them from benign meningiomas by morphologic criteria alone.
Proteomic technologies have been applied to improve the diagnosis and grading
of meningiomas. Tissue obtained from human meningiomas by selective tissue
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microdissection was examined by 2D GE to determine protein expression patterns
(Okamoto et al. 2006). Proteomic analysis revealed protein expression patterns
unique to WHO grade 1, 2, and 3 meningiomas and identified 24 proteins that dis-
tinguish each subtype. Fifteen proteins showed significant changes in expression
level between benign and atypical meningiomas, whereas nine distinguished atypi-
cal from anaplastic meningiomas. Differential protein expression was confirmed by
Western blotting and immunohistochemistry (IHC). The authors of this study estab-
lished differential proteomic profiles that characterize and distinguish meningiomas
of increasing grades. The proteins and proteomic profiles enhance the understand-
ing of the pathogenesis of meningiomas and have implications for diagnosis, prog-
nosis, and treatment.

4.4.1.3 DESI-MS for Intraoperative Diagnosis of Brain Tumors

The goal of brain tumor surgery is to maximize tumor removal while preserving
brain function. However, existing imaging and surgical techniques do not offer the
molecular information needed to delineate tumor margins. A system has been devel-
oped to rapidly analyze and classify brain tumors based on lipid information
acquired by DESI-MS to build a classifier to discriminate gliomas and meningio-
mas (Eberlin et al. 2013). The classifier was tested and results were validated for
intraoperative use by analyzing and diagnosing tissue sections from surgical speci-
mens obtained from oligodendroglioma, astrocytoma, and meningioma tumors of
different histological grades. The molecular diagnosis derived from MS imaging
corresponded to histopathology diagnosis with very few exceptions. This study
demonstrates that DESI-MS technology has the potential to guide brain tumor sur-
gery by providing rapid diagnosis, by identifying the histological type and grade of
brain tumors, as well as by defining tumor margins in near real time.

4.4.2 Proteomics of Breast Cancer

Proteomic-based approaches are now being used to study the natural history and
treatment of breast cancer. 2D PAGE is still the basis of most proteomic studies.
Newer technologies such as LCM and highly sensitive MS methods are currently
being used together to identify greater numbers of lower-abundance proteins that
are differentially expressed between defined cell populations. Proteomics has the
refinement and sensitivity to find proteins that are either uniquely or differentially
expressed between different cell types, the consequences of which could enable new
strategies for drug discovery. The global divergence between normal and tumor
breast cells can be identified by using proteomics and can facilitate the development
of new approaches to breast cancer treatment and monitoring.

Mammary ductal cells are the origin for 70-80 % of breast cancers. Nipple aspi-
rate fluid (NAF) contains proteins directly secreted by the ductal and lobular
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epithelium in non-lactating women. NAF has been used for many years as a potential
noninvasive method to identify markers for breast cancer risk or early detection.
Scientists at the Tissue Proteomics Unit of the FDA are exploring the use of SELDI-
TOF MS to identify patterns of proteins that might define a proteomic signature for
breast cancer. They have presented data showing that SELDI analysis of NAF is
rapid, reproducible, and capable of identifying protein signatures that appear to dif-
ferentiate NAF samples from breast cancer patients and healthy controls, including
those with an abnormal mammogram who were later proven to be biopsy normal.

Proteomic approaches offer a largely unbiased way to evaluate NAF as a source
of biomarkers and are sufficiently sensitive for analysis of small NAF volumes (10—
50 pL). There is need for an early detection screening test for breast cancer. Scientists
at Power3 Medical have identified 12 blood serum protein biomarkers, whose con-
centrations differentiate between breast cancer and benign tumors as well as dem-
onstrate statistically significant changes between these groups. They show
progressive changes across the disease continuum as well as changes that return to
normal at a later date. In addition, they demonstrate changes in disease mechanism
measured in the patient’s blood.

Human epidermal growth factor receptor-2 (HER-2) gene is amplified in 20-30 %
of breast cancers and is associated with response to Herceptin (Genentech) and its
lack with resistance to therapy. HER-2/neu status of the primary breast cancer is
determined by THC and fluorescent in situ hybridization (FISH). HercepTest
(DakoCytomation), an approved IHC test, is used to identify patients with breast
cancer whose tumor tissue overexpresses the HER-2 protein. HER-2 FISH phar-
mDx™ Kit is designed to quantitatively determine interphase HER-2/neu gene
amplification. MammaryS5 trial by the National Cancer Institute of Canada showed
that amplification of HER-2 in breast cancer cells is associated with better clinical
responsiveness to anthracycline-containing chemotherapy regimen when compared
with the regimen of cyclophosphamide, methotrexate, and fluorouracil (Pritchard
et al. 2006). However, due to technical factors, tests used for primary breast cancer
may not accurately reflect the metastatic tumor in terms of HER-2/neu status.
Guidelines recommend that tumors should be defined as HER-2/neu positive if 30 %
or more of the cells are 3+. Circulating levels of the HER-2 extracellular domain can
be measured in serum using an approved test, and increased serum HER-2/neu lev-
els to >15 ng/mL reflect breast cancer progression (Carney et al. 2007).

Protein biomarkers are potentially useful for diagnosis of basal breast tumors,
which are particularly difficult to diagnose with mammograms. Similar to these
cancers, ER-negative breast cancers are detected through other methods as they
often occur in younger women, who tend to have denser breast tissue, which makes
mammography less successful. These women could also benefit from an additional
blood test to pick up biomarkers. Autoantibodies are promising blood-based mark-
ers. Although individual autoantibodies are unlikely to enhance early detection,
multiplexed assays for autoantibody panels may achieve the required sensitivity.
A technology under development at Arizona State University, NAPPA (Nucleic
Acid Programmable Protein Arrays) enables the creation of high-density, custom-
ized protein arrays that could be used for this purpose. The idea is to display several
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different proteins in a sample, so the autoantibodies in a patient’s serum can find any
proteins they happen to recognize. The arrays need to be fairly stable and should
display proteins that will not change or unfold over time. The NAPPA approach is
to take cloned copies of genes and print them on the array. The cloned copies,
cDNA, and are configured in such a way that an epitope tag can be added at the
C-terminus of the gene. Anything that is captured by virtue of the tag must have the
full-length protein attached to it. Those genes are printed on the array, which can
then be stored for months. Once the array is needed, it is floated in expression
extract that transcribes and translates the proteins in situ on the glass. Those proteins
are made about an hour before they are used, guaranteeing that they are as fresh as
possible.

The technology uses minimal samples, as little as 0.01 mL of plasma or serum,
and has good assay reproducibility and reliability based on pilot work, making it
particularly attractive for molecular epidemiology studies. NAPPA technology and
other proteomic platforms are another extension of genomic technologies that might
provide novel biomarkers for breast cancer. However, this is a new area and the biol-
ogy of autoantibodies is not well understood. There is need to learn how age and
lifestyle factors, as well as intra-person and inter-person variability, influence these
biomarkers. Because basal breast cancers are highly aggressive, it may not be pos-
sible to isolate autoantibody biomarkers appropriate for early detection, and one
may only find biomarkers related to overall tumor aggressiveness. The ultimate goal
of the research is to identify candidate autoantibody biomarkers that may detect
basal breast cancers early or predict survival.

4.4.2.1 Integration of Proteomic and Genomic Data for Breast Cancer

A study has integrated information from analysis of primary breast cancers on five
platforms: (1) genomic DNA copy number arrays, (2) DNA methylation, (3) exome
sequencing, (4) mRNA arrays and miRNA sequencing, and (5) reverse-phase pro-
tein arrays (Koboldt et al. 2012). The ability to integrate information across plat-
forms, each of which shows significant molecular heterogeneity, provided key
insights into previously defined gene expression subtypes and demonstrated the
existence of four main breast cancer classes. Somatic mutations in only three genes
(TP53, PIK3CA, and GATA3) occurred at >10 % incidence across all breast can-
cers; however, there were numerous subtype-associated and novel gene mutations
including the enrichment of specific mutations in GATA3, PIK3CA, and MAP3K1
with the luminal A subtype. Two novel protein expression-defined subgroups were
identified, possibly produced by stromal/microenvironmental elements, and inte-
grated analyses identified specific signaling pathways dominant in each molecular
subtype including an HER-2/phosphorylated HER-2/EGFR/phosphorylated EGFR
signature within the HER-2-enriched expression subtype. Comparison of basal-like
breast tumors with high-grade serous ovarian tumors showed many molecular com-
monalities, indicating a related etiology and similar therapeutic opportunities. The
biological finding of the four main breast cancer subtypes caused by different
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subsets of genetic and epigenetic abnormalities raises the hypothesis that much of
the clinically observable plasticity and heterogeneity occur within, and not across,
these major biological subtypes of breast cancer. This study demonstrates benefits
of integrating genomic and proteomic data, particularly phosphoproteomics, which
provided information beyond what the gene expression could. Proteomic data sug-
gests the existence of two distinct phosphoproteomic-based subtypes within the
larger gene expression-based HER-2 subtype—one exhibiting high HER-2 and
HERI1 signaling activity and the other exhibiting lower levels of such activity. The
other example where the protein made one think was the analysis of PI3 kinase
signaling, in which a disconnect was found between the PI3K signaling data
obtained via the reverse-phase protein arrays analysis and their PI3K mutation data.
A pathway-based analysis of the PI3K signaling pathway revealed that what are
believed to be protein and phosphoproteomic signatures of PI3K activation did not
correlate with PI3K mutations, but did correlate with the loss of negative regulators
of that pathway, like loss of INPP4B or loss of PTEN. Thus, there is a discrepancy
between the information from mutation and phosphoproteomics. The challenge
now is to figure out which of these many different genetic events or protein signa-
tures are going to be biomarkers of responsiveness to drugs like PI3K or mTOR
inhibitors. This work is ongoing and the researchers are currently reanalyzing the
genetic data based upon protein and phosphoproteomic endpoints.

4.4.3 Proteomics of Colorectal Cancer

Current screening methods for colorectal cancer (CRC) such as fecal occult blood
test and colonoscopy have contributed to early detection and reduction of mortality,
but most of the carcinomas are still detected at a late stage when prognosis is poor.
Proteomic technologies enable a distinction between the healthy patient and the
cancer patient with high sensitivity and specificity and could greatly improve early
detection and classification systems for CRC (Habermann et al. 2008). A suitable
method for detecting new serum biomarkers of CRC by serum protein profiling
using SELDI-TOF MS followed by classification tree pattern analysis has been
described (Engwegen et al. 2006). These biomarkers have a potential role in moni-
toring the disease as well as the treatment. However, there is still a need to identify
panels of predictive markers to improve response rates and decrease toxicity with
the ultimate aim of tailoring treatment to an individual patient and tumor profile.
Application of proteomic technologies for CRC remains to be transferred from the
bench to the bedside.

Metastasis is a common phenomenon and the major lethal cause of CRC.
Differential proteome analysis of two CRC cell lines was conducted using 2D GE
combined with MALDI-TOF MS (Zhao et al. 2007). Obvious differences were
detected between the protein profiles of colorectal cell lines with varying potential
for metastasis. Overexpression of heat shock protein (HSP) 27 was shown to play
an important role in metastasis and progression of CRC.
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4.4.4 Proteomics of Esophageal Cancer

Normal squamous epithelium and corresponding tumor cells from patients have
been subjected to LCM and studied by 2D PAGE. It is possible to visualize disor-
dered proteins and subsequently determine the identity of selected proteins by high-
sensitivity MS microsequencing from microdissected cell populations.

A 2D GE-based technique has been used to identify differentially expressed pro-
teins between esophageal cancer cell lines and immortal cell line (Qi et al. 2008).
Fifteen proteins were identified with differences of more than fivefold, comprising
the downregulation of annexin A2, histone deacetylase 10 isoform beta and protein
disulfide isomerase ER-60 precursor, and the upregulation of heat shock 70-kDa pro-
tein 9B precursor, solute carrier family 44 Member 3, heterogeneous nuclear ribonu-
cleoprotein L (hnRNP L), eukaryotic translation initiation factor 4A isoform 2,
triosephosphate isomerase 1 (TPI), peroxiredoxin 1 (PRX1), formiminotransferase
cyclodeaminase form (FTCD), fibrinogen gamma-A chain precursor, kinesin-like
DNA-binding protein, lamin A/C, cyclophilin A (CypA), and transcription factor
MTSGI. Expression pattern of annexin A2 was verified by Western blotting and
IHC. These protein alterations correlate with esophageal malignant transformation.

4.4.5 Proteomics of Hepatic Cancer

Hepatocellular carcinoma (HCC) has been a major clinical challenge due to low
early diagnosis rate and poor prognosis. 2D LC-MS/MS, Western blotting, and IHC
staining using tissue microarrays have been used to extensively survey abnormal pro-
tein expression associated with HCC in clinical tissues (Li et al. 2012). The proteins
upregulated in HCC tissues are involved in regulatory processes, such as the gran-
zyme A-mediated apoptosis pathway (The GzmA pathway). The SET complex, a
central component in the GzmA pathway, was significantly upregulated in HCC tis-
sue. These proteomic signatures could help to unveil the underlying mechanisms of
hepatocarcinogenesis and may be useful for the discovery of candidate biomarkers.

4.4.6 Proteomics of Leukemia

Proteomics is being used to subclassify leukemia, because cytogenetic analysis is
costly and time-consuming. Several useful protein biomarkers have been discovered
that can rapidly identify different types of leukemia: alpha-enolase, RhoGDI2,
annexin A10, catalase, peroxiredoxin 2, tropomyosin 3, and annexin 1. These are
differentially expressed in acute myeloid leukemia (AML) and can be used as
biomarkers for disease prognosis and outcome (Lopez-Pedrera et al. 2006). They
provide potential new targets for rational pathogenesis-based therapies of AML.
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Protein expression patterns obtained by 2D GE have been compared and correlated
with clinical features in human B-cell chronic lymphocytic leukemia, which is char-
acterized by broad clinical variability; morphologic examination cannot differentiate
between various subtypes. Statistical analysis, however, enables the identification of
proteins that clearly discriminate between the patient groups with defined chromo-
somal characteristics or whose expression levels do correlate with clinical parame-
ters such as patient survival. B-cell chronic lymphocytic leukemia patients with
shorter survival times exhibit changed levels of redox enzymes, HSP 27, and protein
disulfide isomerase, which may be potentially involved in drug resistance.

Despite enormous therapeutic efforts that range from various cytotoxic agents to
allogeneic stem cell transplantation, overall survival of patients with AML remains
unsatisfying. There is hope that elucidation of the AML-specific proteome will
prompt the discovery of novel therapeutic targets and biomarkers in AML (Czibere
et al. 2006). The expression level of distinct proteins of bone marrow mononuclear
cells (BMMNCs) in patients with AML has been studied using 2D GE and MALDI-
TOF MS before inductive treatments (Tian et al. 2007). Changes in the proteins
correlate with prognosis. The proteins of the BMMNC of the patients also change
when relapse occurs.

Despite enormous therapeutic efforts that range from various cytotoxic agents to
allogeneic stem cell transplantation, overall survival of patients with AML remains
unsatisfactory. There is hope that elucidation of the AML-specific proteome will
prompt the discovery of novel therapeutic targets and biomarkers in AML, which
will enable the development of personalized treatment of AML. One major chal-
lenge is limitations in protein detection sensitivity, which presents a problem as
many of the regulatory proteins that are pivotal in response to therapy occur in low
abundance (Gjertsen and Sjoholt 2008). Ongoing developments in proteomic tech-
nologies are expected to open new avenues for personalized molecular therapy of
AML and improve efficacy and reduce the toxicity of current treatment.

4.4.7 Proteomics of Lung Cancer

Currently, clinical and pathological staging of lung cancer is suboptimal for achiev-
ing the goals of assessing prognosis and selecting therapy. Major progress in under-
standing the molecular basis of lung cancer has been made due to technical
developments in proteomic and genomic analyses and their application to diagnosis
and prognosis of lung cancer. Exhaled breath condensate collection is a simple and
noninvasive technique, which enables the study of a wide variety of biomarkers
including proteins by sampling respiratory tract fluid and may be applied to the
detection of lung cancer (Conrad et al. 2008). A panel of four serum proteins (car-
cinoembryonic antigen, retinol-binding protein, alphal-antitrypsin, and squamous
cell carcinoma antigen) is valuable in suggesting the diagnosis of lung cancer may
be useful for detecting individuals at high risk for lung cancer (Patz et al. 2007). If a
reliable protein profile of lung cancer can be identified that is associated with poor
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prognosis, it may provide potential therapeutic targets. The development of a simple
serum test for diagnosis of lung cancer before clinical manifestation is feasible and
may simultaneously identify the chemotherapeutic agents to which the tumor is
sensitive, enabling personalized treatment (D’ Amico 2008).

4.4.8 Proteomics of Pancreatic Cancer

The survival rate of pancreatic cancer patients is the lowest among those with com-
mon solid tumors, and early detection is one of the most feasible means of improv-
ing outcomes. In conventional practice, the use of CA 19-9 levels and imaging
techniques is not optimal for detecting small pancreatic lesions. New experimental
approaches, such as quantitative proteomics, have shown great potential for the
study of cancer and have opened new opportunities to investigate crucial events
underlying pancreatic tumorigenesis and to exploit this knowledge for early detec-
tion and better intervention. Isotope-coded affinity tag technology for proteomic
analysis of human cancer tissue can be used to identify differentially expressed
proteins in pancreatic cancer.

One study has compared plasma proteomes between pancreatic cancer patients
and sex- and age-matched healthy controls using surface-enhanced laser desorption/
ionization coupled with hybrid quadrupole TOF MS (Honda et al. 2005). A dis-
criminating proteomic pattern was extracted from the data using a support vector
machine learning algorithm and was applied to two validation cohorts. A set of four
mass peaks most accurately discriminates cancer patients from healthy controls
with sensitivity of 97.2 % and specificity of 94.4 %. When combined with CA 19-9,
100 % of pancreatic cancers, including early-stage (stages I and II) tumors, were
detected. Although a multi-institutional large-scale study will be necessary to con-
firm clinical significance, the biomarker set identified in this study may be applica-
ble to using plasma samples to diagnose pancreatic cancer.

4.4.9 Proteomics of Prostate Cancer

Although several non-2D GE platforms—SELDI, ICAT, and array-based technolo-
gies—are used for research in proteomics of prostate cancer, 2D GE remains the
most powerful method for analysis of cellular protein phenotype in spite of its being
labor-intensive and time-consuming. It may potentially reveal gene regulations that
cannot be detected on a genetic level (Hellstrom et al. 2007).

Gene expression studies of prostate cancer have shown androgen-regulated
genes such as prostate-specific antigen (PSA) and several novel cDNAs. Protein
expression profiles of androgen-stimulated prostate cancer cells have been gener-
ated by 2D GE. MS analysis of androgen-regulated proteins in these cells has identi-
fied the metastasis suppressor gene NDKA/nm23, a finding that may explain a
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marked reduction in metastatic potential when these cells express a functional
androgen receptor. Quantitation of the number of PSA molecules/cell has been con-
ducted on human prostate tissue cells by coupling of LCM with sensitive quantita-
tive chemiluminescent immunoassays. A proteomic-based approach is useful for
developing a more complete picture of the protein profile of prostate needle biopsy
specimens, and changes in FLNA(7-15), FKBP4, and PRDX4 expression have
been confirmed by immunoblot analyses (Lin et al. 2007). This approach may pro-
vide useful molecular targets for diagnosis and treatment of prostate cancer.

Specific populations of normal and malignant epithelium from radical prostatec-
tomy tissue specimens procured by LCM have been analyzed by 2D PAGE. The
data demonstrate that 2D PAGE analysis of LCM-derived cells can reliably detect
alterations in protein expression associated with prostate cancer and that these dif-
ferentially expressed proteins are produced in high enough levels which could
enable their clinical utility as new targets for therapeutic intervention, serum mark-
ers, and/or imaging markers.

The proportion of free and complex PSA in serum is used for differentiating
between benign and malignant prostate diseases. To further understand the physio-
logical relationship between PSA in seminal plasma and blood, free prostate-
specific antigen (fPSA) and complex prostate-specific antigen (cPSA) have been
analyzed in blood and in seminal plasma in young healthy men (Savblom et al.
2005). fPSA in blood, but not cPSA, is associated to PSA in semen (approximately
17 % covariation). In blood, cPSA, but not fPSA, increases with age in healthy men,
which may reflect an increasing incidence of prostate disease. A semen-based pros-
tate cancer test, designed to improve the accuracy of the PSA test, has identified a
prostate cancer biomarker associated with human carcinoma antigen (HCA). When
present along with HCA, the biomarker will form the basis of a new prostate cancer
diagnostic test being developed by Proteome Systems.

A major cause of treatment failure for prostate cancer is the development of
androgen-independent metastatic disease. Id protein family, a group of basic helix—
loop-helix transcription factors, has been shown to be involved in carcinogenesis
and a prognostic marker in several types of human cancers. A study has examined
the expressions of four Id proteins, Id-1, Id-2, 1d-3, and 1d-4, in clinical prostate
cancer specimens as well as nodular hyperplasia specimens by IHC (Yuen et al.
2006). The results indicate that these Id proteins may play a positive role in the
development of prostate cancer. Differential Id protein expressions may be a useful
marker for poor prognosis, and Id-4 may be a potential prognostic marker for distant
metastasis.

4.5 Proteomics and Tumor Immunology

The combination of proteomic with genomic approaches provides new opportuni-
ties for tumor immunology investigation. Microarray analysis has identified impor-
tant changes in a large number of genes at the molecular level of the differentiation
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and maturation of dendritic cells, which are the most potent antigen-presenting
cells. Proteomic analysis provides information that could not be obtained at the
RNA level, such as the separation of different isoforms and the characterization of
posttranslational modifications. Proteomics also enables serological screening of
tumor antigens. Proteins that elicit humoral response in cancer are identified by 2D
Western blot using sera of cancer patient, followed by MS analysis and database
search. The proteome-based approach has enabled the definition of several tumor
antigens. The frequent occurrence of autoantibodies to certain of these proteins in
different cancers may be useful in cancer screening and diagnosis as well as for
immunotherapy.

4.6 Proteomics and Study of Tumor Invasiveness

A proteome-wide analysis of variations in serine hydrolase activity permits the clas-
sification of human cancer lines into functional subtypes based on tissue of origin
and state of invasiveness. Invasiveness-associated enzymes including urokinase and
a secreted serine protease have a recognized role in tumor progression. Invasive
cancer cells share discrete proteomic signatures that are more reflective of their
biological phenotype than cellular heritage, highlighting that a common set of
enzymes may support the progression of tumors from a variety of origins and thus
represent attractive targets for the diagnosis and treatment of cancer.

4.7 Role of Proteomics in Studying Drug Resistance
in Cancer

One of the problems in chemotherapy of cancer is the development of resistance to
anticancer drugs. Mechanisms mediating drug resistance are not well understood.
Extensive studies during the last decades have identified several mechanisms
through which cells escape the cytotoxic effects of a variety of chemotherapeutic
drugs. One type of drug resistance is called multidrug resistance (MDR), because
selection with one anticancer drug leads to cross-resistance with a wide range of
other drugs. These MDR cells express frequently plasma transport proteins like
P-glycoprotein. But cellular resistance to chemotherapy is multifactorial and may
be affected by the cell cycle stage and proliferation status, biochemical mechanisms
such as detoxification, cellular drug transport, or DNA replication and repair mech-
anisms. Several laboratory techniques, such as polymerase chain reaction, immuno-
cytochemistry, flow cytometry, blotting, and fluorescent microscopy, have been
used for the identification of MDR markers and mechanisms.

Advances in proteomic technologies have enabled the identification of multiple
proteins involved in drug-resistant cancers. 2D GE, followed by image analysis and
MS, can lead to the identification of proteins differentially expressed between
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resistant and sensitive cells. This might lead to the development of various strategies
to modify the action of such proteins when their inappropriate structure or expres-
sion is contributing to drug-resistant disease. Proteomic technologies have been
used to evaluate the drug resistance of melanoma cells toward etoposide, cisplatin,
fotemustine, and vindesine.

Mutations in EGFR have been identified as a clinical correlate to objective
response to gefitinib in patients with lung cancer, but resistance to gefitinib is a prob-
lem. Epithelial membrane protein-1, an adhesion molecule, is a surface biomarker
whose expression correlates with acquisition of gefitinib resistance (Jain et al. 2005).
Glucose-regulated protein (GRP78), a widely used indicator of the unfolded protein
response, is induced in the tumor microenvironment. In vitro studies suggest that
GRP78 confers chemoresistance to topoisomerase inhibitors, such as doxorubicin.
Combined analyses of multiple proteomic studies of various drug-resistant cancer
cell lines have revealed that many mechanisms of resistance likely exist in any given
drug-selected cancer cell line and that common mechanisms of resistance may be
selected in a spectrum of cancer cell lines (Zhang and Liu 2007). These observations
suggest that combination therapies targeting multiple mechanisms to sensitize drug-
resistant cancers may be necessary to eradicate cancers in the future.

4.8 Future Prospects of Oncoproteomics

Proteomics is facilitating the integration of diagnostics and therapeutics and fulfill-
ing many of the requirements for personalized therapy of cancer. Several proteomic-
based tests for cancer detection, for prognosis, and for guidance of anticancer
therapy are expected to become available in the future. The impact of proteomics on
cancer will not be limited to the identification of new biomarkers for early detection
and new targets. Proteomic technologies will be used to design rational drugs
according to the molecular profile of the cancer cell and thus facilitate the develop-
ment of personalized cancer therapy.
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Chapter 5
Biomarkers of Cancer

5.1 Introduction

A biomarker is a characteristic that can be objectively measured and evaluated as an
indicator of a physiological as well as a pathological process or pharmacological
response to a therapeutic intervention. In case of cancer, biomarkers are referred to
as cancer biomarkers. Any specific molecular alteration of a cell on DNA, RNA,
metabolite, or protein level can be referred to as a molecular biomarker. In the era
of molecular biology, biomarkers usually mean molecular biomarkers and can be
divided into three broad categories (Jain 2010):

1. Those that track disease progression over time and correlate with known clinical
measures

2. Those that detect the effect of a drug

3. Those that serve as surrogate endpoints in clinical trials

The expression of a distinct gene can enable its identification in a tissue with
none of the surrounding cells expressing the specific biomarker. In the past decade,
molecular dissection of the cancer by means of mRNA expression profiling enabled
detailed classification according to tumor subtypes. The traditional system of tumor
node metastases (TNM) has been the main tool for identifying prognostic differ-
ences among patients and for guiding the treatment. The TNM system is based on
the macroscopic and microscopic morphologic examination of pathological sam-
ples. Despite the advantage of uniformity for international communications and
studies, there are many limitations of this system as a first-line method for predic-
tion and prognosis of cancer. It is difficult to distinguish related disease subtypes,
which have different clinical outcomes. Hence there is a need for more exact molec-
ular biomarkers for use in clinical practice. In recent years the discovery of cancer
biomarkers has become a major focus of cancer research. The widespread use of
prostate-specific antigen (PSA) in prostate cancer screening has motivated research-
ers to identify suitable biomarkers for screening different types of cancer. Biomarkers
are also useful for diagnosis, monitoring cancer progression, predicting recurrence,
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Table 5.1 Desirable characteristics of biomarkers for cancer

Characteristics
Simple to Informative

Purpose Noninvasive ~ Low cost  perform Accurate*  (discriminatory)
Screening +++ +++ +++ +++ +++
Predisposition +++ +++ +++ +++ +++

Early detection ++ ++ ++ +++ +++

Prognosis + + + ++ ++

Drug response +++ ++ ++ +++ +++

Target for drug NA + NA +++ NA

© Jain PharmaBiotech
+=1low importance, ++=medium importance, +++=high importance, NA =not applicable
“Low rate of false-negative results

and assessing efficacy of treatment. The advent of targeted therapies such as imatinib
(Novartis’ Gleevec), trastuzumab (Roche’s Herceptin), and rituximab (Roche’s
Mabthera), where a causal relationship has been established between drug target
and therapy, drives the need for biomarkers for selecting the patients for a given
therapy as well as for predicting drug resistance. Role of biomarkers in personalized
management of cancer is further discussed in Chap. 16.

5.1.1 The Ideal Biomarker for Cancer

The ideal biomarker for cancer would have applications in determining predisposi-
tion, early detection, assessment of prognosis, and drug response. It would be an addi-
tional advantage if the biomarker could also serve as a target for drug development.
Desirable characteristics of molecular biomarkers for cancer are shown in Table 5.1.

No one test meets all these requirements, but these should be kept in mind for
selection of diagnostic tests. There is an urgent need for cancer biomarkers with
more accurate diagnostic capability, particularly for early-stage cancer.

5.1.2 Single vs. Multiple Biomarkers of Cancer

Because cancer is a polygenic disease, most diagnostic assessments would probably
rely on multiple biomarkers. Although few biomarkers may be needed for testing for
predisposition, possibly more would be required for early detection, prognosis pre-
diction, and determination of drug response. Such biomarkers might be qualitative
for predisposition tests and early detection of lesions, but quantitative for determining
differential gene expression (as may be required for determining prognosis and drug
response). If gene expression is not confined to a single library, it should be at least
eight times the level of expression in the other library to be statistically significant.
Cancer is a product of the tissue microenvironment. Therefore, interactions between
the cancer cells, the surrounding epithelial and stromal cells, vascular channels, the
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extracellular matrix, and the immune system are the ultimate determinant of the final
pathology. Cell surface antigens and receptors, cell-anchored and secreted enzymes,
cytokines, and extracellular matrix molecules are the mode of communication between
disease cells and the surrounding microenvironment. The outcome is a complex cas-
cade of molecules available for sampling by the ongoing vascular perfusion. Low
molecular weight peptides in the blood may comprise a recording of events in the
disease microenvironment. The peptidome signature shed from the microenvironment
is a reflection of the microenvironment as a whole. In case of cancer biomarkers, can-
cer specificity is not derived from proteins secreted exclusively by tumor cells. Mass
spectrometry (MS) profiling indicates that a higher level of both specificity and sensi-
tivity might be achieved by measuring the combination of biomarkers emanating from
both the diseased cells and the reactive cells in the microenvironment. In this way the
peptidome can potentially supplant individual single biomarkers and transcend the
issues of tumor and population heterogeneity. Therefore, trend in biomarker discovery
is moving away from the ideal single, cancer-specific biomarker such as prostate-
specific antigen. Despite decades of effort, most single biomarkers have not reached
the level of cancer specificity and sensitivity required for routine clinical use in early
detection and screening purposes. A growing confluence of scientific data and results
point to combinations of blood-borne markers using MS profiling techniques as well
as tissue MS profiling strategies, and multiplexed immunoassay providing more supe-
rior results than single markers alone.

Genetic alterations in tumor cells often lead to the emergence of growth-stimulatory
autocrine and paracrine signals, involving overexpression of secreted peptide growth
factors, cytokines, and hormones. Increased levels of these soluble proteins may be
exploited as markers for cancer diagnosis and management or as points of therapeutic
intervention. The combination of annotation/protein sequence analysis, transcript
profiling, immunohistochemistry (IHC), and immunoassay is a powerful approach
for delineating candidate biomarkers with potential clinical significance.

5.2 Types of Cancer Biomarkers

Various types of cancer biomarkers are shown in Table 5.2. Biomarkers specific for
various cancers are described later in this chapter.

5.2.1 Biomarkers of Epigenetic Gene Silencing in Cancer

Both genetics and epigenetics regulate gene expression in cancer. Regulation by
genetics involves a change in the DNA sequence, whereas epigenetic regulation
involves alteration in chromatin structure and methylation of the promoter region.
DNA methylation represents an epigenetic means of inheritance without associated
DNA sequence alterations. Two major mechanisms that foster epigenetic changes
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Table 5.2 Types of cancer Genetic biomarkers

biomarkers Biomarkers of PTEN tumor suppressor gene status
Gene mutations
Oncogenes

Tumor microvesicles or exosomes
DNA biomarkers
DNA repair biomarkers
Gene amplification
Microsatellite instability
Mitochondrial DNA
Viral DNA
RNA biomarkers
microRNAs (miRNAs)
Protein biomarkers
B7 coregulatory ligands
High motility group protein A2
Raised serum lactate dehydrogenase
YKL-40, a secreted glycoprotein
Metabolic biomarkers
Hypoxia-inducible factor-1
Epigenic biomarkers
DNA methylation
Immunological biomarkers
T-cell and cytokine responses
Biomarkers in cancer stem cells (CSCs)
Cripto-1
Circulating tumor cells as cancer biomarkers
Circulating nucleic acids as potential biomarkers of cancer

© Jain PharmaBiotech

are DNA methylation at cytosine bases within a CpG dinucleotide and histone
acetylation. Aberrant CpG island methylation has been associated with changes
observed in aging and neoplastic cells. A growing list of genes, including known
tumor suppressor genes, has been shown to have aberrant CpG island methylation
in cancer. These epigenetic events act as alternatives to mutations and deletions to
disrupt tumor suppressor gene function.

Until recently, it was believed that only individual single genes were silenced by
methylation. But this is not necessarily the case. Loss of gene expression can occur
through long-range epigenetic silencing, with similar implications as loss of hetero-
zygosity (LOH) in cancer. Non-methylated genes that reside in a particular area near
methylated genes may also be silenced. Their physical proximity to the methylated
genes affects their ability to function. A new method to scan the entire genome in the
cancer tissue samples enables widespread changes to be identified in specific parts
of the genome. In a study of silencing in colorectal cancer (CRC) using this approach,
common repression of the entire 4-Mb band of chromosome 2q.14.2 was found to
be associated with global methylation of histone H3 Lys9 (Frigola et al. 2006). DNA
hypermethylation within the repressed genomic neighborhood was localized to
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three separate enriched CpG island “suburbs,” with the largest hypermethylated
suburb spanning 1 Mb. Further study will determine if these same regions are
switched off in other types of cancers. A fundamental difference between genetic
and epigenetic alterations in cancer is the irreversible nature of genetic lesions,
whereas epigenetic ones are potentially reversible. Cancer therapies, which can
reverse DNA methylation, can restore the cell’s normal regulation to prevent or stop
the progression of cancer. Drugs that promote DNA demethylation are already in
clinical trials. Therefore, detection of biomarkers of methylation is important.

5.2.2 Circulating Tumor Cells as Cancer Biomarkers

Circulating tumor cells (CTCs) are potential prognostic biomarkers of cancer and a
reliable mean to predict metastasis development. The presence of CTCs as a prereq-
uisite for development of distant metastasis is known since the nineteenth century.
In clinical trials, CTC counts have been used as biomarkers for prognostic stratifica-
tion and evaluation of disease response during therapy. The number of CTCs could
be useful for prognosis in early stage of disease, for identification of patients requir-
ing adjuvant therapy, or during follow-up to detect relapses. Other clinical applica-
tions are based on the molecular and genetic characterization of CTCs. These
applications have been shown to be valuable in several clinical trials of lung cancer
and breast cancer.

5.2.3 Circulating Nucleic Acids as Potential Biomarkers
of Cancer

Circulating cell-free DNA (ccf-DNA) levels have been studied in plasma and serum
samples as biomarkers of cancer. An elevated level of ccf-DNA has been detected
in the circulation of cancer patients in comparison with healthy controls (Kohler
et al. 2011). Since ccf-DNA in cancer patients often bears similar genetic and epi-
genetic features to the related tumor DNA, there is evidence that some of the ccf-
DNA originates from tumor tissue. This, and the fact that ccf-DNA can easily be
isolated from the circulation and other body fluids of patients, makes it a promising
candidate as a noninvasive biomarker of cancer. ccf-DNA may also represent an
important source of biomarkers at several steps of carcinogenesis, including early
detection of preneoplastic lesions and monitoring of cancer. Moreover, levels of
plasma DNA could be tested as a potential intermediate biomarker of the efficacy of
intervention. It is possible to develop a simple cost-effective blood test, with high
sensitivity and specificity that has potential for screening high-risk individuals, for
prognostic purposes and to be used as intermediate endpoints of efficacy in chemo-
prevention and therapeutic trials (Catarino et al. 2012).
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5.2.4 HER3 as Biomarker of Cancer

HER3, a coreceptor of HER2, plays an important and dominant role in the functionality
and transformation of HER-mediated pathways. Understanding the role of HER3 in
oncogenesis as well as its place as a target for anticancer therapy is an ongoing area
of research. Determination of biomarkers for clinical benefit from agents targeting
HER3 is an essential component of translating basic science into real-world effective
anticancer therapies, with the aim of ensuring the patients most likely to benefit from
such treatments can be identified. HER2 and HER3 can be targeted by monoclonal
antibodies and the potential for HER3 mRNA levels to predict treatment outcome in
ovarian cancer (Amler 2010). An understanding of the value of HER3 mRNA as a
biomarker is important for clinical benefit of the HER2-HER3 dimerization inhibitor
pertuzumab. In conclusion, HER3 mRNA levels may be a biomarker for active
ligand-induced HER2-HER3 signaling, with low HER3 mRNA levels correlated
with clinical benefit from the HER2-HER3 dimerization inhibitor.

5.2.5 Immunological Biomarkers of Cancer

Improvements in techniques have enabled demonstration of tumor-infiltrating lym-
phocytes (TILs) in different tumor compartments. TILs are associated with improved
prognosis in cancer. As immunological biomarkers, TILs have an important role in
determining outcomes of clinical interventions as intermediate endpoints. TILs are
important as biomarkers for the development of cancer immunotherapies.

5.2.6 Metastatic Cancer Biomarkers

Biomarkers of metastases of various cancers have been investigated. Examples are
given along with specific cancers. An example is as follows.

CUB domain-containing protein 1 (CDCP1) is a transmembrane protein that is
highly expressed in stem cells and frequently overexpressed and tyrosine phosphory-
lated in cancer. CDCP1 promotes cancer cell metastasis. A study has shown that
hypoxia induces CDCP1 expression and tyrosine phosphorylation in hypoxia-
inducible factor (HIF)-2a—but not HIF-la—dependent fashion (Emerling et al.
2013). shRNA knockdown of CDCP1 impairs cancer cell migration under hypoxic
conditions, whereas overexpression of HIF-2a promotes the growth of tumor xeno-
grafts in association with enhanced CDCP1 expression and tyrosine phosphorylation.
IHC analysis of tissue microarray samples from tumors of patients with clear cell
renal cell carcinoma (RCC) shows that increased CDCP1 expression correlates with
decreased overall survival. Together, these data support a critical role for CDCP1 as a
unique HIF-2a target gene involved in the regulation of cancer metastasis, and suggest
that CDCP1 is a biomarker and potential therapeutic target for metastatic cancers.
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5.2.7 Tumor Microvesicles or Exosomes

Exosomes are small vesicles (50-100 nm) secreted by almost all tissues; they rep-
resent their tissue origin. Tumor cells release an abundance of microvesicles con-
taining a selected set of proteins and RNAs. It has been shown that tumor
microvesicles (exosomes) also carry DNA, which reflects the genetic status of the
tumor, including amplification of the oncogene c-myc (Balaj et al. 2011). This study
also found amplified c-myc in serum microvesicles from tumor-bearing mice.
Further, the authors found remarkably high levels of retrotransposon RNA tran-
scripts, especially for some human endogenous retroviruses, such as LINE-1 and
Alu retrotransposon elements, in tumor microvesicles, and these transposable ele-
ments could be transferred to normal cells. These findings expand the nucleic acid
content of tumor microvesicles to include elevated levels of specific coding and
noncoding RNA and DNA, mutated and amplified oncogene sequences, and trans-
posable elements. Thus, tumor microvesicles or exosomes contain a repertoire of
genetic information available for horizontal gene transfer and potential use as blood
biomarkers for cancer. The value of exosomes as biomarkers for prostate cancer and
glioblastoma multiforme (GBM) is described in sections dealing with these tumors.

5.3 Technologies for Detection of Cancer Biomarkers

5.3.1 Proteomic Technologies for Detecting Biomarkers
of Cancer

Proteins may be actively secreted or released by the tumor cells as a result of necro-
sis or apoptosis and released into the circulation. They change the protein profile.
The difference in signal intensities may be detected by comparison with sera from
normal individuals. A scheme for the role of proteomics in discovery of cancer
biomarkers is shown in Fig. 5.1. Some of the technologies are described briefly in
the following sections.

5.3.1.1 2D PAGE

2D PAGE followed by protein identification using MS has been the primary tech-
nique for biomarker discovery in conventional proteomic analyses. This technique
is uniquely suited for direct comparisons of protein expression and has been used to
identify proteins that are differentially expressed between normal and tumor tissues
in various cancers, such as liver, bladder, lung, esophageal, prostate, and breast.
Advantages of 2D PAGE for discovery of biomarkers are as follows: (1) it is a
tested and reliable method, (2) it can identify markers directly, and (3) it is repro-
ducible and quantitative when combined with fluorescent dyes. Disadvantages of
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Fig. 5.1 Role of proteomics in the discovery of cancer biomarkers. © Jain PharmaBiotech

the use of 2D PAGE for this purpose are as follows: (a) it requires a large amount of
protein as starting material making it unreliable for detecting and identifying low-
abundance proteins, (b) early-stage cancers are often small and contamination from
surrounding stromal tissue that is present in the specimen can confound the detec-
tion of tumor-specific markers, and (c) it has low sensitivity. The sensitivity can be
improved by laser capture microdissection (LCM).

5.3.1.2 Antibody-Based Detection of Protein Biomarkers

T regulatory cells (Treg) expressing the FOXP3 transcription factor maintain
immunological self-tolerance and enable tumor cells to escape immunosurveil-
lance. FOXP3 is a biomarker in human malignancies and antibodies used to detect
FOXP3 protein expression. FOXP3 can be used in routine clinical practice to pro-
vide both diagnostic and prognostic information, but the methods and reagents
used to detect FOXP3 have a significant effect on the robustness of results (Bignone
and Banham 2008).
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The use of antibody microarrays continues to grow rapidly due to the recent
advances in proteomics and automation and the opportunity this combination cre-
ates for high-throughput multiplexed analysis of protein biomarkers. However, a
primary limitation of this technology is the lack of PCR-like amplification methods
for proteins. Therefore, to realize the full potential of array-based protein biomarker
screening, it is necessary to construct assays that can detect and quantify protein
biomarkers with very high sensitivity, in the femtomolar range, and from limited
sample quantities. Scientists at BioForce Nanosciences Inc. have described the con-
struction of ultramicroarrays, combining the advantages of microarraying including
multiplexing capabilities, higher throughput, and cost savings, with the ability to
screen very small sample volumes (Nettikadan et al. 2006). Antibody ultramicroar-
rays for the detection of IL-6 and PSA, a widely used biomarker for prostate cancer
screening, were constructed. These ultramicroarrays were found to have a high
specificity and sensitivity with detection levels using purified proteins in the atto-
mole range. Using these ultramicroarrays, they were able to detect PSA secreted
from just four cells in 24 h. Cellular PSA could also be detected from the lysate of
an average of just six cells. This strategy should enable proteomic analysis of mate-
rials that are available in very limited quantities such as those collected by LCM.

5.3.1.3 Aptamer-Based Molecular Probes for Cancer Biomarker
Discovery

Aptamers (derived from the Latin word “aptus”=fitting) are short DNA or RNA
oligomers, which can bind to a given ligand with high affinity and specificity due to
their particular 3D structure and thereby antagonize the biological function of the
ligand. Aptamers are used to detect the protein signatures of cells. This is based on
the tendency of short DNA molecules—oligonucleotides—to fold into shapes that
bind to specific proteins. The aptamer hugs its protein in the same way as an anti-
body embraces a specific antigen. The technology can be used with biochips.
Aptamer technology may provide a method for monitoring protein changes in the
blood that can echo the onset of carcinogenesis, for example, in women with genetic
risk of breast cancer associated with BRCA1 dysfunction.

A strategy using cell-based aptamer selection has been developed to exploit the
differences at the molecular level between any two types of cells for the identifica-
tion of molecular signatures on the surface of targeted cells (Shangguan et al. 2006).
A group of aptamers was generated for the specific recognition of leukemia cells.
The selected aptamers can bind to target cells with an equilibrium dissociation con-
stant (K;) in the nanomolar-to-picomolar range. The cell-based selection process is
simple, fast, straightforward, and reproducible, and, most importantly, can be done
without prior knowledge of target molecules. The selected aptamers can specifically
recognize target leukemia cells mixed with normal human bone marrow aspirates
and can also identify cancer cells closely related to the target cell line in real clinical
specimens. The cell-based aptamer selection holds a great promise in developing
specific molecular probes for cancer diagnosis and cancer biomarker discovery.
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5.3.1.4 Cancer Immunomics to Identify Autoantibody Signatures

Cancer immunomics has been used to identify autoantibody signatures produced in
response to the presence of either breast or CRC. Serological proteome analysis
(SERPA) is performed by 2D GE, immunoblotting, image analysis, and MS
(Hardouin et al. 2007). Alternatively, to identify the antigens recognized by the
autoantibodies of cancer patients, an approach has been developed that combines
2D immunoaffinity chromatography, enzymatic digestion of the isolated antigens,
nanoflow separation of the resulting peptides, and identification: MAPPing (multi-
ple affinity protein profiling). By these approaches both proteins recognized by
autoantibodies independently of a cancer status are identified as well as a limited
number of proteins reacting preferentially with cancer sera.

5.3.1.5 Desorption Electrospray Ionization for Detection
of Cancer Biomarkers

A modified MS technique, desorption electrospray ionization (DESI), involves aim-
ing a fine water mist at a surface with a pencil-sized tube that also sucks up the fluid
after the droplets have mixed with the material in the sample (Wiseman et al. 2005).
Whereas ordinary MS is both time- and labor-intensive, DESI not only is portable,
but they can also determine the chemical composition of an unprepared sample
within 5 s. Thus, DESI can detect chemical signature of cancer in liver tissue. The
technique can tell the difference between diseased and non-diseased regions of
tissue samples within a few seconds. Another advantage of DESI is that it can detect
lipid biomarkers, whereas conventional MS is good at detecting protein biomarkers.
Cancerous regions possess higher levels of certain lipid molecules, which could
indicate a significant relationship between lipids and tumor proliferation. The
devices might one day prove useful in helping surgeons ensure that all of the tumor
is destroyed before a patient leaves surgery and also to identify other potential tumor
sites in the tissue that are indistinguishable to the naked eye. It would help physi-
cians determine how well a drug is working in different organs of the body. Analysis
of different regions in a tissue sample would facilitate evaluation of the mechanism
of its drug action and its effectiveness.

5.3.1.6 Detection of Circulating Nucleosomes in Serum
of Cancer Patients

In the nucleus of eukaryotic cells, DNA is associated with several protein compo-
nents and forms complexes known as nucleosomes. During cell death, particularly
during apoptosis, endonucleases are activated that cleave the chromatin into multi-
ple oligo- and mononucleosomes. Subsequently, these nucleosomes are packed into
apoptotic bodies and are engulfed by macrophages or neighboring cells. In cases of high
rates of cellular turnover and cell death, they also are released into the circulation
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and can be detected in serum or plasma by Cell Death Detection ELISAplus (CDDE
from Roche Diagnostics). As enhanced cell death occurs under various pathological
conditions, elevated amounts of circulating nucleosomes are not specific for any
benign or malignant disorder. However, the course of change in the nucleosomal
levels in circulation of patients with malignant tumors during chemotherapy or
radiotherapy is associated with the clinical outcome and can be useful for the thera-
peutic monitoring and the prediction of the therapeutic efficacy.

5.3.1.7 Detection of Tumor Markers with ProteinChip Technology

The ProteinChip Biomarker System (Vermillion) was developed for the Expression
Difference Mapping™ of several hundreds of samples per day in a single uncompli-
cated platform with software support for the construction of multimarker predictive
models. The Interaction Discovery Mapping™ platform was next introduced for the
investigation of protein-binding partners of possible importance in diagnosis and
therapy. SELDI-based ProteinChip technology has been used for the detection of
tumor biomarkers (Wiesner 2004). The multimarker system has been shown to be
superior over the single marker strategy and is faster. This system has been used for
the detection of biomarkers of cancers of several organs including the prostate,
ovary, breast, and lungs.

Surface-enhanced laser desorption ionization time-of-flight (SELDI-TOF) MS
of platelet extracts for proteomic profiling shows increased amounts of angiogenic
regulatory proteins such as VEGF and endostatin in platelet but not in plasma. This
is a selective sequestration process and not a simple association with the platelet
surface. This novel property of platelets detects human cancers of a microscopic
size undetectable by any presently available diagnostic method. This is more inclu-
sive than a single biomarker because it can detect a wide range of tumor types and
tumor sizes. Relative changes in the platelet angiogenic profile permit the tracking
of a tumor throughout its development, beginning from an early in situ cancer.

5.3.1.8 eTag Assay System for Cancer Biomarkers

The eTag assay system (Monogram Biosciences) is a high performance, high-
throughput system for the study of tens to hundreds of genes, proteins, and cell-
based antigens across thousands of samples. The system makes it possible for
researchers to adopt a systems biology approach toward studies of gene expression
and protein expression and for applications such as cell signaling and pathway acti-
vation, protein—protein interaction, and cell receptor binding. The system uses
Monogram Biosciences’ proprietary eTag reporters to multiplex the analysis of
genes and/or proteins from the same sample. Specific molecular-binding events
result in the release of electrophoretically distinct eTag reporters, which are then
resolved to provide precise, sensitive quantitation of multiple analytes directly from
cell lysates.
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The eTag assay system is ideally suited to analysis of complex biology and
medicine, such as that seen in oncology. These unique assays can precisely measure
many types of pathway biomarkers simultaneously—using small samples, such as
those obtained from standard tumor biopsies. Monogram Biosciences is collaborating
with Norris Comprehensive Cancer Center at the University of Southern California,
Los Angeles to identify and characterize novel clinical biomarkers for breast cancer.
These biomarkers could be used to correlate disease type and progression, resulting
in improved treatment. Novel eTag assays for unique protein biomarkers such as
receptor complexes and phosphorylation events will be developed to focus on profil-
ing epidermal growth factor receptor (EGFR) family signal transduction pathways.
Further research will be aimed at applying eTag assays to retrospective analysis of
patient samples for validation and diagnostic development. Knowledge gained from
these studies will improve the prognosis of cancer patients by better understanding of
treatments that will effect disease progression in specific patients. It is expected that
these innovative eTag assays will enable the development of a broad range of bio-
marker-based personalized medicines to improve treatment for cancer.

5.3.1.9 Glycoprotein Biomarkers of Cancer

Changes in N-linked glycosylation are known to occur during the development of
cancer. For example, increased branching of oligosaccharides has been associated
with metastasis and has been correlated to tumor progression in human cancers of
the breast, colon and melanomas. Increases in core fucosylation have also been
associated with the development of hepatocellular carcinoma (HCC). Chronic
infection with the hepatitis B virus is associated with more than 55 % of all cases of
HCC. Increased levels of core fucosylation can be observed via glycan analysis of
total serum and are associated with the development of HCC. In a blinded study, the
serum glycoproteins derived from people diagnosed with HBV-induced liver cancer
were found to possess a dramatically higher level of fucosylation (Comunale et al.
2006). This change occurs on both immunoglobulin molecules and other serum
glycoproteins. Targeted glycoproteomic analysis was used to identify those glyco-
proteins that are hyperfucosylated in cancer. In total, 19 proteins were found to be
hyperfucosylated in cancer. These proteins are potential biomarkers of cancer.

Gels prepared by biomolecular imprinting using lectin and antibody molecules
as ligands have been used for recognition for tumor-specific marker glycoproteins
(Miyata et al. 2006). The glycoprotein-imprinted gels prepared with minute amounts
of cross-linkers can dynamically recognize tumor-specific marker glycoproteins by
lectin and antibody ligands and induce volume changes according to the glycopro-
tein concentration. The glycoprotein-imprinted gels shrink in response to a target
glycoprotein, but nonimprinted gels expand. The glycoprotein-responsive shrinking
of the imprinted gel is caused by formation of lectin-glycoprotein-antibody com-
plexes that act as reversible cross-linking points. Glycoprotein-imprinted gels only
shrink when both lectin and antibody in the gels simultaneously recognize the sac-
charide and peptide chains of the target glycoprotein. As shrinking behavior of
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biomolecularly imprinted gels in response to glycoproteins enables the accurate
detection and recognition of tumor-specific marker glycoproteins, they have many
potential applications as smart devices in sensing systems and for molecular diag-
nostics of cancer.

5.3.1.10 HER-2/Neu Oncoprotein as Biomarkers for Cancer

HER-2/neu oncoprotein has been widely studied for many years and has been shown
to play a pivotal role in the development and progression of breast cancer. HER-2/
neu has been shown to be an indicator of poor prognosis with patients exhibiting
aggressive disease, decreased overall survival, and a higher probability of recur-
rence of disease. As evidenced by numerous published studies, elevated levels of
HER-2/neu (also referred to as overexpression) are found in about 30 % of women
with breast cancer. Determination of a patient’s HER-2/neu status may be valuable
in identifying whether that patient has a more aggressive disease and would, thus,
derive substantial benefit from more intensive or alternative therapy regimens.
Elevated levels of HER-2/neu are found not only in breast cancer but also in several
other tumor types including prostate, lung, pancreatic, colon, and ovarian cancers.

Some studies suggest that in certain breast cancer patients, persistently rising
HER-2/neu values may be associated with aggressive cancer and poor response to
therapy, while decreasing HER-2/neu levels may be indicative of effective therapy.
The clinical utility of the serum test as a prognostic indicator has not yet been fully
established but is under investigation.

Traditional HER-2/neu testing is generally limited to tissue from primary breast
cancer and does not provide information regarding the HER-2/neu status in women
with recurrent, metastatic breast cancer (MBC). The introduction of microtiter plate
ELISA HER-2/neu testing (Bayer Diagnostics) using a serum sample now offers a
less invasive diagnostic tool and provides a current assessment of a woman’s HER-2/
neu status over the course of disease.

THC analysis of HER2/neu in breast carcinoma is a useful predictor of response
to therapy with trastuzumab when strongly positive. Negative immunostaining is
highly concordant with a lack of gene amplification by fluorescent in situ hybridiza-
tion (FISH). Most weakly positive overexpressors are false-positives on testing with
FISH. Thus, screening of breast carcinomas with IHC and confirmation of weakly
positive IHC results by FISH is an effective evolving strategy for testing HER2/neu
as a predictor of response to targeted therapy.

5.3.1.11 Humoral Proteomics

The repertoires of serum autoantibodies differ between healthy persons and cancer
patients. In healthy individuals these autoantibodies are directed against a limited
number of self-proteins, but in cancer patients the antibody repertoires are much
further expanded with a wider range of reactivities against other proteins. Although
cancer patients clearly mount humoral immune responses, they are not very
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effective in preventing the progression of the disease. The presence of these new and
abnormal antibody specificities indicates their potential as novel tools for early
detection of cancer before clinical manifestations. Proteomic technologies, with
their unique ability to identify both tumor antigens and their cognate serum autoan-
tibodies, hold great promise in facilitating the development of early detection kits
and possibly also as conduits for the isolation of tumor antigens for immunotherapy
(Shoshan and Admon 2007).

5.3.1.12 Laser Capture Microdissection

The introduction of LCM has greatly improved the specificity of 2D PAGE for
biomarker discovery, as it provides a means of rapidly procuring pure cell popula-
tions from the surrounding heterogeneous tissue and also markedly enriches the
proteomes of interest.

5.3.1.13 Membrane-Type Serine Protease-1

The cell surface protease membrane-type serine protease-1 (MT-SP1), also known as
matriptase, is often upregulated in epithelial cancers. A study has shown that MT-SP1
is active on cancer cells and that its activity may be targeted in vivo for tumor detec-
tion (Darragh et al. 2010). A proteolytic activity assay with several MT-SP1-positive
human cancer cell lines showed that MT-SP1 antibodies that inhibit recombinant
enzyme activity in vitro also bind and inhibit the full-length enzyme expressed on
cells. In contrast, in the same assay, MT-SP1-negative cancer cell lines were inactive.
Fluorescence microscopy confirmed the cell surface localization of labeled antibod-
ies bound to MT-SP1-positive cells. To evaluate in vivo targeting capability, fluores-
cently labeled antibodies were administered to mice bearing tumors that were
positive or negative for MT-SP1. Antibodies localized to MT-SP1-positive tumors
enabling visualization of MT-SP1 activity, whereas MT-SP1-negative tumors were
not visualized. These findings define MT-SP1 activity as a useful biomarker for
epithelial cancers using a noninvasive antibody-based method.

5.3.1.14 Phage Display Technology

Phage display technology utilizes combinatorial libraries of proteins expressed on
phage particles that can be selected for specific binding to cancer cells (Samoylova
et al. 2006). Such cancer-specific molecules can be used in a variety of applications,
including identification of cell-specific targeting molecules, identification of cell
surface biomarkers, profiling of specimens obtained from individual cancer patients,
and the design of peptide-based anticancer therapeutics for personalized treatments.
Peptide phage display strategies can target cell surfaces because many biomarkers
important in cancer are differentially expressed molecules located on the outside of
the cell membranes.
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A novel method called ADEPPT (accentuation of differentially expressed
proteins using phage technology) can identify proteins that are produced in different
amounts in diseased tissue compared with healthy tissue (Suber et al. 2004).
The study used a large “library” with thousands of strains of the bacteriophage
known as M13. Each strain of M13 makes a different peptide, which binds to a
specific protein. By using a large bacteriophage library, the researchers had the best
possible chance of detecting all the proteins that were produced at varying levels in
different tissue samples. This technique can rapidly determine differences between
lung cancer tissue and normal lung tissue by measuring subtle variations in the pro-
teins they produce. ADEPPT can pick up proteins in lung cancer that are overlooked
by more conventional methods of protein profiling. This method may ultimately
enable researchers to detect proteins responsible for all types of cancer and poten-
tially assist them in finding better drug targets to treat various diseases. This infor-
mation could also be used for early detection of cancers, e.g., by testing for elevated
levels of proteins in the blood, which could potentially improve the chance of
successful treatment. Further development of the ADEPPT method is needed, but
initial indications are that it may complement existing methods such as 2D gel elec-
trophoresis by detecting less abundant proteins.

5.3.1.15 Proteomic Analysis of Cancer Cell Mitochondria

A combination of reverse-phase protein microarray with radiolabeled glucose meta-
bolic studies has shown that there is a specific association between altered cyto-
chrome c oxidase subunit levels and altered metabolism in cancer cells (Krieg et al.
2004). Mutations in mitochondrial DNA have been frequently reported in cancer
cells. Significance of gene expression patterns is not established yet. Roles of pro-
teomics in the study of mitochondrial proteome in cancer are as follows:

 Identification of abnormally expressed mitochondrial proteins in cancer cells is
possible by mitochondrial functional proteomics.

* Proteomics can identify new markers for early detection and risk assessment, as
well as targets for therapeutic intervention.

5.3.1.16 Proteomic Technologies for Detection of Autoimmune
Biomarkers

There is considerable evidence for an immune response to cancer in humans, as
demonstrated in part by the identification of autoantibodies against a number of
tumor-associated antigens in sera from patients with different cancer types
(Desmetz et al. 2008). Thus, identification of tumor-associated antigens and their
associated antibodies is a promising strategy to find relevant biomarkers. Proteomic
approaches such as SEREX and SERPA have enabled identification of a large
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numbers of antigens and their cognate autoantibodies. They have many advantages
for identification of relevant autoantigens in different types of cancer. However,
they are also time-consuming and lack sensibility and specificity. To circumvent
these drawbacks, new proteomic techniques, based on protein or antibody arrays,
allow high-throughput analysis of multiple targets in a single experiment. Specific
combinations of biomarkers should be identified, as they are more effective for
detection of cancer compared to a single biomarker. These approaches are promis-
ing for discovery of cancer biomarkers, but also need to be further validated for
clinical application on large populations.

In cancer cells, cyclic AMP-dependent protein kinase (PKA) is secreted into the
conditioned medium. This PKA, designated as extracellular protein kinase A
(ECPKA), is markedly upregulated in the sera of patients with cancer. The currently
available tumor biomarkers are based on the antigen determination method and lack
specificity and sensitivity. An ECPKA autoantibody detection method has been
described for a universal biomarker that detects cancer of various cell types
(Nesterova et al. 2006). In serum specimens, the presence of autoantibody directed
against ECPKA was highly correlated with cancer. High anti-ECPKA autoantibody
titers were found in the sera of patients with various cancers, whereas low or nega-
tive titers were found in the control group. The autoantibody enzyme immunoassay
exhibited 90 % sensitivity and 88 % specificity, whereas the enzymatic assay exhib-
ited 83 % sensitivity and 80 % specificity. These results show that the autoantibody
method distinguished between patients with cancer and controls better than the anti-
gen method could. Thus, autoantibody ECPKA is a universal serum biomarker for
cancers of various cell types.

5.3.1.17 SELDI-TOF MS

SELDI-TOF MS is an important tool for the rapid identification of cancer-
specific biomarkers and proteomic patterns in the proteomes of both tissues and
body fluids. It is useful in high-throughput proteomic fingerprinting of cell
lysates and body fluids that uses on-chip protein fractionation coupled to time-of-
flight separation. Within minutes, sub-proteomes of a complex milieu such as
serum can be visualized as a proteomic fingerprint or “barcode.” SELDI technol-
ogy has significant advantages over other proteomic technologies in that the
amounts of input material required for analysis are miniscule compared with
more traditional 2D PAGE approaches. A number of studies have used SELDI
technology to identify single disease-related biomarkers for several types of can-
cer. For example, a modified, quantitative SELDI approach has been used to
show that the levels of serum prostate-specific membrane antigen (PSMA) are
significantly higher in patients with prostate cancer than in those with benign
disease.
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5.3.1.18 Serum Proteome Analysis for Early Detection of Cancer

Proteome analysis has been used for the identification of biomarkers or biomarker
patterns that may enable early diagnosis of cancer. This tool is of special interest,
since it allows for the identification of tumor-derived secretory products in serum or
other body fluids. In addition, it may be used to detect reduced levels or loss of
proteins in the serum of cancer patients that are present in noncancer individuals.
These changes in the serum proteome may result from cancer-specific metabolic or
immunological alterations, which are, at least partly, independent of tumor size or
mass, thereby facilitating early discovery.

5.3.1.19 Triple Quadrupole MS for Detection of Mutant Proteins

Gene products resulting from somatic mutations are meaningful protein biomarkers,
because they are not merely associated with tumors but are responsible for carcino-
genesis. Altered protein products resulting from somatic mutations can be identified
directly and quantified by MS. Peptides expressed from normal and mutant alleles
have been detected by selected reaction monitoring (SRM) of their product ions
using a triple quadrupole MS (Wang et al. 2011). As an example of this approach,
the authors demonstrated that it is possible to quantify the number and fraction of
mutant Ras protein present in cancer cell lines. There were an average of 1.3 million
molecules of Ras protein per cell, and the ratio of mutant to normal Ras proteins
ranged from 0.49 to 5.6. Similarly, they found that mutant Ras proteins could be
detected and quantified in clinical specimens such as colorectal and pancreatic
tumor tissues as well as in premalignant pancreatic cyst fluids. In addition to answer-
ing basic questions about the relative levels of genetically abnormal proteins in
tumors, this approach could prove useful for diagnostic applications.

5.3.1.20 Targeted MS for Validation of Cancer Biomarkers in Plasma

A data-dependent triage process was used to prioritize a subset of putative plasma
biomarkers from >1,000 candidates previously identified using a mouse model of
breast cancer (Whiteaker et al. 2011). The team used a comparable targeted MS that
relied on “accurate inclusion mass screening” (AIMS) and another targeted method
known as SRM-MS, to sift through candidate biomarkers. Thirty-six proteins were
verified as being elevated in the plasma of tumor-bearing animals. The final candi-
date biomarkers were highly credentialed so they had a high probability of being
real biomarkers. The analytical performance of this pipeline suggests that it should
support the use of an analogous approach with human samples. Although the bio-
logical variation among humans will undoubtedly be greater than that among mice,
the preanalytic and analytical variations associated with the technologies are the
same regardless of which species is used.
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5.3.1.21 Tissue Proteomics for Discovery of Cancer Biomarkers

The molecular complexity of tissue and the in vivo inaccessibility of cells within
solid tumors hinder efforts to discover new diagnostic biomarkers useful for nonin-
vasive tumor-specific molecular imaging. Subcellular fractionation of tissue, sub-
tractive proteomic analysis, bioinformatics, and expression profiling have enabled
identification of several biomarkers induced in solid tumors at the tissue—blood
interface that are accessible to agents injected intravenously. Immunotargeting and
penetration of single organs and solid tumors can be validated by molecular imag-
ing. This approach can identify biomarkers expressed on vascular endothelium and
its specialized transport vesicles (caveolae) in multiple human and rodent tumors
including primary and metastatic lesions found in the liver, brain, breast, kidney,
lung, intestine, and prostate. Mapping tissue- and disease-modulated endothelial
cell surface and caveolar proteins reveals promising biomarkers for imaging and
therapy of solid tumors.

5.3.2 Metabolomic Biomarkers of Cancer

Compared to the cancer genome and the cancer proteome, there are few studies on
the cancer metabolome. The importance of metabolomics becomes obvious if one
looks at the pathways involved in cancer. Tumor cells respond to growth signals by
the activation of protein kinases, altered gene expression, and changes in cellular
function. The transformed cells show unique anabolic characteristics, which include
increased and preferential utilization of glucose through the nonoxidative steps of
the pentose cycle for nucleic acid synthesis but limited de novo fatty acid synthesis
and tricarboxylic acid (TCA) cycle glucose oxidation. This primarily nonoxidative
anabolic profile reflects an undifferentiated highly proliferative cell phenotype and
serves as a reliable metabolic biomarker to determine cell proliferation rate and the
level of cell transformation/differentiation in response to drug treatment. Novel
drugs effective in particular cancers exert their anticancer effects by inducing sig-
nificant reversions of a few specific non-oxidative anabolic pathways. Cell transfor-
mation of various mechanisms is sustained by a unique disproportional substrate
distribution between the two branches of the pentose cycle for nucleic acid synthe-
sis, glycolysis and the TCA cycle for fatty acid synthesis and glucose oxidation.
This can be demonstrated by the broad labeling and unique specificity of [1,2-(13)
C(2)]glucose to trace a large number of metabolites in the metabolome as biomark-
ers. Stable isotope-based dynamic metabolic profiles serve the drug discovery pro-
cess by providing a powerful new tool that integrates the metabolome into a
functional genomic approach to developing new drugs. It can be used in screening
kinases and their metabolic targets, which can therefore be more efficiently charac-
terized, speeding up and improving drug testing, approval, and labeling processes
by saving trial-and-error-type study costs in drug testing.
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5.3.2.1 Magnetic Resonance for Detecting Metabolomics
Biomarkers of Cancer

When using MR metabolomics as a clinical tool in oncology, it is essential to differen-
tiate between metabolic profiles of cancer and normal tissue. High-resolution magic
angle spinning (HR-MAS), in combination with multivariate analysis, clearly dis-
criminates the metabolic profiles of cancer tissue and normal and/or adjacent tissue
in different cancer types such as breast, colorectal, prostate, and cervical (Bathen
et al. 2010). The most prominent differences are found in metabolites such as the
choline-containing compounds (ChoCC), glycine and glucose. Multivariate analy-
sis combines information from all metabolites detected in the tissue samples simul-
taneously. By interpreting these results, it is possible to identify single metabolites
or ratios of metabolites that are the most differently expressed. In this way, possible
biomarkers can be detected and information about specific pathways obtained.

5.3.2.2 Choline Phospholipid Biomarkers of Cancer

Choline phospholipid metabolism is altered in several cancers. HR-MAS is useful
but magnetic resonance imaging (MRI) and positron emission tomography (PET)
can also be used for choline metabolism-based diagnosis of cancer. The choline
metabolite profile of tumors is characterized by elevation of phosphocholine and
phosphocholine-containing compounds (Glunde and Serkova 2006). They can be
used as endogenous biomarkers of cancer or for monitoring the response of cancer
to treatment. The enzymes directly causing this elevation such as choline kinase and
phospholipases C as well as D may provide targets for anticancer drugs. Signal
transduction pathways that are activated in cancer such as those mediated by recep-
tor tyrosine kinases and EGFR also provide targets for drugs. MRS has been used to
study pharmacodynamic markers of the choline kinase inhibitor MN58b in human
carcinoma models (Al-Saffar et al. 2006). Inhibition of choline kinase by MN58b
resulted in altered phospholipid metabolism both in cultured tumor cells and in
vivo. Phosphocholine levels were found to correlate with choline kinase activities.
The decrease in phosphocholine, total choline, and phosphomonoesters are poten-
tial noninvasive pharmacodynamic biomarkers for determining tumor response fol-
lowing treatment with choline kinase inhibitors.

5.3.2.3 Hypoxia-Inducible Factor-1

Tumor hypoxia is well recognized in oncology to be a key factor resulting in treat-
ment resistance and poor prognosis. Hypoxia leads to the expression of a number of
gene products that are involved in tumor progression, invasion, and metastasis for-
mation. The most important of these proteins is thought to be hypoxia-inducible
factor-1 (HIF-1), which appears to be a master regulator of the cellular response to



106 5 Biomarkers of Cancer

hypoxia. HIF-1 pathway, which enables cells to sense and respond to hypoxia, is
overexpressed in many cancers. HIF-1 is a transcription factor that upregulates
numerous genes involved in processes such as glucose metabolism, glycolysis, pH
regulation, cellular proliferation, matrix metabolism, and regulation of blood ves-
sels. HIF-1 is being explored as an attractive target for drug discovery.

HIF-1 expression is associated with a poor prognosis and treatment response in
a number of tumor sites. There is some evidence that the HIF-1 pathway might be
involved in gastric carcinogenesis. Immunohistochemical expression of HIF-1 tar-
get genes is associated with a poor prognosis of gastric cancer. Targeted inhibition
of HIF-1 has been shown to inhibit the growth of gastric tumors in animals (Griffiths
et al. 2005). Increased understanding of the importance of hypoxia and the HIF-1
pathways may, therefore, hold the key to prevention strategies, improved selection
of patients for adjuvant therapy, and new treatments for the disease.

Expression of endogenous markers of hypoxia for the HIF-1/HIF-2 pathway is
strongly associated with radiotherapy failure. Using immunohistochemical meth-
ods, it is possible to identify subgroups of head and neck squamous cell carcinoma
(HNSCC) patients who are highly curable with radiotherapy or who are excellent
candidates for clinical trials on hypoxia-targeting drugs in two distinct pathways
(Koukourakis et al. 2006).

5.3.2.4 Detection of Drug Resistance in Cancer by Metabolic Profiling

Acquired resistance to imatinib mesylate is an increasing and continued challenge
in the treatment of BCR—-ABL tyrosine kinase-positive leukemias as well as gastro-
intestinal stromal tumors. Stable isotope-based dynamic metabolic profiling
(SIDMAP) studies conducted in parallel with the development and clinical testing
of imatinib revealed that this targeted drug is most effective in controlling glucose
transport, direct glucose oxidation for RNA ribose synthesis in the pentose cycle, as
well as de novo long-chain fatty acid synthesis (Serkova and Boros 2005). Thus,
imatinib deprives transformed cells of the key substrate of macromolecule synthe-
sis, malignant cell proliferation, and growth. Tracer-based MRS studies revealed a
restitution of mitochondrial glucose metabolism and an increased energy state by
reversing the Warburg effect, consistent with a subsequent decrease in anaerobic
glycolysis. Recent in vitro SIDMAP studies that involved myeloid cells isolated
from patients who developed resistance against imatinib indicated that non-oxidative
ribose synthesis from glucose and decreased mitochondrial glucose oxidation are
reliable metabolic signatures of drug resistance and disease progression. There is
also evidence that imatinib-resistant cells utilize alternate substrates for macromol-
ecule synthesis to overcome limited glucose transport controlled by imatinib. The
main clinical implications involve early detection of imatinib resistance and the
identification of new metabolic enzyme targets with the potential of overcoming
drug resistance downstream of the various genetic and BCR—-ABL expression-
derived mechanisms. Metabolic profiling is an essential tool used to predict, clini-
cally detect, and treat targeted drug resistance. This need arises from the fact that
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targeted drugs are narrowly conceived against genes and proteins but the metabolic
network is inherently complex and flexible to activate alternative macromolecule
synthesis pathways that targeted drugs fail to control.

5.3.2.5 Plasma-Free Amino Acids Profiling in Cancer

Profiling of plasma-free amino acids (PFAAs) is a promising approach for early
detection of cancer. Focused metabolomic approach with PFAAs overcomes some
of the problems associated with metabolomic profiling of cancer that include the
need for measuring a huge number of metabolites, data-redundancy problems, and
high cost. In a study using large number of plasma samples from cancer patients,
PFAA levels were measured using HPLC and ESI-MS (Miyagi et al. 2011).
Univariate analysis revealed significant differences in the PFAA profiles between
the controls and the patients with any of the five types of cancer—lung, gastric,
colorectal, breast, or prostate—even in patients with asymptomatic early-stage
disease. These findings indicate that PFAA profiling from a single blood sample has
considerable potential for improving cancer screening and diagnosis and under-
standing disease pathogenesis.

5.3.2.6 Urinary Metabolomic Biomarkers of Cancer

Metabolomic techniques have been used to identify metabolites in urine of patients
with kidney cancer, but their levels differ from the same metabolites in nonkidney
cancer patients (Kim et al. 2011). These authors found that quinolinate,
4-hydroxybenzoate, and gentisate are differentially expressed at a false discovery
rate of 0.26, and these metabolites are involved in common pathways of specific
amino acid and energy metabolism, consistent with high tumor protein breakdown
and utilization. When added to four different (three kidney cancer-derived and one
“normal”) cell lines, several of the significantly altered metabolites, quinolinate,
a-ketoglutarate, and gentisate, showed increased or unchanged cell proliferation
that was cell line dependent. Further evaluation as well as validation of the specific
potential biomarkers using a larger sample size will be required before use of these
biomarkers for diagnosis and therapy of kidney cancer.

Identification of volatile organic metabolites (VOMSs) as biomarkers that can
accurately diagnose the onset of cancer using noninvasively collected urine speci-
mens is ideal for early detection. This approach has been applied to diagnosis of
various cancers. A study of the urinary metabolomic profile of breast cancer patients
and healthy individuals as controls has explored VOMs as potential biomarkers in
breast cancer diagnosis at early stage (Silva et al. 2012). Solid-phase microextrac-
tion (SPME) using CAR/PDMS sorbent combined with GC-MS was applied to
obtain metabolomic patterns. Ketones and sulfur compounds were the chemical
classes with highest contribution for both groups. Results showed that excretion
values of six VOMs among the total of 79 detected were found to be statistically
different. A significant increase in the peak area of (—)-4-carene, 3-heptanone,
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1,2,4-trimethylbenzene, 2-methoxythiophene, and phenol, in VOMs of cancer
patients relatively to controls was observed. Statistically significant lower abun-
dances of dimethyl disulfide were found in cancer patients. Another study found
that urinary biomarkers disturbed in several metabolic pathways of epithelial ovar-
ian cancer patients included those associated with nucleotide metabolism, histidine
metabolism, tryptophan metabolism, and mucin metabolism (Zhang et al. 2013).

5.3.3 Epitomics for the Early Detection of Cancer

Efforts toward the development of early detection assays for cancer have tradition-
ally depended on single biomarker molecules. Current technologies have been dis-
appointing and have not resulted in diagnostic tests suitable for clinical practice.
Using a high-throughput cloning method, a panel of epitopes/antigens that react
with autoantibodies to tumor proteins in the serum of patients with ovarian cancer
have been isolated (Draghici et al. 2005). Discovery of biomarker panels was
directed in an unbiased fashion by cloning a large panel of epitopes or tumor anti-
gens, rather than individual biomarkers without a previous notion of their function.
The binding properties of these serum antitumor antibodies on microarrays and
advanced bioinformatic tools led to a panel of diagnostic antigens. The sequences
that were identified using this new technology will lead to the discovery of novel
disease-related proteins that have diagnostic value for the presymptomatic detection
of cancer. It has been demonstrated that this approach can detect these autoantibod-
ies in the sera of stage I ovarian cancer patients. There are numerous advantages of
employing serum antibodies as the analytes, not the least of which is the ability to
rapidly adapt these assays to standard clinical platforms. This technology of global
epitope/antigen profiling is referred to as “epitomics.”

5.3.4 Detection of Biomarkers of DNA Methylation

Methylated DNA (meDNA) is a very stable carrier of epigenetic information that is
directly involved in tumor formation and progression. Genes that are often methyl-
ated in tumors are termed tumor biomarkers because their methylation can be used
to detect the disease. Utilization of methylated DNA markers is superior to reliance
on other types of markers for numerous reasons, including the following:

* Methylation is directly responsible for regulation of many cancer genes.

* DNA is chemically and biologically more stable than RNA and many other types
of biomarkers.

» The levels of gene methylation in cancer cells are very constant and not subject to
fluctuations as seen for expressed products such as RNA, proteins, and metabolites.

* meDNA assays are inherently very sensitive (MethylPlex can detect as little as
one cancer cell in a mixture with 10,000 normal cells).
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* meDNA is a universal analyte for diagnostics, because the same technology,
instrumentation, and data analysis methods can be used to detect many types of
cancer and other diseases.

Some problems with DNA methylation analysis are as follows:

* Probability of methylation for each gene is less than 100 %.
* Clinical samples are heterogeneous.
e Quantitative assay of methylation is difficult.

Because of variations of methylation of genes in different types of cancer and vari-
ous stages of the disease, the methylation of any single gene may not provide suffi-
cient information. However, a test based on the pattern of methylation in a number of
genes would have the high sensitivity and specificity required for an accurate diagno-
sis and prognosis. Use of a systematic biological screen has enabled identification of
multiple genes that are methylated with high penetrance in primary lung, breast,
colon, and prostate cancers (Shames et al. 2006). The cross-tumor methylation pat-
tern observed for these novel biomarkers suggests that a partial promoter hypermeth-
ylation signature for these common malignancies has been identified. These data
suggest that while tumors in different tissues vary substantially with respect to gene
expression, there may be common features in their promoter methylation profiles that
could form the basis for a new early detection screen for certain cancers.

Methyl-BEAMing technology enables absolute quantification of the number of
methylated molecules in a sample (Li et al. 2009). Individual DNA fragments are
amplified and analyzed either by flow cytometry or by next-generation sequencing,
and as few as one methylated molecule can be enumerated in approximately 5,000
unmethylated molecules in DNA from plasma or fecal samples. Using methylated
vimentin as a biomarker in plasma samples, methyl-BEAMing detected 59 % of can-
cer cases. In addition to diagnostic and prognostic applications, this digital quantifica-
tion of rare methylation events should be applicable to preclinical assessment of new
epigenetic biomarkers and quantitative analyses in epigenetic research. In early-stage
CRC, sensitivity of detection by methyl-BEAMing technology is four times more
than that obtained by assaying carcinoembryonic antigen (CEA). With stool samples,
methyl-BEAMing detected 41 % of cancers and 45 % of advanced adenomas.

Changes in gene expression due to epigenetic regulation can be reversed by
chemicals, and this approach opens up a novel approach in cancer treatment in addi-
tion to diagnosis. Methylation in noncancerous tissues is now attracting attention as
a biomarker of risk of cancer and is emerging as a target for cancer prevention.
Many of the tests are in development commercially and will be described briefly.

5.3.4.1 PCR with Bisulfite for Detecting DNA Methylation
Biomarkers in Cancer

Several traditional and new PCR-based methods have been developed for detecting
DNA methylation at single loci. All have characteristic advantages and disadvan-
tages, particularly with regard to use in clinical settings. In order to detect



110 5 Biomarkers of Cancer

methylation patterns on DNA, one needs greater amounts of it than can be extracted
from a small patient sample. In order to achieve this, one can increase the amount of
DNA extracted from minute samples rather than use larger samples. Use of PCR for
amplifying DNA results in the loss all information on the positions of methylcytosine.

To overcome the limitations of conventional PCR, Epigenomics Inc. uses a pro-
cedure that is based on modification of all non-methylated cytosines to a different
base, uracil, by the chemical bisulfite. Uracil’s hybridization behavior is identical to
that of thymine. Thus, in DNA treated with bisulfite, methylcytosine can easily be
detected by hybridizing to guanine. This enables the use of variations of established
methods of molecular biology, most notably PCR, hybridization, oligonucleotide
arrays, and mass spectrometry. The remaining cytosines are present in the sequence
context 5'-cytosine-guanine-3’ (CpG). The total number of CpG positions in the
human genome is ~40 million, up to 10 % of which are located in non-repetitive,
relevant sections of DNA.

MDxHealth Inc.’s methylation-specific PCR (MSP) can rapidly assess the
methylation status of virtually any group of CpG sites within a CpG island, inde-
pendent of the use of methylation-sensitive restriction enzymes. An MSP assay
entails initial modification of DNA by sodium bisulfite, converting all unmethyl-
ated, but not methylated, cytosines to uracil, and subsequent amplification with
primers specific for methylated versus unmethylated DNA. MSP requires only
small quantities of DNA, is sensitive to 0.1 % methylated alleles of a given CpG
island locus, and can be performed on DNA extracted from paraffin-embedded
samples. MSP eliminates the false-positive results inherent to previous PCR-based
approaches, which relies on differential restriction enzyme cleavage to distinguish
methylated from unmethylated DNA. Patent-protected MSP platform is the only
scalable technology that enables a sensitive and specific detection of methylated
genes in a background of normal cells, critical for early diagnosis or detection of
micrometastases in serum, saliva, or sputum samples. The process employs an ini-
tial bisulfite reaction to modify the DNA, followed by PCR amplification with
specific primers designed to distinguish methylated from unmethylated DNA. This
specific alteration enables the detection of a few cancer cells embedded in other-
wise normal tissue. This process is universal and can be applied to the detection of
promoter hypermethylation of relevant tumor suppressor genes or any other cellu-
lar genes related to cancer. A practical aspect of this diagnostic marker strategy is
the concentration on specific genes known to play an important role in tumorigen-
esis. This approach is far less labor intensive and more amenable to high-through-
put screening than microarray assays.

Orion’s MethylScreen® technology leverages biomarkers discovered using its
MethylScope technology to develop a new class of oncology diagnostic Kkits.
MethylScreen is a reliable enzyme-based real-time PCR technology that is compat-
ible with testing platforms widely used in clinical laboratories. The sensitivity of
MethylScreen assays enables Orion’s scientists to measure unique qualities of epi-
genetic DNA that are indicative of disease progression. MethylScreen assays pro-
vide critical clinical information about disease progression using blood serum and
other easily collected patient samples. MethylScreen is unique in that it is the only



5.3 Technologies for Detection of Cancer Biomarkers 111

platform that does not rely on bisulfite conversion, a harsh chemical process that has
been shown to destroy more than 94 % of the tumor DNA in patient samples.

MethySYBR is a SYBR green-based PCR assay for the dual analysis of DNA
methylation and CpG methylation density (Lo et al. 2009). MethySYBR begins
with multiplex PCR to enable the simultaneous amplification of many discrete tar-
get alleles in a single reaction using bisulfite-converted DNA. In the second round
of PCR, the specific methylated target is quantified from multiplex products using
both nested methylation-independent and methylation-specific primer sets.
Moreover, the use of SYBR green dye during quantitative PCR enables melting
curve analysis of target amplicons to determine the methylation density of CpG
sites on target alleles. To establish proof of principle, two cancer-specific methyl-
ated genes, RASSF1A and OGDHL, were assessed by MethySYBR. MethySYBR
sensitively detected methylated alleles in the presence of a 100,000-fold excess of
unmethylated allele. Furthermore, MethySYBR was shown to be capable of analyz-
ing minute amounts of DNA from paraffin-embedded tissue. Therefore, the
MethySYBR assay is a simple, highly specific, highly sensitive, high-throughput,
and cost-effective method that is widely applicable to basic and clinical studies of
DNA methylation.

PCR-based methods that use sodium bisulfite-treated DNA as a template are
generally accepted as the most analytically sensitive and specific techniques for
analyzing DNA methylation at single loci (Kristensen and Hansen 2009). A number
of new methods, such as methylation-specific fluorescent amplicon generation
(MS-FLAG), methylation-sensitive high-resolution melting (MS-HRM), and sensi-
tive melting analysis after real-time methylation-specific PCR (SMART-MSP), now
complement the traditional PCR-based methods and promise to be valuable diag-
nostic tools. In particular, the HRM technique shows great potential as a diagnostic
tool because of its closed-tube format and cost-effectiveness.

5.3.4.2 MDScan™ Microarray Technology

GenomicTree’s MDScan™ technology for the systematic and comprehensive
genome-wide discovery of epigenetically silenced genes uses affinity-based methyl
DNA enrichment, a bisulfite-free method, for selective enrichment of methylated
DNA. The selectively isolated methyl DNA can be used for microarray analysis.
This technology does not depend on bisulfite modification, restriction endonucle-
ases, or specific antibodies and will lead to the discovery of novel methylation
biomarkers for early detection of cancer, determination of tumor stage, risk of
recurrence, and prediction of response to drug therapy.

5.3.4.3 Rubicon MethylPlex Technology

Rubicon Genomics believes that detection of methylated DNA in serum and urine
is the best approach for developing practical noninvasive tests for cancer.
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The challenge is to implement a test for those genes using a noninvasive protocol.
Currently, there are two significant barriers to noninvasive testing:

1. meDNA tests require a large amount of cancer DNA, which is often not present
in the blood or urine of cancer patients, especially during the initial stages of
disease or upon recurrence.

2. meDNA tests use a special chemistry, called bisulfite conversion, and proprietary
amplification technologies that make testing complicated and expensive.

The Rubicon MethylPlex technology has solved both of these problems by com-
pletely avoiding bisulfite chemistry and improving technical sensitivity by a factor
of 10-100 times, so that the methylation of many genes can be reliably detected
from serum and urine.

5.3.4.4 Epigenomics Marker Machine for DNA Methylation Biomarkers

Epigenomic AG has developed a proprietary technology consisting of a combina-
tion of chemically treated DNA, highly multiplexed amplifications, high-density
arrays, and MALDI MS. This technology makes the detection of hundreds of thou-
sands of DNA methylation signals a reality. These signals can be digitized into a
long string of ones and zeros, creating a digital phenotype that reflects genetic activ-
ity in a particular cell or tissue, i.e., whether it is functioning normally or whether it
is sick.

A large-scale genome-wide screening effort of all major human tumors for
DNA methylation biomarkers in tissue and serum has led to the discovery of 200
such biomarkers. Epigenomics believes that methylation-based DNA biomarkers
will allow the detection of disease much earlier than currently available diagnos-
tics. This will allow physicians to develop the best treatment for existing disease,
monitor the effects of treatment, and identify people at risk of developing dis-
ease. These results truly reveal the power of Epigenomics Marker Machine. Such
novel DNA methylation biomarkers could form the backbone of future molecular
diagnostics. Another fascinating finding is that dozens of these biomarkers are
derived from genes not yet implicated in cancer development, making them
highly interesting candidates as pharmaceutical targets. It is generally accepted
that DNA methylation is involved in global transcriptional regulation of the
human genome. Over-methylation can lead to decreased gene activity, for
instance, blocking genes that protect against cancer. On the flip side, under-
methylation of normally inactive genes often leads to their activation and accel-
eration of the disease process. Epigenomics expects to develop validated panels
of informative DNA methylation positions for various types of cancer diagnos-
tics such as differential diagnosis, treatment planning tests, monitoring tests, and
serum-based early screening tests. The convenience, performance, and cost-
effectiveness of these tests will potentially make them ideal for mass screening
programs for all major cancer types.
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5.3.4.5 SEQUENOM’s Integrated Genetic Analysis Platform

Researchers at SEQUENOM have described an integrated genetic analysis platform
based on MALDI-TOF MS to correlate SNPs with differences in allele-specific
expression, and on the basis of this information to examine possible variations in
DNA methylation patterns being causative of these differences. The group validated
their approach using an established model based on allele-specific transcript levels
of the human tumor protein 73, indicating the suitability of the SEQUENOM’s
MassARRAY platform for assaying both stable and dynamic variations at the DNA
and RNA level.

5.3.4.6 Histone Deacetylase

Levels of histone acetylation are tightly modulated in normal cells, and alterations
of their regulating mechanisms have been shown to be involved in carcinogenesis.
A flow cytometric technique for detection of histone acetylation has been developed
based on a specific MAD that recognizes acetylated histone tails (Ronzoni et al.
2005). Flow cytometric detection of acetylation status can successfully detect modi-
fications induced by the histone deacetylase (HDAC) inhibitor treatment in vivo.
Changes in acetylation levels during the cell cycle demonstrated a reproducible
increase in histone acetylation during the replication phase that was subsequently
decreased at the G2M entrance, thus paralleling the behavior of DNA replication
and transcriptional activity. Multiparameter analysis of histone acetylation and
expression of molecular markers, DNA ploidy, and/or cell cycle kinetics can pro-
vide a quick and statistically reliable tool for the diagnosis and evaluation of treat-
ment efficacy in clinical trials using HDAC inhibitors. HDAC inhibitors induce
differentiation of breast cancer cells and inhibit tumor growth. HDAC-1 protein
expression was analyzed immunohistochemically on a tissue microarray containing
biopsies from breast cancer patients (Krusche et al. 2005). HDAC-1 expression was
correlated to steroid hormone receptor, Her2/neu, and proliferation status of tumors
as well as to overall and disease-free survival. Multivariate analysis demonstrated
that HDAC-1 is an independent prognostic marker and evaluation of HDAC-1 pro-
tein expression enables a more precise assessment of the prognosis of breast cancer
patients. HDAC-1 expression analysis might be clinically useful to facilitate an indi-
vidual, risk-directed, adjuvant systemic therapy in breast cancer patients.

5.3.4.7 Mucins as Epigenetic Biomarkers in Epithelial Cancers

Genes encoding mucins have been shown to be regulated by DNA methylation and
histone modifications in epithelial cancer cells. These genes encode either secreted
glycoproteins necessary for epithelial homeostasis or membrane-bound glycopro-
teins that participate in tumor progression. The important biological functions
played by these large molecules in pathophysiology of the epithelia make them key
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genes to target for new therapeutic strategies and new diagnostic and/or prognostic
tools in cancer. Mucin genes may be regulated by miRNAs and also regulate miRNA
activity. Epigenetic regulation of mucin genes has a great potential to provide new
diagnostic as well as prognostic biomarkers, help tumor classification and form the
basis of new therapeutic targets for the clinician and the pathologist (Van Seuningen
and Vincent 2009).

5.3.5 Nanobiotechnology for Early Detection of Cancer
to Improve Treatment

Cancer is easier to treat and less likely to develop drug resistance when treatment is
started very early. Cancer cells in very early stages are less likely to have mutations
that make them resistant to treatment. However, cancer cells themselves may be
difficult to detect at an early stage, but they leave a fingerprint, i.e., a pattern of
change in biomarker proteins that circulate in the blood. There may be 20-25 bio-
markers, which may require as many as 500 measurements, all of which should be
made from a drop of blood obtained by pinprick. Thus, nanoscale diagnostics will
play an important role in this effort. Nanowire sensors in development can electroni-
cally detect a few proteins molecules along with other biomarkers that are early
signs of cancer. Each nanowire in a set is coated with a different compound that
binds to a particular biomarker and changes the conductivity of that can be mea-
sured. Thousands of such nanowires are combined on a single chip that enables
identification of the type of cancer. Currently such a chip can detect between 20 and
30 biomarkers and can be used for the early diagnosis of brain cancer.

5.3.5.1 NP-Peptide Complexes for Detection of Cancer
Biomarkers in Urine

Exogenously administered “synthetic biomarkers” composed of mass-encoded
peptides conjugated to nanoparticles (NPs) have been developed for noninvasive
urinary monitoring to detect cancer biomarkers (Kwong et al. 2012). The NP com-
plexes accumulate at the tumor site, where matrix metalloproteinases (MMPs)
from cancer cells are expected to cleave the NP-bound peptides, releasing them
into the bloodstream. The peptides would then accumulate in the kidneys and be
excreted in the urine, which could be analyzed using MS. The NPs are engineered
to express ten different peptides, each with a specific corresponding MMP and size
making them distinguishable by MS. In mouse models of liver cancer, these agents
were shown to substantially improve early detection of cancer compared with cur-
rent clinically used blood biomarkers. This method has potential for development
as point-of-care diagnostics to detect metastasis and measure tumor response to
chemotherapy.
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5.3.6 Selective Expression of Biomarkers by Cancer
Compared with Normal Tissues

NCI scientists have used archival samples inclusive of normal tissues of various
lineages and benign or malignant tumors (predominantly colon, melanoma, ovarian,
and esophageal cancers) to study cancer biomarkers (Basil et al. 2006). All samples
were processed identically and cohybridized with an identical reference RNA
source to a custom-made cDNA array platform. The database was split into training
and comparable prediction sets. Leave-one-out cross-validation and gene pairing
analysis identified putative cancer biomarkers overexpressed by malignant lesions
independent of tissue of derivation. In particular, seven gene pairs were identified
with high predictive power (87 %) in segregating malignant from benign lesions.
Receiver operator characteristic curves based on the same genes could segregate
malignant from benign tissues with 94 % accuracy. The relevance of this study rests
on the identification of a restricted number of biomarkers ubiquitously expressed by
cancers of distinct histology. This has not been done before. These biomarkers
could be used broadly to increase the sensitivity and accuracy of cancer staging and
early detection of locoregional or systemic recurrence. Their selective expression
by cancerous compared with paired normal tissues suggests an association with the
oncogenic process resulting in stable expression during disease progression when
the presently used differentiation markers are unreliable.

5.3.7 Ultrasound Radiation to Enhance Release
of a Tumor Biomarker

In studies on tumor-bearing mice, application of low-frequency ultrasound to tumor
cells has been demonstrated to enhance the release of CEA, a biomarker of cancer,
which can be measured in the blood (D’Souza et al. 2009). It was further established
that this release is specific to the direct application of the ultrasound to the tumor,
enabling a method for localization of biomarker production. Blood concentrations
of that biomarker rose significantly only when ultrasound energy was directed to
tumor sites but not when the ultrasound beam was focused on non-tumor-bearing
tissues. This work will enable the detection of cancer in the presymptomatic stage
using a relatively simple and noninvasive strategy. Future work using image-guided
focused ultrasound to radiate tumors with ultrasound should help to bring together
the currently separate fields of in vitro diagnostics and in vivo imaging and facilitate
the development of personalized medicine. There are no significant regulatory
impediments to the integration of this method into clinical practice, as ultrasound is
already widely used in the clinic. It will be necessary to optimize the technique for
use in humans, and it will not work for all tumor types, e.g., lung or bone marrow
cancers, because ultrasound is impeded by bony structures and air-filled zones in the
body. The proof of principle has been established for a single biomarker, CEA, and
other biomarkers may prove more difficult to measure by this approach.
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5.3.8 InVivo Imaging of Cancer Biomarkers

Various “omic” approaches are providing comprehensive “snapshots” of biomarkers
of cancer, but imaging can take this information a step further, showing the activity
of these biomarkers in vivo and how their location changes over time. Advances in
experimental and clinical imaging are likely to improve the understanding of cancer
at the systems level and, ultimately, should enable doctors not only to locate tumors
but also to assess the activity of the biological processes within these tumors and to
provide “on the spot” treatment (Weissleder and Pittet 2008). Several technologies
described earlier can be used for in vivo imaging of biomarkers in cancer. The best
known of these are computer tomography (CT), MRI, and PET.

5.3.8.1 Computer Tomography

CT is used not only for diagnosis but also for measurement of volume of a tumor.
3D tumor imaging is better as a “surrogate endpoint” of measuring drug responsive-
ness rather than the unidimensional measurements currently used. Tumor reduction
assessed by high-resolution CT has been used successfully as an endpoint in a phase
II trial of pazopanib, an oral angiogenesis inhibitor targeting VEGFR, PDGFR, and
c-kit in patients with stage I-II non small cell lung cancer (NSCLC). CT, however,
measures only the size but not metabolic and other changes in cancer at molecular
level in response to treatment that may be better indicators of response.

5.3.8.2 Optical Systems for In Vivo Molecular Imaging of Cancer

Some molecular specific contrast agents for molecular imaging are based on gold
NPs, which are attached to probe molecules with high affinity for specific cellular
biomarkers. The application of gold bioconjugates for vital imaging of precancers
has been shown by using cancer cell suspensions, 3D cell cultures, and neoplastic
fresh cervical biopsies. Gold conjugates as contrast agents have potential to extend
the ability of vital reflectance microscopies for in vivo molecular imaging. They can
potentially enable combined screening, detection, and therapy of disease using
inexpensive imaging systems; such tools could allow mass screening of diseases
such as cancer in resource-poor settings.

In order to use such optical systems to image molecular features of cancer, it will
be necessary to deliver sufficient contrast agent to tissue so that a reasonable signal-
to-noise ratio can be obtained. Before contrast agents can be used in human sub-
jects, extensive animal studies must be carried out to evaluate any potential toxicity
of these contrast agents and delivery formulations. In spite of these concerns, these
contrast agents and imaging systems have the potential to significantly impact cur-
rent clinical practice.
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5.3.8.3 Positron Emission Tomography

During the past decade, PET has been increasingly developed for imaging and
quantifying molecular mechanisms in oncology. The technique uses radionuclides
to label molecules, which can then be imaged in man. PET with 18F-fluorodeoxy-
glucose (FDQG) as a radioactive tracer for glucose metabolism is currently an effec-
tive and highly utilized tool for the diagnosis and management of cancer. Growing
tumors consume glucose and show up as bright spots on PET that can disappear a
week after a patient begins chemotherapy, signaling possible remission. Waiting for
demonstrable tumor shrinkage on computed tomography scans takes another 6
months. Seeing whether a patient actually lives longer could take years. Usually,
changes in PET results are not dramatic enough to be seen by the naked eye, but the
signal must be interpreted through a series of calculations gauging the concentration
of a radioactive tracer.

Continuing technological improvements in imaging, including higher resolu-
tion, better attenuation correction, and multimodality image registration, will fur-
ther improve the efficacy of this method. The most significant improvements will
come from the wide variety of tracers now being developed to image other meta-
bolic pathways and to identify cancer by specific biochemical, physiological, and
genetic characteristics. Developments in PET mean that a wider range of molecules
can now be labeled with isotopes and old and new molecular targets for anticancer
therapy can be probed, imaged, and quantified in vivo in man. The inherent
sensitivity and specificity of PET is unrivalled because it can image molecular
interactions and pathways, providing quantitative kinetic information down to the
subpicomolar level. Molecular imaging has the potential to assist in the optimiza-
tion of molecular-based targeted therapies in cancer and to investigate the function
of the genome.

5.3.8.4 Imaging of Tumor Oxygenation and Microvascular
Permeability by MRI

Increased vascular permeability and disturbance of blood flow impairs delivery of
oxygen and drugs to tumors leading to treatment resistance. Tissue oxygen concen-
tration and microvascular permeability can be visualized simultaneously by using
Overhauser-enhanced MRI (a hyperpolarized 1H-MRI) and OX63, an oxygen-
sensitive contrast agent (Matsumoto et al. 2009). Application of this method for
imaging murine tumors showed that tumor regions with high vascular permeability
were also hypoxic with an inverse correlation between tumor vascular leakage and
oxygen concentration. This imaging technique may be useful for the assessment of
changes in vascular permeability and oxygenation of tumor in response to chemo-
therapy, radiotherapy, or antiangiogenic treatment.
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5.3.8.5 Xenon-Enhanced MRI

Researchers at the University of Pennsylvania (Philadelphia, PA) are extending the
capabilities of MRI for monitoring multiple cancer biomarkers simultaneously
using the xenon as an imaging agent. Encapsulation of a single atom of xenon within
a cage made of cryptophane provides a sensitive reporter of changes outside the
cage. When the cage encounters a specific cancer protein, the xenon molecule emits
a telltale signal that can be tracked by MRI. Based on this principle, new biosensors
are being generated that will identify biomarkers associated with cancers of the
lungs, brain, and pancreas. Thus, MRI can be used to detect aberrant proteins that
cause cancer in humans before the actual formation of a tumor.

5.3.9 Kallikrein Gene Family and Cancer Biomarkers

The tissue kallikreins are serine proteases that are encoded by highly conserved
multigene family clusters in rodents and humans. In vitro biochemical studies show
that some kallikreins can auto-activate and others can activate each other, suggest-
ing that the kallikreins may participate in an enzymatic cascade similar to that of the
coagulation cascade (Clements et al. 2004). Human tissue kallikrein genes, located
on the long arm of chromosome 19, are a subgroup of the serine protease family of
proteolytic enzymes. Human kallikrein locus has now been extended and includes
15 tandemly located genes (Obiezu and Diamandis 2005). These genes, and their
protein products, share a high degree of homology and are expressed in a wide array
of tissues, mainly those that are under steroid hormone control. Kallikreins (KLK4—
KLK15), which have been associated with several types of cancer, are emerging
biomarkers for ovarian, breast, prostate, and testicular cancers. New evidence raises
the possibility that some kallikreins are directly involved with cancer progression.

5.3.10 Detection of CTCs as Biomarkers of Cancer

There is need for noninvasive diagnostic method to confirm the presence of cancer.
Blood samples have been analyzed for CTCs as biomarkers by using nucleic acid
methods to isolate tumor-associated or tumor-specific mRNA. Detection of
extremely low concentrations of rare cancer cells in the blood is still a challenge.
The preferred method of detection, automated digital microscopy (ADM), is too
slow to scan the large substrate areas. Fiber-optic array scanning technology (FAST)
applies laser-printing techniques to the rare-cell detection problem. With FAST
cytometry, laser-printing optics is used to excite 300,000 cells per seconds, and



5.3 Technologies for Detection of Cancer Biomarkers 119

emission is collected in an extremely wide field of view, enabling a 500-fold speedup
over ADM with comparable sensitivity and superior specificity. The combination of
FAST enrichment and ADM imaging has the performance required for reliable
detection of early-stage cancer in blood.

The CellTracks® AutoPrep® System (Immunicon Corporation) is an automated
sample preparation system for immunomagnetic cell capture and fluorescence
staining of rare cells. It is used with the company’s reagent kits to automate and
standardize the isolation of CTCs. The CellTracks® Analyzer II is a semiautomated
fluorescence microscope that is used to count and characterize the immunomag-
netically selected cells based on the fluorescence signals of the cells. Immunicon’s
technology for the quantification and characterization of rare cells is being used in
drug development trials as efficacy biomarkers, for risk stratification and to moni-
tor expression levels of proteins associated with targeted therapy. Detection of
CTCs using immunomagnetics before initiation of first-line therapy in patients
with MBC is highly predictive of progression-free survival and overall survival.
Increased numbers of circulating endothelial cells (CECs) are observed in periph-
eral blood of cancer patients, which may contribute to tumor growth through the
process of angiogenesis. Characterization of these cells by study of gene expres-
sion profiles of immunomagnetically enriched CECs may provide biomarkers to
evaluate treatment efficacy. This technology can aid in appropriate patient stratifi-
cation and design of tailored treatments.

CellSearch (Veridex), based upon immunomagnetic technologies and constituted
by magnetic NPs coated with anti-EpCAM antibodies, currently represents one of
the best systems of CTCs detection. It is approved by the FDA. Prior to the start of
a new line of chemotherapy, CTC identification through CellSearch has prognostic
value in breast, prostate, and CRC (O’Flaherty et al. 2012).

Although extremely rare, CTCs represent a potential alternative to invasive
biopsies as a source of tumor tissue for the detection, characterization, and moni-
toring of non-hematological cancers. The ability to identify, isolate, propagate,
and molecularly characterize CTC subpopulations could further the discovery of
cancer stem cell (CSC) biomarkers and expand the understanding of the biology
of metastasis. Current strategies for isolating CTCs are limited to complex analyti-
cal approaches that generate very low yield and purity. A unique microfluidic
platform (the “CTC-Chip”) is capable of efficient and selective separation of via-
ble CTCs from peripheral whole-blood samples, mediated by the interaction of
target CTCs with antibody (EpCAM)-coated microposts under precisely con-
trolled laminar flow conditions, and without requisite pre-labeling or processing
of samples (Nagrath et al. 2007). The CTC-Chip has successfully identified CTCs
in the peripheral blood of patients with metastatic lung, prostate, pancreatic,
breast, and colon cancers in 99 % of samples. In the near future, refinements of
techniques for isolation of tumor cells in the blood and their characterization may
emerge as a powerful diagnostic tool, facilitating cytogenetic analysis, early detec-
tion of cancer, localization of tumor, therapy selection, and determination of
chemoresistance.
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5.4 Applications of Cancer Biomarkers

The main clinical applications of cancer biomarkers are:

* Classification of tumors

* Prognosis of disease progression

e Prediction of response to therapy
e Monitoring of response to therapy

Some of these are described in Chap. 16 (Personalized Cancer Therapy).

5.4.1 Classification of Cancer Using Proteomic Biomarkers

The use of rapid, high-throughput MS-based fingerprints of peptides and proteins
may prove to be valuable for new molecular classification of human tumors and
disease stages. Coupled with LCM, high-density protein arrays and antibody arrays
will have a substantial impact on proteomic profiling of human cancers.

5.4.2 Use of Biomarkers for Early Detection of Cancer

Although plasma tumor biomarkers are widely used clinically for monitoring
response to therapy and detecting cancer recurrence, only a limited number of them
have been used effectively for the early detection of cancer. A review of the use of
cancer biomarkers in the USA shows that only PSA, cancer antigen 125, and alpha-
fetoprotein have been clinically used for the early detection of prostate, ovarian, and
liver cancers, respectively (Meany et al. 2009). Few plasma tumor biomarkers have
been used effectively for the early detection of cancer, mainly because of their lim-
ited sensitivity and/or specificity. Several approaches are being developed to
improve the clinical performance of tumor biomarkers for the early detection of
cancer.

5.4.3 Applications of Biomarkers for Cancer Diagnosis

5.4.3.1 Methylated DNA Sequences as Cancer Biomarkers

To identify and overcome barriers in the application of methylated genes as cancer
biomarkers and to promote validation studies of these biomarkers, the NCI Early
Detection Research Network (EDRN) joined forces with the National Institute of
Standards and Technology (NIST) to conduct a workshop on Standards and
Metrology for Cancer Detection and Diagnostics focusing upon DNA methylation
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The results of the Workshop have been published (Kagan et al. 2007). The objectives
of the workshop were:

* To evaluate methods and standards for robust, sensitive, and preferentially quan-
titative measurements of DNA methylation in clinical specimens

* To evaluate demands stemming from different types of specimens (e.g., tissue
versus biological fluids)

* To identify and evaluate variables (e.g., amount of DNA template) influencing
the robustness of the particular assay

e To evaluate the need, and develop recommendations, for Standard Reference
Materials for the discovery and validation of methylated DNA biomarkers
(including cross-validation between laboratories and platforms)

* To evaluate the need and make recommendations regarding the necessity to
establish a common collection of data standards that can be used to transmit
cancer-related clinical research data among investigators, clinicians, and
regulators

It was clear from this workshop that one standard cannot be developed for
addressing all the applications for methylation in the basic and translational research
fields as well as the clinical testing. The best technology depends on the question
being asked. However, the development of standard assays will require standard
specimens for clinical comparison. The most straightforward set of specimens are
tumor cell lines, which can be regenerated and provide an unlimited source of DNA.
Tumor tissue and adjacent tissue from a cancer that is common and always resected,
such as colon cancer, could be a second valuable standard for assay validation. It
also is clear that there is a pressing need for perhaps unexciting, but important, stud-
ies to determine the optimal parameters for choice, storage, and preparation of clini-
cal specimen for DNA isolation, bisulfite modification, and technology controls.
The conclusions of this workshop about the desirable characteristics of methylated
DNA sequences as clinical biomarkers were as follows:

¢ Reproducible, preferentially quantitative measurement is important in all clinical
applications.

e Absolute methylation measurement (% methylation at individual sites) is more
amenable to precise quantitation.

* Individual gene methylation measurement will likely be clinically useful in can-
cer detection, diagnosis and prognosis, and classification and possibly in risk
assessment.

e The performance of a biomarker is highly dependent on the choice of methyla-
tion detection method.

Choices of technology recommendations were as follows:

* Bisulfite sequencing is optimal for the analysis of CpG island methylation of
new genes.

» Pyrosequencing is optimal for quantitation of individual CpG sites.

e Quantitative MSP is optimal for sensitive detection of methylated alleles.
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Standardization issues and recommendations were as follows:

» Different genes used in detection assays: establish optimal gene panel by
interlaboratory testing.

» Different area of promoter of same gene: establish optimal gene panel by
interlaboratory testing.

» Different technology used for analysis of methylation status: establish by
interlaboratory testing of aliquots from universal standard.

» Different reference or controls used with same technology: establish by
interlaboratory testing of aliquots from universal standard.

5.4.3.2 MicroRNA Expression Profiling for Diagnosis of Human Cancers

More than 200 microRNAs (miRNAs) are known. Although their function is not
well understood, they control gene activity and play a major role in the develop-
ment of human cancers. Bead-based flow cytometric expression profiling of
miRNAs in samples from multiple human cancers has shown distinctive miRNA
fingerprints (Lu et al. 2005a). Generally there was downregulation of miRNAs in
tumors compared with normal tissues. The miRNA profiles reflect the develop-
mental lineage and differentiation state of the tumors and enabled successful
classification of poorly differentiated tumors, whereas mRNA profiles were
highly inaccurate when applied to the same samples. These findings highlight the
potential of miRNA profiling in cancer diagnosis and to select the most appropri-
ate treatment.

5.4.3.3 MUC4 as a Diagnostic Biomarker in Cancer

Mucins are high molecular mass glycoproteins whose role in diagnosis, prognosis,
and therapy is being increasingly recognized owing to their altered expression in a
variety of carcinomas. MUC4, a membrane-bound mucin encoded by a gene located
on chromosome locus 3q29, is aberrantly expressed in several cancers including
those of the bile duct, breast, colon, esophagus, ovary, lung, prostate, stomach, and
pancreas. MUC4 expression pattern has potential use in the diagnosis and prognosis
of various cancers (Chakraborty et al. 2008). MUC4 expression is a specific bio-
marker of epithelial tumors, and its expression correlates positively with the degree
of differentiation in several cancers. MUC4 has emerged as a specific biomarker of
dysplasia, being expressed in the earliest dysplastic lesions preceding several malig-
nancies, including pancreatic cancer. The presence of MUC4-specific antibodies in
the serum and of the transcript in peripheral blood mononuclear cells of cancer
patients may lead to a biomarker-based test for bedside application in high-risk
individuals and those with established cancer.
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5.4.4 Applications of Biomarkers for Cancer Diagnosis
and Therapy

The effectiveness of the Ber—Abl kinase inhibitor imatinib (Novartis’ Gleevec) in
chronic myeloid leukemia (CML) and in a subset of patients with acute lymphoblas-
tic leukemia (ALL) reduces with advancing disease and/or the development of
resistance to imatinib. AMN-107 (Novartis’ Tasigna®) inhibits the proliferation of
hematopoietic cells expressing the mutants in Ph+ CML and ALL and is also effec-
tive against several imatinib-resistant Bcr—Abl mutants. This drug is combined with
a battery of tests to define which patients should receive it.

More and more new drugs in oncology are being pursued with parallel develop-
ment of a diagnostic test. As genotyping of drug-metabolizing enzymes becomes
more widespread in the future, more changes are expected in drug labels.

With new targeted therapies for cancer, the role of biomarkers is increasingly
promising, suggesting an integrated approach using the genetic makeup of the
tumor and the genotype of the patient for treatment selection and patient manage-
ment. Biomarkers can aid in patient stratification (risk assessment), in treatment
response identification (surrogate markers), or in differential diagnosis (identifying
individuals who are likely to respond to specific drugs). To be clinically useful, a
marker must favorably affect clinical outcomes such as decreased toxicity, increased
overall and/or disease-free survival, or improved quality of life. Once the methods
for assessment of the biomarker are established and the initial results show promise
with regard to the predictive ability of a marker, it may be possible to achieve the
goal of “predictive oncology.”

Variation in the PI3K gene could be a key biomarker for use as a companion
diagnostic with certain cancer treatments. Several studies suggest that mutations in
the PI3K oncogene are predictive for the success of certain treatments of patients
suffering from lung, breast, colorectal, and other cancers. QIAGEN has an active
PI3K assay development and partnering program with pharmaceutical companies to
develop and market tests based on this for new cancer drug candidates.

5.4.4.1 Peptide-Based Agents for Targeting Cancer Biomarkers

Small peptide-based agents have attracted wide interest as cancer-targeting agents
for diagnostic imaging and targeted therapy. Efforts are being made to develop new
high-affinity and high-specificity peptidomimetic or small-molecule ligands against
cancer cell surface receptors. A high-affinity peptidomimetic ligand (LLP2A)
against a4p1 integrin has been identified using both diverse and highly focused one-
bead, one-compound combinatorial peptidomimetic libraries in conjunction with
high-stringency screening (Peng et al. 2006). LLP2A can be used to image a4f1-
expressing lymphomas with high sensitivity and specificity when conjugated to a
near infrared fluorescent dye in a mouse xenograft model. Thus, LLP2A provides an
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important tool for noninvasive monitoring of a4f1 expression and activity during
tumor progression, and it shows great potential as an imaging and therapeutic agent
for a4p1-positive tumors.

5.4.5 Biomarkers for Assessing Efficacy of Cancer Therapy

The high incidence of resistance to DNA-damaging chemotherapeutic drugs and
severe side effects of chemotherapy have led to a search for biomarkers able to pre-
dict which patients are most likely to respond to therapy.

5.4.5.1 ERCCI1-XPF Expression as a Biomarker of Response
to Chemotherapy

ERCC1-XPF nuclease is required for nucleotide excision repair of DNA damage by
cisplatin and related drugs, which are widely used in the treatment of cancer. The
levels of ERCC1-XPF in a tumor could indicate whether it will be sensitive or resis-
tant to a certain chemotherapeutic agent. Although several commercially available
antibodies are suitable for immunodetection of ERCC1-XPF in some applications,
only a select subset is appropriate for detection of this repair complex in fixed speci-
mens. A study provides reliable tools for clinicians to measure the enzyme ERCC1—
XPF as a biomarker in clinical specimens that could help stratify patients according
to cancer risk, response to treatment, and overall prognosis (Bhagwat et al. 2009).

5.4.5.2 P53 Expression Level as Biomarker of Efficacy of Cancer
Gene Therapy

Advexin (Introgen Therapeutics) is a gene-based drug, injected directly into tumors,
which uses an adenoviral vector to deliver the wild-type p53 gene to tumor cells.
Patients with advanced squamous cell carcinoma of the head and neck cancer,
whose pretreatment tumor samples overexpressed pS53, were significantly more
likely to respond to Advexin therapy than those whose tumor showed little p53
protein. FDA has agreed to the use of Introgen’s p53 molecular biomarkers in the
analysis of Advexin clinical data used in support of submissions for approval. In
updated data from phase II clinical trials, the predictive abnormal p53 biomarker
was associated with a statistically significant increase in tumor responses to Advexin
therapy. A reduction in tumor size was observed in 40 % of patients with the abnor-
mal p53 biomarker compared to none (0 %) of the patients with p5S3 normal tumors
(Nemunaitis et al. 2009). This makes p53 the first predictive biomarker test for a
gene-based drug. Not only is this a way to predict if the gene therapy is likely to
succeed, the patients for which it does work are the most difficult ones to treat.
Accumulation of p53 corresponds with a poor response to traditional therapies such
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as radiation and chemotherapy, as well as lower survival and a shorter time to
disease progression. Advexin has also achieved 100 % response when combined
with chemotherapy to treat locally advanced breast cancer and a 69 % response
when used with radiation to treat NSCLC.

5.4.6 Biomarkers of Angiogenesis for Developing
Antiangiogenic Therapy

Angiogenesis, the formation of new blood vessels, is associated with normal physi-
ological processes such as wound healing, ovulation, or menstruation as well as
with many diseases, such as solid tumors. Recent findings about the pathomecha-
nisms of tumor angiogenesis have led to new therapeutic options in the treatment of
malignant tumors. During the development of antiangiogenic drugs, reports ranged
from curing cancer to completely ineffective drugs. Some antiangiogenic agents
have been approved and others are still in development. Many antiangiogenic drugs
may encounter problems during clinical trials because they cannot reduce tumor
size rapidly like chemotherapies can. This is another reason why biomarkers are
needed for determining the effectiveness of antiangiogenic drugs in an early stage.
Currently, there is a need to identify biomarkers that can both indicate biological
activity and predict efficacy at the molecular level for antiangiogenesis drugs which
are anticipated to result in tumor stasis rather than regression.

5.4.6.1 Biomarkers of Response to Antiangiogenic Agents

In order to identify biomarkers of response, athymic mice bearing L2987 human
tumor xenografts were treated with the antiangiogenic agent brivanib alaninate
(Bristol-Myers Squibb Co.), which is currently under clinical evaluation (Ayers
et al. 2007). This is an orally available and selective tyrosine kinase inhibitor that
targets the key angiogenesis receptors VEGFR-2 and FGFR-1. For these studies,
tumor samples were collected from the xenografts, and RNA was extracted for gene
expression profiling on Affymetrix 430A mouse GeneChips. Statistical analysis
was done using a defined set of genes identified to be coexpressed with VEGFR-2
from a clinical tumor gene expression profiling database and between tumor sam-
ples isolated from brivanib alaninate-treated and untreated mice. Tyrosine kinase
receptor 1 (Tie-1), collagen type IVal (Col4al), complement component 1, q sub-
component receptor 1 (Clqgrl), angiotensin receptor-like 1 (Agtrll), and vascular
endothelial-cadherin (Cdh5) were all identified to be significantly modulated by
treatment with brivanib alaninate. These genes, which may be potentially useful as
biomarkers of brivanib alaninate activity, were further studied at the protein level in
human colon tumor xenograft models, HCT116 and GEO, using IHC-based
approaches.
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5.4.6.2 Circulating Endothelial Cells as Targets for Antiangiogenic Drugs

Previous studies have shown that the blood circulation of cancer patients has an
abnormally high number of endothelial cells, which help construct blood vessels
including those that feed the cancerous tumor. In addition to growing them directly
from nearby blood vessels, tumors can also signal the body’s bone marrow to boost
the supply of endothelial cells in the blood circulation. Antiangiogenic drugs might
combat cancer by preventing immature cells in the bone marrow from developing
into endothelial cells. According to NCI researchers, if an antiangiogenic drug is
successfully starving a cancer patient’s tumor to death, the number of CECs in the
individual’s bloodstream will decrease, thus providing a potential biomarker for
gauging the medication’s effectiveness.

Antiangiogenic drugs inhibit blood vessel development at the tumor by killing
the endothelial cells lining tumor blood vessels and/or cutting off the supply of
endothelial cells from bone marrow. These drugs are typically paired with chemo-
therapy agents. Unlike antiangiogenic drugs, chemotherapy agents directly attack
tumor cells, and a reliable therapeutic biomarker for evaluating these agents is
whether there are fewer cells in the tumor, or more, or just the same amount as
before the treatment. Some chemotherapy drugs also have the benefit of being toxic
to endothelial cells, providing a possible second biomarker for those agents.

5.4.6.3 Imaging Biomarkers for Evaluation of Antiangiogenic Agents

Some of the challenges posed by evaluation by imaging of angiogenesis inhibitors
in phase I/II clinical trials. Because they reduce tumor growth or prevent metastases
through primarily cytostatic modes of action—selectively inhibiting membrane
receptors, cell cycle regulators, or other signaling pathways—conventional end-
points based on reduction in tumor size may be inadequate for evaluating clinical
response. Alternative imaging biomarkers of angiogenesis are being sought, which
can serve as early indicators of drug activity in clinical trials and may facilitate early
pharmacodynamic assessments by speeding up the go/no-go decision-making pro-
cess. Dynamic contrast-enhanced-magnetic resonance imaging (DCE-MRI) is now
frequently used in early clinical trial assessment of antiangiogenic and vascular
disrupting compounds. Evidence of drug efficacy and dose-dependent response has
been demonstrated by use of DCE-MRI with some angiogenesis inhibitors
(O’Connor et al. 2007). Validation against histopathology biomarkers such as
microvascular density is problematic in DCE-MRI, where micrometer scale biopsy
changes must be compared against voxel resolution in millimeters. Nonetheless,
histopathology validation is important and can substantiate the use of a biomarker
in phase I/II trials. Both animal models and clinical studies are likely to be required
to achieve comprehensive validation.

In contrast to identifying the maximal tolerable dose, determination of the optimal
biological dose, i.e., reaching biological activity at lower doses, has become the main
target in the early development of antiangiogenic agents. This has been evaluated by
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different biomarker techniques. As a new standard in antitumor treatment, a better
understanding of imaging in the treatment monitoring for antiangiogenic agents is
important. Studies of tumor angiogenesis by tissue sampling rely on invasive proce-
dures, adequate sampling, and painstaking estimation of histological microvessel
density. Attempts to develop wound healing assays to correlate angiogenesis in
wounds with angiogenesis in tumor have been made but are still considered invasive
and correlation of healthy with malignant tissue is still of limited validity. Several
soluble biomarkers of tumor angiogenesis have been detected in various malignant
diseases and have been evaluated for their use as surrogate markers in tumor angio-
genesis. Soluble biomarkers were further investigated for use as imaging tools.
Combination of biomarkers and imaging techniques has become an important
method for developing anticancer drugs, an individual patient’s response, and moni-
toring of success of therapy at an early stage. Thus, time-consuming delays due to
anatomy-based restaging procedures can be avoided. Characterization of soluble bio-
markers can be combined with different imaging techniques such as ultrasound, CT,
MRI, and PET.

5.4.6.4 Tumor Endothelial Markers

Lack of cancer-specific endothelial markers has hindered the development of cancer
therapies targeted against angiogenesis. Although the ability of Avastin to prolong
survival in a phase III clinical trial of human CRC has established the validity of the
antiangiogenic approach, realization of the full potential of a vascular targeting
strategy may require the exploitation of molecules which are highly restricted in
expression to tumor endothelium.

Specific biomarkers can be used to identify tumor angiogenesis, as distinct from
normal physiological angiogenesis. Several such biomarkers have been identified by
using comparative gene expression analysis on various normal and tumor endothelial
cells. Technological advances in cellular fractionation and genomics enabled the
identification of several markers preferentially expressed on human tumor endothe-
lium. Tumor endothelial markers (TEMs) have the potential as new targets for cancer
therapy. Studies of these TEMs are expected to aid our understanding of angiogen-
esis and could lead to the development of new imaging and diagnostic agents for
cancer. For example, the identification of TEMS as the anthrax toxin receptor and the
successful targeting of this receptor in preclinical tumor models make this molecule
a particularly attractive candidate for future vascular targeting studies. Some of the
secreted TEMs can serve as surrogate markers in the determination of the optimum
biological dose for the current antiangiogenic drugs in clinical trials.

5.4.6.5 VEGTF Signaling Inhibitors as Biomarkers

A systematic review using PubMed, MEDLINE, and American Society of Clinical
Oncologist databases was conducted for articles (including abstracts) presented
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from 2007 to 2009 to compare new small-molecule tyrosine kinase inhibitors with
VEGEF receptor as one of their targets (Wood et al. 2009). Factors considered
included mode of action (targets), toxicity, and usefulness of biomarker data. Search
terms included “angiogenesis inhibitors,” “tyrosine kinase inhibitors,” “VEGF” and
“biomarkers.” Nine compounds were selected for detailed comparison. The toxicity
profiles of the compounds were similar. Many exposure biomarkers were identified
that helped to determine the dose and scheduling of these compounds in clinical
trials. Progress has also been made in identifying potential efficacy and predictive
biomarkers for these new agents; however, these are yet to be validated.

5.4.6.6 VEGF-PET Imaging for Analysis of Angiogenic
Changes Within a Tumor

Noninvasive imaging of angiogenesis could ease the optimization of antiangiogen-
esis treatments for cancer. A study has evaluated the role of VEGF-PET as a bio-
marker of dynamic angiogenic changes in tumors following treatment with the
kinase inhibitor sunitinib (Nagengast et al. 2010). The effects of sunitinib treatment
and withdrawal on the tumor were investigated using the new VEGF-PET tracer
87r-ranibizumab as well as '®F-FDG PET and '"O-water PET in mouse xenograft
models of human cancer. The imaging results were compared with tumor growth,
VEGEF plasma levels, and immunohistologic analyses. In contrast to '8F-FDG and
50-water PET, VEGF-PET demonstrated dynamic changes during sunitinib treat-
ment within the tumor with a strong decline in signal in the tumor center and only
minimal reduction in the tumor rim, with a pronounced rebound after sunitinib
discontinuation. VEGF-PET results corresponded with tumor growth and immuno-
histochemical vascular and tumor biomarkers. These findings highlight the strengths
of VEGF-PET imaging to enable serial analysis of angiogenic changes in different
areas within a tumor.

5.4.7 Biomarkers of Prognosis in Cancer Treatment

Various biomarkers of prognosis in cancer treatment have been investigated, and
some novel ones are shown in Table 5.3. Prognosis is considered in more detail
along with biomarkers of individual cancers.

5.4.8 Biomarkers for Monitoring Cancer Therapy

Tumor biomarkers that are measured during postoperative surveillance are also fre-
quently used for monitoring patients with advanced cancer receiving systemic ther-
apy. Examples are CEA for CRC, CA 15-3 for breast cancer, and alpha fetoprotein
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Table 5.3 Novel biomarkers of prognosis in cancer treatment

Biomarker

Role in cancer

Findings in cancer

Prognostic
significance

PI3K, an enzyme that
helps control cell
growth

CYP2D6, role in
metabolizing
several drugs

TIMP-1, tissue
inhibitor of matrix
metalloproteinase 1

Trim62, a novel
protein biomarker

Mutations in PIK3CA,
the gene encoding
the catalytic subunit
of PI3K, activate
the PI3K/AKT/
mTOR pathway in
cancer cells

Polymorphisms of the
gene may interfere
with action of
anticancer drugs

TIMP-1 is overex-
pressed in many
cancers

Trim62 regulates p27
stability but also its
localization in
HER?2 positive
breast cancers. p27
in the nucleus
functions as a
tumor suppressor
but, when in the
cytoplasm, it may
enhance metastasis

PIK3CA mutations
are frequent in
cancers of
endometrium,
ovaries, and breast

Polymorphisms of
CYP2D6 and
coadministration
of drugs that
inhibit CYP2D6
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(AFP) for hepatocellular cancer. Usually decreasing levels of biomarkers following
the initiation of therapy correlates with tumor regression, and increasing levels predict
progressive disease. Tumor biomarkers, however, should not be the sole criteria for
assessing response to therapy. A caveat in the use of biomarkers for monitoring ther-
apy in patients with advanced cancer is that transient increases or spikes may occur
within the first few weeks of start of therapy, which appear to be due to tumor cell
necrosis or apoptosis in response to the initial treatment with chemotherapy (Duffy
2006). Such transient increases have not yet been reported with biological therapies
such as therapeutic antibodies, e.g., Herceptin, cetuximab, and panitumumab.

5.4.9 Biomarkers of Drug Resistance in Cancer

Human cancers are mostly found to be resistant to therapy at the time of drug pre-
sentation (primary responses), tumors being intrinsically drug resistant (innate or de
novo drug resistance). Only a few become resistant after an initial response (acquired
responses), the tumors developing resistance to chemotherapy during treatment
(acquired drug resistance). In the latter group, a tumor cell may express drug resis-
tance by combining several distinct mechanisms induced by its exposure to various
drugs. In the former group, however, this is unlikely to be the case.

Pharmacogenetic and pharmacogenomic studies of the relationship between
individual variations and drug response rates reveal that genetic polymorphisms of
specific genes are associated with clinical outcomes in patients treated through che-
motherapy, and amplification of genes encoding drug targets or transporters alters
the sensitivity of cancer cells to a particular chemotherapy. LOH at specific regions
of chromosomes has been identified in specific cancers, but its effect on treatment
outcome remains controversial.

5.4.9.1 A Systems Approach to Biomarkers of Innate Drug Resistance

In a biological systems approach to understand innate CRC tumor responses to a
FOLFIRI-combined chemotherapy of irinotecan (CPT-11) plus 5-FU/FA, gene
expression patterns obtained with microarrays were compared between clinical
samples from colon tumors and liver metastases collected from CRC patients
prior to drug exposure (Grauden et al. 2006). Data collected from a biological
systems perspective into global and interconnected molecular networks highlight
the molecular mechanisms that may anticipate resistance in CRC patients prior to
their exposure to drugs. The information generated in this study might also pro-
vide new biomarkers for prediction of the chemosensitive and chemoresistant
states to the combined chemotherapy in newly diagnosed CRC patients, enabling
therapeutic adjustment. Further integration with data collected at the genomic
level through mutation analysis, at the level of the entire transcriptome by com-
plementary comprehensive methods such as massive parallel signature sequenc-
ing, at the proteome level with emerging global technologies such as ICAT
coupled with MS, and at the metabolome level by MS or NMR should provide the
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basis for designing reliable predictive biomarkers and deciphering the molecular
pathways involved in drug responses.

5.4.9.2 Epithelial Membrane Protein-1 as a Biomarker
of Gefitinib Resistance

Gefitinib is a small-molecule inhibitor that competes for the ATP-binding site on
epithelial growth factor receptor (EGFR) and has been approved for patients with
advanced lung cancers. Treatment with gefitinib has resulted in clinical benefit in
patients, and, recently, heterozygous somatic mutations within the EGFR catalytic
domain have been identified as a clinical correlate to objective response to gefitinib.
However, clinical resistance to gefitinib limits the utility of this therapeutic to a frac-
tion of patients, and objective clinical responses are rare. Epithelial membrane
protein-1 (EMP-1), an adhesion molecule, has been identified as a surface biomarker
whose expression correlates with acquisition of gefitinib resistance (Jain et al.
2005). EMP-1 expression further correlates with lack of complete or partial response
to gefitinib in lung cancer patient samples as well as clinical progression to second-
ary gefitinib resistance. EMP-1 expression and acquisition of gefitinib clinical resis-
tance is independent of gefitinib-sensitizing EGFR somatic mutations. There is a
probable cross talk between this molecule and the EGFR signaling pathway.

5.4.9.3 Methylation Biomarkers of Drug Resistance in Cancer

The association of the methylation status of DNA repair genes such as O°-
methylguanine-DNA methyltransferase (MGMT) and MLHI illustrates the two
main mechanisms of response to DNA-damaging agents. Loss of methylation of
MGMT, and the subsequent increase in gene expression, leads to a reduction in
response to alkylating agents as a result of enhanced repair of drug-induced DNA
damage. Conversely, the increase in methylation of MLH1 and its resulting loss of
expression have been consistently observed in drug-resistant tumor cells. MLH1
encodes a mismatch repair enzyme activated in response to DNA damage; activa-
tion of MLH1 also induces apoptosis of tumor cells, and thus loss of its expression
leads to resistance to DNA-damaging agents. Other methylation-regulated genes
that could serve as biomarkers in cancer therapy include drug transporters, genes
involved in microtubule formation and stability, and genes related to hormonal ther-
apy response. These methylation markers have potential applications for disease
prognosis, treatment response prediction, and the development of novel treatment
strategies for cancer.

5.4.9.4 STAT3 and Resistance to Cisplatin

STAT3 (signal transducer and activator of transcription 3) seems to play crucial roles
in cell proliferation and survival, angiogenesis, tumor-promoting inflammation, and
suppression of antitumor host immune response in the tumor microenvironment.
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STAT3 is central to determining the type of inflammation that can either promote or
inhibit tumor development; direct inhibition of STAT3 may represent a promising
therapeutic target to reprogram tumor-promoting inflammation into tumor-suppressing
inflammation (Kato 2011).

STAT3 is elevated in ~82 % of head and neck cancers and has been associated
with cisplatin resistance. STAT3 inhibitors such as FLLL32 (a compound based on
curcumin) may be useful adjuvants to cisplatin to overcome drug resistance
(Abuzeid et al. 2011).

5.4.10 Biomarkers of Radiation Therapy for Cancer

Radiation therapy is used to treat half of all cancer patients. Response to radiation
therapy varies widely among patients. A study has explored the merit of proteomic
profiling strategies in patients with cancer before and during radiotherapy in an
effort to discover clinical biomarkers of radiation exposure (Menard et al. 2006).
High-resolution SELDI-TOF MS was used to generate high-throughput proteomic
profiles of unfractionated serum samples using an immobilized metal ion-affinity
chromatography nickel-affinity chip surface. Resultant proteomic profiles were ana-
lyzed for unique biomarker signatures using supervised classification techniques.
MS-based protein identification was then done on pooled sera in an effort to begin
to identify specific protein fragments that are altered with radiation exposure.
Computer-based analyses of the SELDI protein spectra could distinguish unex-
posed from radiation-exposed patient samples with 91-100 % sensitivity and
97-100 % specificity using various classifier models. The method also showed an
ability to distinguish high from low dose-volume levels of exposure with a sensitiv-
ity of 83—100 % and specificity of 91-100 %. Using direct identity techniques of
albumin-bound peptides, known to underpin the SELDI-TOF fingerprints, unique
protein fragments/peptides were detected in the radiation exposure group, including
an IL-6 precursor protein. The composition of proteins in serum seems to change
with ionizing radiation exposure.

A combination of genome-wide association study (GWAS), gene expression,
radiation response, and gene knockdown has narrowed in on five genes that seem to
be associated with radiation response in both lymphoblastoid cell lines and specific
cancer cell lines (Niu et al. 2010). Functional validation using siRNA knockdown in
multiple tumor cell lines showed that C13o0rf34, MAD2L1, PLK4, TPD52, and
DEPDCIB each significantly altered radiation sensitivity in at least two cancer cell
lines. Such studies can help to identify novel biomarkers that might contribute to
variation in response to radiation therapy and enhance our understanding of mecha-
nisms underlying the variation in response to radiation. That might help to maxi-
mize radiation efficiency in the tumor while minimizing side effects in normal
tissues. The work may ultimately lead to biomarkers for individualizing radiation
therapy based on the expression of these candidate genes and may make it possible
to design novel combination therapy for selected patients based on these biomarkers
to overcome resistance.
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5.4.11 Safety Biomarkers in Oncology Studies

In the conduct of clinical studies of anticancer agents administered to patients with
advanced malignancy, safety biomarker results are playing an increasingly impor-
tant role. Safety biomarkers may be appropriately used for decision-making by the
application of uniform criteria, especially in situations where there is a degree of
correlation between biomarker changes and corresponding clinical outcomes. While
new safety biomarkers have major value, their applications require careful consid-
eration to avoid unintended consequences that could negatively affect patient care
and the development of promising new oncology therapeutics.

5.4.12 Role of Biomarkers in Phase I Clinical
Trials of Anticancer Drugs

A new model has been suggested of early clinical trial design involving patient
selection through predictive biomarkers for selected molecularly targeted agents
(Carden et al. 2010). This model can maximize the chances of patient benefit and
the yield of biological and clinical information as well as direct subsequent clinical
trials. Ultimately, this may result in a new paradigm of drug development, focused
on patients with tumors with the same oncogenic molecular abnormalities, rather
than focused on patients with tumors from the same anatomical site or similar his-
topathology. Such biomarkers, predicting response to molecular-targeted agents,
have the potential for selecting patients for these trials who are more likely to ben-
efit from the treatment. This may facilitate early experience of and steps toward
clinical qualification of predictive biomarkers, generate valuable information on
cancer biology, and enable development of personalized anticancer therapy. New
models of phase I study design of cancer that incorporate patient selection based on
predictive biomarkers have the potential to accelerate anticancer drug development
for many molecular-targeted novel agents. Indeed, it is probable that the early iden-
tification of such predictive biomarkers will improve the odds of eventual drug
registration.

A genomic-based approach has been used to identify pharmacodynamic bio-
markers for a cyclin-dependent kinase inhibitory drug, R547 (Roche), which is a
potent cyclin-dependent kinase inhibitor with a potent antiproliferative effect at
pharmacologically relevant doses and is currently in phase I clinical trials
(Berkofsky-Fessler et al. 2009). Using preclinical data derived from microarray
experiments, they identified pharmacodynamic biomarkers for further testing in
blood samples from patients in clinical trials. The selection of candidate biomarkers
was based on several criteria: relevance to the mechanism of action of R547, dose
responsiveness in preclinical models, and measurable expression in blood samples.
They identified 26 potential biomarkers of R547 action and tested their clinical
validity in patient blood samples by quantitative real-time PCR analysis. Based on
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the results, eight genes (FLJ44342, CD86, EGR1, MKI67, CCNB1, JUN, HEXIM1,
and PFAAPS) were selected as dose-responsive pharmacodynamic biomarkers for
phase II clinical trials.

5.5 Biomarkers According to Organ/Type of Cancer

There is no general biomarker for cancer. Since the tumors involving different
organs differ considerably, biomarkers have been investigated according to the type
of cancer.

5.5.1 Bladder Cancer Biomarkers

Tumors arising from the urothelial mucosa lining the urinary bladder are the most
common malignancy of bladder and upper urinary tract (ureters and renal pelvis).
Proteomic techniques have been used to systematically identify the proteins in urine
samples of patients with squamous cell carcinoma of the bladder, identifying a pro-
tein called psoriacin as an early biomarker for the disease.

A multitarget, multicolor FISH assay has been developed for the detection of
urothelial carcinoma in urine specimens. A FISH assay containing centromeric
probes to chromosomes 3, 7, and 17 and a locus-specific probe to band 9p21 has
high sensitivity and specificity for the detection of bladder cancer from voided urine
specimens. UroCor Inc., using Ambion’s technology, has developed a test for direct
identification of p53 gene mutations in patients with bladder cancer utilizing a urine
specimen.

5.5.1.1 Detection of FGFR3 Mutations in Urine for Diagnosis
of Bladder Cancer

Fibroblast growth factor receptor 3 (FGFR3), an important and well-established
DNA biomarker, is present in 30-50 % of patients with bladder cancer, but also cor-
relates with a lower rate of recurrence. Predictive Biosciences is developing and
plans to commercialize a noninvasive urine-based diagnostic test for bladder cancer.
A small sample of urine is collected and is subjected to NGS to determine the pres-
ence of mutations. NGS enables higher sensitivity than qPCR. The exact percentage
of mutated DNA in body fluids is unknown although an amount of 1 % has been
detected. Predictive’s ultradeep NGS-based assays for FGFR3 can detect a mutation
when it is present in as little as 0.02 % of the total amount of DNA in urine. However,
this is not possible at point-of-care, and the urine specimen has to be sent to a lab
that specializes in NGS.
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5.5.1.2 NMP22 BladderChek

NMP22 BladderChek (Matritech Inc.) is a point-of-care test for bladder cancer that
returns results while the patient is in the doctor’s office. Current tests performed in
a central laboratory take 2-3 days to deliver results. NMP22 BladderChek measures
the level of NMP22, a nuclear matrix protein. The test would be used in conjunction
with cystoscopy, a procedure in which a fiber-optic tube is inserted into the bladder
through the urethra permitting visual examination of the bladder.

5.5.1.3 Urinary Telomerase as Biomarker for Detection
of Bladder Cancer

Telomerase is present in about 95 % of all epithelial cancers and therefore has great
potential as a cancer biomarker. Expression levels of human telomerase reverse
transcriptase (hTERT) and human telomerase RNA (hTR) can be analyzed by
RT-PCR in urine samples from subjects with bladder cancer and controls with
benign genitourinary diseases as well as healthy subjects. The sensitivity, specific-
ity, and optimal cutoffs can be determined and compared to the corresponding val-
ues obtained by voided urine cytology. Quantitative urinary hTR analysis detects
bladder cancer with an overall sensitivity of 77.0 %, whereas hTERT analysis
reaches a sensitivity of 55.2 %. Both hTR and hTERT are significantly more sensi-
tive than cytology. Higher diagnostic accuracy is achieved by hTR than by hTERT
analysis. These data suggest that quantitative hTR analysis is the most accurate
telomerase-based test for bladder cancer detection and has the potential to replace
cytology as a noninvasive biomarker for disease diagnosis and follow-up. A nonin-
vasive urine assay for bladder cancer, based on telomerase biosensor technology, is
being developed by Sienna Cancer Diagnostics (Melbourne, Australia).

5.5.14 Concluding Remarks About Biomarkers of Urinary Cancer

In general, the best new biomarkers give higher sensitivity than urinary cytology,
but specificity is usually lower. By using new biomarkers, the intervals between
follow-up cystoscopies can be increased and the detection of relapse can be
improved. But to date no noninvasive biomarker has proven to be sensitive and spe-
cific enough to replace cystoscopy, either for the diagnosis or for the follow-up of
bladder cancer. However, new biomarker combinations and algorithms for risk
assessment hold promise for the future (Lintula and Hotakainen 2010).

5.5.2 Brain Tumor Biomarkers

The most common primary malignant tumor of the brain in adults is GBM. Routine
diagnosis is based on brain imaging and histological examination. In the past, most
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Table 5.4 Biomarkers of brain tumors

Cytogenetic biomarkers
EGFR gene amplification and BRAF rearrangement detected by FISH (fluorescence in situ
hybridization)
Loss of heterozygosity (LOH) on chromosomes 1p, 19q, 17p, and 10q
Methylation profiling of brain tumors
Detection of methylation-dependent DNA sequence variation: methylSNP
Methylation of TMS1, an intracellular signaling molecule
MCIJ as a biomarker of medulloblastoma
Protein biomarkers
Circulating microvesicles (exosomes) containing mRNA, miRNA, and angiogenic proteins
CSF protein profiling: N-myc oncoprotein, caldesmon, attractin
Receptor protein tyrosine phosphatase
Serum protein fingerprinting
Biomarkers of angiogenesis in brain tumors
VEGF-R2 levels in tumor tissues: in vivo evaluation of angiogenesis using molecular MRI
Metabolite biomarkers detected by magnetic resonance spectroscopy
N-acetylaspartate (diminished)
Choline
Lactate
miRNA
Biomarkers of response to therapy
Biomarkers to predict response to EGFR inhibitors
MRI biomarker for response of brain tumor to therapy
Biomarkers of prognosis of glioblastoma multiforme (GBM)
14-3-3zeta positive expression
© Jain PharmaBiotech

of the genetic studies of tumors involved cytogenetic analysis. Biomarkers are now
used for various applications in brain tumors, e.g., to assess malignancy and guide
therapy. In particular, the use of LOH and MSP is used clinically in several centers.
Molecular techniques, such as LOH testing, FISH, DNA sequencing, and MGMT
methylation status, are currently being employed in assessment of gliomas in some
laboratories. Table 5.4 shows biomarkers of brain tumors.

5.5.2.1 14-3-3zeta Positive Expression as a Prognostic Biomarker
for GBM

A clinical study has shown that 14-3-3zeta positive expression was observed in
approximately 74.5 % of patients with GBM who had lower overall survival rates
and median survival time than those in the 14-3-3zeta negative group (Yang et al.
2011). 14-3-3zeta positive expression in tumor cells also was correlated with a
shorter interval to tumor recurrence. Univariate and multivariate analyses showed
that 14-3-3zeta positive expression was an independent prognostic factor for GBM
and can be used as a biomarker.
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5.5.2.2 Biomarkers to Predict Response to EGFR Inhibitors

EGFRs are amplified and overexpressed in many different human cancers, a
phenomenon generally associated with poor prognosis. Inhibitors of the tyrosine
kinase activity associated with this receptor have been approved for the treatment of
chemotherapy-refractory NSCLC and are in clinical trials for additional tumor types.
While these inhibitors, gefitinib and erlotinib, display limited response rates when
assessed in cohorts that include all patients, there are subgroups, defined by patient
and tumor characteristics, that preferentially respond to these agents. An analysis of
tumors obtained from a phase I trial of erlotinib in patients with GBM showed that
patients whose tumors exhibited overexpression and amplification of EGFR responded
better than patients who had normal levels of this gene and protein (Haas-Kogan et al.
2005). The phosphorylation state of PKB/Akt was also an important determinant for
response, with low phospho-PKB/Akt levels predicting good response to erlotinib.
These data underscore the importance of placebo-controlled trials to distinguish
between prognostic indicators of disease progression more generally and predictive
markers of response to therapy. Ultimately the goal of these studies is to allow selec-
tion of patients who will preferentially respond to EGFR inhibitors.

5.5.2.3 (D133 as Biomarker of Resistance to Radiotherapy

CSCs contribute to resistance of GBM to radiotherapy through preferential activa-
tion of the DNA damage checkpoint response and an increase in DNA repair capac-
ity (Bao et al. 2006). The fraction of tumor cells expressing CD133 (Prominin-1), a
biomarker for both neural stem cells and brain CSCs, rises after radiation in GBM.
The radioresistance of CD133-positive glioma stem cells can be reversed with a
specific inhibitor of the Chkl and Chk2 checkpoint kinases. These results suggest
that CD133-positive tumor cells represent the cellular population that confers GBM
radioresistance and could be the source of tumor recurrence after radiation. Targeting
DNA damage checkpoint response in CSCs may overcome this radioresistance and
provide a therapeutic model for GBM.

5.5.2.4 Circulating Microvesicles as Biomarkers

GBM tumor cells release microvesicles (exosomes) containing mRNA, miRNA,
and angiogenic proteins, which are taken up by normal host cells, such as brain
microvascular endothelial cells. By incorporating an mRNA for a reporter protein
into these microvesicles, it was demonstrated that messages delivered by microves-
icles are translated by recipient cells (Skog et al. 2008). These microvesicles are
also enriched in angiogenic proteins and stimulate tubule formation by endothelial
cells. Tumor-derived microvesicles therefore serve as a means of delivering genetic
information and proteins to recipient cells in the tumor environment. GBM
microvesicles also stimulated proliferation of a human glioma cell line, indicating
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a self-promoting aspect. mRNA mutant/variants and miRNAs characteristic of
gliomas could be detected in serum microvesicles of GBM patients. The tumor-
specific EGFRVIII was detected in serum microvesicles from several glioblastoma
patients and can be considered a biomarker. Thus, tumor-derived microvesicles rep-
resent a new way of obtaining information about a cancer without a biopsy, offering
a means of choosing the best therapy, seeing how a patient responds to treatment,
and possibly offering a way to deliver therapies to the tumor. Exosome Diagnostics
Inc. has licensed the technology for further development.

5.5.2.5 CSF Protein Profiling

Tumor-related proteins, N-myc oncoprotein and low molecular weight caldesmon
(I-CaD), have been identified in CSF samples of patients with primary brain tumors.
In one study, samples of CSF from patients with GBM, benign brain tumors, and
mild TBI were collected and proteins bound to H4 chip were detected by SELDI-
TOF MS, profiled, and then analyzed with artificial neural network algorithm (Liu
et al. 2005a). The diagnostic model of CSF protein profiles for differentiating GBM
from benign brain tumors was established and was challenged with the test set ran-
domly, the sensitivity and specificity were 100 % and 91.7 %, respectively. Thus,
SELDI-TOF MS, along with bioinformatic analysis tools, is an effective method for
screening and identifying biomarkers of GBM.

5.5.2.6 CSF Attractin as a Biomarker of Malignant Astrocytoma

While using proteomic techniques to identify secreted proteins in the CSF samples
of patients with various CNS diseases, attractin was consistently found to be ele-
vated in the samples of patients with malignant astrocytoma (Khwaja et al. 2006).
IHC confirmed that attractin is produced and secreted by the tumor cells.
Furthermore, it was shown that CSF from brain tumor patients induces glioma cell
migration and that attractin is largely responsible for this promigratory activity.
Attractin is normally absent in the brain tissue. This study suggests that attractin is
not only an important biomarker of malignant astrocytoma, but may also be an
important mediator of tumor invasiveness and thus a potential target for future
therapies.

5.5.2.7 ELTDI1 as a Biomarker of Gliomas

Advanced data mining and a novel bioinformatic method was used to predict ELTD1
(EGF, latrophilin, and seven transmembrane domain-containing one on chromo-
some 1) as a potential novel biomarker that is associated with gliomas (Towner et al.
2013). Validation was done with IHC to detect levels of ELTD1 in human high-
grade gliomas and rat F98 glioma tumors. In vivo levels of ELTD1 in rat F98
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gliomas were assessed using molecular MRI. ELTD1 was found to be significantly
higher in high-grade gliomas compared to low-grade gliomas (21 patients) and
compared well to traditional IHC markers including VEGF, GLUT-1, CAIX, and
HIF-1a. ELTD1 gene expression indicates an association with grade, survival across
grade, and an increase in the mesenchymal subtype. This study strongly suggests
that associative analysis was able to accurately identify ELTD1 as a putative glioma-
associated biomarker. The detection of ELTD1 was also validated in both rodent
and human gliomas, and may serve as an additional biomarker for gliomas in pre-
clinical and clinical diagnosis of gliomas.

5.5.2.8 Methylation Profiling of Brain Tumors

Tumorigenesis is characterized by alterations of methylation profiles including loss
and gain of 5-methylcytosine. In each GBM, hundreds of genes are subject to DNA
hypermethylation at their CpG island promoters. A subset of GBMs is also charac-
terized by locus-specific and genome-wide decrease in DNA methylation. Other
epigenetic alterations, such as changes in the position of histone variants and
changes in histone modifications are also likely important in the molecular pathol-
ogy of GBM. Alterations in histone modifications are important as HDACs are tar-
gets for drugs in clinical trials for GBMs (Nagarajan and Costello 2009).

Methylation-dependent DNA sequence variation may be considered a sort of
SNP (methylSNP). MethylSNPs can be easily converted into common SNPs of the
C/T type by sodium bisulfite treatment of the DNA and afterward subjected to con-
ventional SNP typing. SnaPshot™ and Pyrosequencing™ are adapted to determine
the methylation of the test CpG in a quantitative manner. The adapted methods,
called SNaPmeth and PyroMeth, respectively, give nearly identical results, but data
obtained with PyroMeth shows less scattering. Furthermore, the integrated software
for allele frequency determination from Pyrosequencing can be used directly for
data analysis, while SNaPmeth data has to be exported and processed manually.

TMS1/ASC is an intracellular signaling molecule with proposed roles in the
regulation of apoptosis. Whereas normal brain tissue is unmethylated at the TMS|1
locus and expresses TMS1 message, human GBM cell lines exhibit reduced or
absent expression of TMS1 that is associated with aberrant methylation of a CpG
island in the promoter of the TMS1 gene. Progression of GBM from grade III to
grade IV is associated with selective expansion of TMS 1-negative cells. These find-
ings suggest a role for the epigenetic silencing of TMSI in the pathogenesis of
human GBM. Methylation of TMS1 may prove to be a useful prognostic biomarker
and/or predictor of patient survival and tumor malignancy.

Patients with GBM have large amounts of DNA in the plasma, and methylated
promoters that are frequently present in the tumor are also found in the plasma. This
represents the first step to development of a quantitative plasma biomarker that
could be used to monitor glioma status. Certain molecular biomarkers, in particular
MGMT promoter hypermethylation, are associated with response to alkylating che-
motherapy and longer survival in GBM patients.
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MCJ (DNAJDI1) is a member of the DNAJ protein family whose expression is
controlled epigenetically by methylation of a CpG island located within the 5’ tran-
scribed region of its gene. Extensive methylation patterns are associated with the
methylation-dependent transcriptional silencing of MCJ in medulloblastoma and
further investigations of the mechanism of MCJ inactivation have revealed that its
loss could occur either through biallelic epigenetic methylation or by methylation in
association with genetic loss of its second allele. These data indicate that epigenetic
inactivation of MCJ may play a role in the development of a range of pediatric brain
tumors and its role in pathogenesis and chemotherapeutic resistance should now be
investigated further.

Certain molecular biomarkers, in particular MGMT promoter hypermethylation,
are associated with response to alkylating chemotherapy and longer survival in
GBM. Specimens from patients who were treated by open resection of the tumor,
followed by radiotherapy and adjuvant temozolomide chemotherapy, were investi-
gated for MGMT promoter methylation, mRNA, and protein expression, as well as
presence of MGMT sequence polymorphisms (Felsberg et al. 2009). In addition,
they were screened for genetic aberrations of the EGFR, TP53, CDK4, MDM?2, and
PDGFRA genes as well as allelic losses on chromosomal arms 1p, 10q, and 19q.
Correlation of molecular findings with clinical data revealed significantly longer
time to progression after onset of chemotherapy and longer overall survival of
patients with MGMT-hypermethylated tumors. In contrast, MGMT protein expres-
sion, MGMT polymorphisms, and aberrations in any of the other genes and chro-
mosomes were not significantly linked to patient outcome. Multivariate analysis
identified MGMT promoter hypermethylation and near-complete tumor resection
as the most important parameters associated with better prognosis. This study pro-
vides novel insights into the significance of molecular and clinical biomarkers in
predicting the prognosis of glioblastoma patients, which may improve stratification
of patients into distinct prognostic subgroups.

5.5.2.9 Metabolite Biomarkers of Brain Tumors

Metabolite biomarkers of brain tumors are detected by MRS. This technique used
to study a few metabolites in the brain or tumors in situ and can provide information
on tumor histological type and grade as well as for monitoring treatment.

In the normal brain, the largest signals arise from N-acetylaspartate (NAA),
which is confined to neurons but absent in glial cells. NAA signal is diminished or
absent in brain tumors. Choline is a neurotransmitter and a component of the cell
membranes. An increase in choline signal is also characteristic of brain tumors. It
may indicate rapid cell division or a necrotic process associated with tumor. Lactate
is an end product of anaerobic metabolism that occurs when a rapidly growing
tumor does not get enough oxygen from its neovasculature. Its presence indicates
cellular breakdown. Some brain tumors may show a lactate signal that is normally
inverted.
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3D MRS imaging is applied and continuously improved at the Magnetic
Resonance Science Center of the University of California (San Francisco, CA). The
current protocol uses a 3D chemical shift imaging and multivoxel MRS imaging at
the conclusion of a diagnostic MRI study. The raw data are reconstructed using
special software. Initial studies at this center have focused on characterizing the
spectra based on relative values of choline and NAA.

5.5.2.10 miRNAs as Biomarkers of Brain Tumors

Impairment of miRNA regulatory network is one of the key mechanisms in patho-
genesis of GBM. miRNA deregulation is involved in cell proliferation, apoptosis,
cell cycle regulation, invasion, glioma stem cell behavior, and angiogenesis
(Novakova et al. 2009). The analysis of both GBM tissues and GBM cell lines has
enabled identification of a group of miRNAs whose expression is significantly
altered in GBM. miR-221 is strongly upregulated in GBM, whereas miR-128, miR-
181a, miR-181b, and miR-181c, from a set of brain-enriched miRNAs, are
downregulated.

miR-15a and miR-16-1 genes are located at chromosome 13q14, a region which
is frequently deleted in pituitary tumors. miR-15a and miR-16-1 are expressed at
lower levels in pituitary adenomas as compared to normal pituitary tissue.
Downregulation of miR15 and miR16 in pituitary adenomas correlates with a
greater tumor diameter and a lower p43 secretion, suggesting that these genes may,
at least in part, influence tumor growth (Bottoni et al. 2005).

5.5.2.11 MRI Biomarker for Response of Brain Tumor to Therapy

Assessment of radiation and chemotherapy efficacy for brain cancer patients is tra-
ditionally accomplished by measuring changes in tumor size several months after
therapy has been administered. The ability to use noninvasive imaging during the
early stages of fractionated therapy to determine whether a particular treatment will
be effective would provide an opportunity to optimize individual patient manage-
ment and avoid unnecessary systemic toxicity, expense, and treatment delays. In a
clinical study, brain tumor patients were examined by standard and diffusion MRI
before initiation of treatment (Moffat et al. 2005). Additional images were acquired
3 weeks after initiation of chemo- and/or radiotherapy. Images were coregistered to
pretreatment scans, and changes in tumor-water diffusion values were calculated
and displayed as a functional diffusion map (fDM) for correlation with clinical
response. The fDMs were found to predict patient response at 3 weeks from the start
of treatment, revealing that early changes in tumor diffusion values could be used as
a prognostic indicator of subsequent volumetric tumor response. Overall, fDM anal-
ysis provides an early biomarker for predicting treatment response in brain tumor
patients.
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5.5.2.12 Multigene Predictor of Outcome in GBM

No single biomarker is a predictor of outcome in GBM. An analysis using GBM
microarray data from four independent datasets of the genes consistently associ-
ated with patient outcome revealed a consensus 38-gene survival set (Colman et al.
2010). Worse outcome was associated with increased expression of genes associ-
ated with mesenchymal differentiation and angiogenesis. Application to formalin-
fixed, paraffin embedded (FFPE) samples using real-time RT-PCR assays resulted
in a 9-gene subset which appeared robust in these samples. This 9-gene set was
then validated in an additional independent sample set. Multivariate analysis con-
firmed that the 9-gene set was an independent predictor of outcome after adjusting
for clinical factors and methylation of the methylguanine methyltransferase pro-
moter. The 9-gene profile was also positively associated with biomarkers of glioma
stemlike cells, including CD133 and nestin. Finally, a multigene predictor of out-
come in GBM was identified, which is applicable to routinely processed FFPE
samples. The profile has potential clinical application both for optimization of
therapy in GBM and for the identification of novel therapies targeting tumors
refractory to standard therapy. The assay is commercially available as DecisionDx-
GBM (Castle Biosciences Inc.).

5.5.2.13 Neuroimaging Biomarkers Combined with DNA
Microarray Analysis

Combined neuroimaging and DNA microarray analysis have been used to create a
multidimensional map of gene expression patterns in GBM that provides clinically
relevant insights into tumor biology (Diehn et al. 2008). Tumor contrast enhance-
ment and mass effect can predict activation of specific hypoxia and proliferation
gene expression programs, respectively. Overexpression of EGFR, a receptor tyro-
sine kinase and potential therapeutic target, has also been directly inferred by neu-
roimaging and validated in an independent set of tumors by IHC. Furthermore,
imaging provides insights into the intratumoral distribution of gene expression pat-
terns within GBM. An “infiltrative” imaging phenotype can identify and predict
patient outcome. Patients with this imaging phenotype have a greater tendency
toward having multiple tumor foci and demonstrate significantly shorter survival
than their counterparts. This study demonstrates a simple, widely applicable method
for discovering imaging biomarkers that are associated with underlying gene expres-
sion signatures. This approach facilitates the association of complex molecular sig-
natures with readily identifiable imaging characteristics. These findings provide an
in vivo portrait of genome-wide gene expression in GBM and offer a potential strat-
egy for noninvasively selecting patients who may be candidates for individualized
therapies.
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5.5.2.14 Receptor Protein Tyrosine Phosphatase f§ as Biomarker
of Gliomas

The receptor protein tyrosine phosphatase § (RPTP) is a functional biomarker for
several solid tumor types. RPTPp expression is largely restricted to the CNS and
overexpressed primarily in astrocytic tumors. RPTPp is expressed in a variety of
solid tumor types with low expression in normal tissue. RPTPf is known to facili-
tate tumor cell adhesion and migration through interactions with extracellular
matrix components and the growth factor pleiotrophin. It is possible to generate
MADs that selectively recognize RPTPf and kill glioma cells.

5.5.2.15 Serum Protein Fingerprinting

Screening and evaluation of protein biomarkers for the detection of GBM and their
distinction from healthy individuals and benign gliomas has been done by using
surface-enhanced laser desorption/ionization—time-of-flight mass spectrometry
(SELDI-TOF MS) coupled with an artificial neural network algorithm (Liu et al.
2005b). An accuracy of 95.7 %, sensitivity of 88.9 %, specificity of 100 %, positive
predictive value of 90 %, and negative predictive value of 100 % were obtained in a
blinded test set comparing gliomas patients with healthy individuals; an accuracy of
86.4 %, sensitivity of 88.9 %, specificity of 84.6 %, positive predictive value of
90 %, and negative predictive value of 85.7 % were obtained when patient’s gliomas
was compared with benign brain tumor. Total accuracy of 85.7 %, with accuracy of
grade I-II astrocytoma of 86.7 %, and accuracy of III-IV astrocytoma of 84.6 %
were obtained when grade I-II astrocytoma was compared with grade III-IV ones
(discriminant analysis). SELDI-TOF MS combined with bioinformatic tools could
greatly facilitate the discovery of better biomarkers. The high sensitivity and speci-
ficity achieved by the use of selected biomarkers showed great potential application
for the discrimination of gliomas patients from healthy individuals and gliomas
from brain benign tumors.

5.5.2.16 VEGF-R2 as Biomarker of Angiogenesis in Brain Tumors

The level of VEGF-R2 (vascular endothelial growth factor receptor 2) is elevated
during angiogenesis, and its levels in tumor tissues can be measured in Western
blots and via IHC. A MRI molecular probe has been developed for the in vivo detec-
tion of VEGF-R2 in an experimental rodent model of disease glioma (Towner et al.
2010). The molecular-targeting agent that was used in this study incorporated a
magnetite-based dextran-coated NP backbone covalently bound to an anti-VEGF-
R2 antibody. Molecular MRI with an anti-VEGF-R2 probe was shown to detect in
vivo VEGF-R2 levels as a molecular biomarker for gliomas (primary brain tumors).
Prussian blue staining for iron-based nanoprobes was used to confirm the specificity
of the probe for VEGF-R2 in glioma tissue. Another application of this technique is
in vivo assessment of angiogenesis for tissue engineering.
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5.5.3 Bone Tumor Biomarkers

Bone tumors are rare but have wide spectrum from benign to malignant. Bone
tumors along with soft tissue cancers make up about 1 % of all new cancer cases,
but 10 % of cancers in children and adolescents. Pathophysiology of bone tumors is
still not well understood, and there are technical problems of processing bone speci-
mens for molecular studies.

5.5.3.1 Cytogenetics for the Study of Bone and Soft Tissue Tumors

Classical as well as molecular cytogenetics has been used to examine tumors for the
presence of DNA abnormalities. Molecular genetic analysis of chondrosarcomas has
revealed some of the abnormalities responsible for the traits of the malignant pheno-
type. Specific chromosomal aberrations have been described in sarcomas, which may
be divided into two subgroups based on cytogenetics, one with near-diploid karyo-
type and few chromosomal changes, but with specific translocations, and one with
complex karyotypes and multiple cytogenetic aberrations. Sarcomas should be karyo-
typed in order to identify chromosomal changes in general, whereas FISH and PCR
are the most common methods for detecting the relevant, specific translocations.
Cytogenetics has been used for differentiating between benign and malignant soft
tissue as well as bone tumors. For example, lipoma has 12q13, 6p, and 13q changes,
but liposarcoma (myxoid and round cell) shows t(12;16)(q13;p11) rearrangement.

5.5.3.2 Biomarkers of Ewing’s Tumors

Ewing’s sarcoma family tumors (ESFTs), which affect both bone and soft tissues,
include Ewing’s sarcoma (EWS) and primitive neuroectodermal tumor. ESFTs are
aggressive tumors of putative stem cell origin for which prognostic biomarkers and
novel treatments are needed. Histologically, these tumors are composed of sheets of
small round cells with minimal cytoplasm. Immunohistochemical biomarkers
greatly facilitate differentiating these lesions from mimics. In particular, CD99
overexpression can be detected in most tumors. Early cytogenetic analysis points to
a characteristic t(11;22) translocation. Molecular methods used to facilitate the
diagnosis of EWS generally include FISH and RT-PCR. FISH for EWS using the
break-apart technique has the advantage of detecting a broad array of translocations,
making this a useful screening test; a small number of translocation negative cases
may be resolved by also assessing for the translocation of fusion genes. Proteomic
studies have shown that nucleophosmin is a prognostic biomarker of EWS that cor-
relates with survival (Kikuta et al. 2009).

BMI-1 Polycomb protein is overexpressed by the vast majority of ESFTs and is
associated with poor prognosis. However, in 20 % of cases, BMI-1 levels are low or
undetectable. Although clinical presentation and outcome are similar between
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BMI-1-high and BMI-1-low tumors, whole-genome expression array analysis
shows marked differences in their respective gene expression profiles. Gene-specific
enrichment analysis has identified several cancer-associated canonical biological
pathways, including IGF1, mammalian target of rapamycin (mTOR), and WNT,
which are significantly downregulated in BMI-1-low compared to BMI-1-high
tumors (Cooper et al. 2011). Consistent with these in vivo data, the response to
IGF1-R inhibition in vitro is diminished in BMI-1-low compared with BMI-1-high
ESFT cells.

5.5.3.3 Role of Biomarkers in the Diagnosis of Bone Tumors

If molecular biomarkers are used in the diagnosis of bone tumors (e.g., EWS), they
should not form the basis of the diagnosis by themselves; this information should be
integrated with the clinical, radiological, and pathological features of the tumor.
Ultrastructural, immunohistochemical, cytogenetic, and molecular studies should
be used to supplement histological observations. Whole-genome sequencing from
formalin-fixed, paraffin-embedded tissue promises to provide a wealth of informa-
tion regarding bone tumor genetics (Dickson and Kandel 2010).

5.5.4 Breast Cancer Biomarkers

Breast cancer is one of the most common diseases affecting women. More than
250,000 women are diagnosed with breast cancer every year in the USA. According
to the National Cancer Institute, approximately 13 % of women in the USA will
develop breast cancer during their lifetime. The cause of breast cancer is multifac-
torial, involving environmental, hormonal, and genetic factors. Early detection of
breast cancer is important for management and prognosis. Mammography and
ultrasound are the most commonly used among the various methods used currently
for screening for breast cancer. Various biomarkers for cancer are shown in
Table 5.5. Important biomarkers of breast cancer include genes and HER-2/neu
oncoprotein.

5.5.4.1 Autoantibody Biomarkers of Breast Cancer

Biomarkers are potentially useful for diagnosis of basal breast tumors, which are
particularly difficult to diagnose with mammograms. Similar to these cancers,
estrogen receptor (ER)-negative breast cancers are detected through other methods
as they often occur in younger women, who tend to have denser breast tissue,
which makes mammography less successful. These women could also benefit from
an additional blood test to pick up biomarkers. Autoantibodies are promising
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Table 5.5 Biomarkers of breast cancer

Detection of predisposition to breast cancer
Cancer gene profiling: BRCA1, BRCA2, and EMSY
Proteomic biomarkers for early detection of breast cancer
Autoantibody biomarkers of breast cancer
Cdk6
Epithelial growth factor receptor (EGFR) levels in blood elevated due to mutations of EGFR
gene
High mobility group protein A2
Mammaglobin
Progranulin
Riboflavin carrier protein
Serum proteomic profiling
Suppressor of deltex protein
Breath biomarkers of breast cancer: mixture of organic volatile compounds
Antigens as biomarkers of breast cancer
Serum CEA: prognostic factors for locally advanced breast cancer
Proliferating cell nuclear antigen: isoform associated with malignancy
miRNA biomarkers of breast cancer
Biomarkers for identifying patients at high risk for distant metastases
Cyclin E
CEACAMG (carcinoembryonic antigen-related cell adhesion molecule 6)
Dachshund gene (DACHI)
Gene ratio: homeobox 13 (HOXB13) and interleukin-17B receptor (IL17BR)
Hypermethylation biomarkers: 14-3-3-8 gene
Podocalyxin: a CD34-related transmembrane protein
Protein kinase C epsilon
UPA/PAI-1
Predictive biomarkers for response to therapeutic agents
Prediction of response to endocrine therapy: estrogen receptor/progesterone receptor
Predictors of response to antiestrogen therapy: retinoblastoma tumor suppressor gene
Predictors of response to cytotoxic chemotherapy
Predictors of response to chorionic gonadotropin
Predictors of response to tamoxifen (decrease of level of insulin-like growth factor)
Predictors of response to trastuzumab (Herceptin): HER 2 gene overexpression
Biomarkers of prognosis of breast cancer
Carbonic anhydrase IX (CAIX) indicates poor prognosis in postmenopausal women with breast
cancer
Centromere protein-F (CENP-F) is a gene associated with poor prognosis in breast cancer
Cytokeratins
GP88: elevation in women with ER+ breast cancer is associated with fourfold increased risk of
progression
High expressing levels of p16 and/or COX-2, when coupled with tumor proliferation (low or
high)
Lipocalin 2 (Lcn2) promotes breast cancer progression
p27 expression as biomarker for survival after treatment with adjuvant chemotherapy
Serum CA 15-3 and CA 27-29: prognostic factors for locally advanced breast cancer
Type III TGF-p receptor as regulator of cancer progression
© Jain PharmaBiotech




5.5 Biomarkers According to Organ/Type of Cancer 147

blood-based markers. Although individual autoantibodies are unlikely to enhance
early detection, multiplexed assays for autoantibody panels may achieve the
required sensitivity. A technology under development at Arizona State University,
NAPPA (Nucleic Acid Programmable Protein Arrays), enables creation of high-
density, customized protein arrays that could be used for this purpose. The idea is
to display several different proteins in a sample so the autoantibodies in a patient’s
serum can find any proteins they happen to recognize. The arrays need to be fairly
stable and should display proteins that will not change or unfold over time. The NAPPA
approach is to take cloned copies of genes and print them on the array. The cloned
copies, cDNA, and are configured in such a way that an epitope tag can be added at
the C-terminus of the gene. Anything that is captured by virtue of the tag must have
the full-length protein attached to it. Those genes are printed on the array, which
can then be stored for months. Once the array is needed, it is floated in expression
extract that transcribes and translates the proteins in situ on the glass. Those pro-
teins are made about an hour before they are used, guaranteeing that they are as
fresh as possible.

The technology uses minimal samples, as little as 0.01 mL of plasma or serum,
and has good assay reproducibility and reliability based on pilot work, making it
particularly attractive for molecular epidemiology studies. NAPPA technology and
other proteomic platforms are another extension of genomic technologies that might
provide novel biomarkers for breast cancer. However, this is a new area and the biol-
ogy of autoantibodies is not well understood. There is need to learn how age and
lifestyle factors, as well as intra-person and inter-person variability, influence these
biomarkers. Because basal breast cancers are highly aggressive, it may not be pos-
sible to isolate autoantibody biomarkers appropriate for early detection, and one
may only find biomarkers related to overall tumor aggressiveness. The ultimate goal
of the research is to identify candidate autoantibody biomarkers that may detect
basal breast cancers early or predict survival.

5.5.4.2 Biomarkers of Breast Cancer in Breath

A breath test for volatile organic compounds (VOCs) as a predictor of breast cancer
has been developed by Menssana Research Inc. Breath VOCs were assayed in
asymptomatic women with abnormal mammograms and biopsy-proven breast can-
cer and compared to control subjects of age-matched healthy women. A fuzzy logic
model predicted breast cancer with accuracy superior to previously reported find-
ings. Following random assignment to a training set or a prediction set, a model was
constructed in the training set employing five breath VOCs that predicted breast
cancer in the prediction set with 93.8 % sensitivity and 84.6 % specificity. The same
model predicted no breast cancer in 32.0 % of women with abnormal mammograms
and no cancer on biopsy. A 2-min breath test could potentially provide a safe, accu-
rate, and painless screening test for breast cancer, but prospective validation studies
are required. Such studies are being conducted.
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5.5.4.3 Biomarkers for Breast Cancer in Nipple Aspiration Fluid

Breast fluid is a rich source of breast cancer biomarkers. Ductal lavage is a method
of minimal epithelial sampling of the breast, with potential utility for repeat sam-
pling and biomarker analysis. In combination with high-throughput novel proteomic
profiling technology and multicenter study design, biomarkers that are highly spe-
cific to breast cancer can be discovered and validated.

Persistent elevation of human neutrophil peptide in high-risk women may imply
early onset of cancer not yet detectable by current detection method. Proof of this
hypothesis requires follow-up on a larger study population.

5.5.4.4 Circulating Tumor DNA as Biomarker of Breast Cancer

Monitoring of response to treatment of breast cancer is essential for avoiding con-
tinual of ineffective therapies to prevent unnecessary side effects, and to determine
the benefit of new therapies. Treatment response is generally assessed with the use
of serial imaging, but radiographic measurements often fail to detect changes in
tumor burden. Serum biomarker CA 15-3 is clinically useful in some patients with
MBC, but it has a sensitivity of only 60—70 %. Therefore, there is an urgent need for
biomarkers that measure tumor burden with high sensitivity and specificity.

Circulating nucleic acids (CNAs) isolated from serum or plasma are increasingly
recognized as biomarkers for cancers. NGS provides high numbers of DNA
sequences to detect the trace amounts of unique serum biomarkers associated with
breast carcinoma. Serum CNA of women with ductal carcinoma was extracted and
sequenced on a 454/Roche high-throughput GS-FLX platform and compared with
healthy controls and patients with other medical conditions (Beck et al. 2010).
Breast cancer was accurately detected at a diagnostic specificity level of 95 % with
a calculated sensitivity of 90 %. Identification of specific breast cancer-related CNA
sequences provides the basis for the development of a serum-based routine labora-
tory test for breast cancer screening and monitoring. This is in development by
Chronix Biomedical.

For the detection of MBC, circulating tumor DNA shows superior sensitivity to
that of other circulating biomarkers and has a greater dynamic range that correlates
with changes in tumor burden (Dawson et al. 2013). Circulating tumor DNA often
provides the earliest measure of treatment response.

5.5.4.5 Flow Cytometry for Quantification of Biomarker
Expression Patterns

The established method in prognosis of breast cancer includes detection of molecu-
lar markers, such as the ER, progesterone receptor (PR), and HER-2/neu. These
markers are routinely checked via IHC. HER-2/neu is also detected by FISH. Flow
cytometric analysis can provide quantitative data on expression patterns of
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important prognostic markers in breast cancer and has been used for the detection
of ER, PR, HER-2/neu, EGFR, and E-cadherin. Currently, EGFR and E-cadherin
are not standard predictive factors in determining survival of breast cancer patients,
but both may be beneficial for determining prognosis in the future. Cells undergoing
flow cytometric analysis lose marker expression with increasing passage number.
The highest expression is found at cells passaged 01 times. ER, PR, and HER-2/
neu marker expressions in 5 out of 5 cell lines were consistent with established
expression patterns. EGFR and E-cadherin expression in 4 out of 5 cell lines were
also consistent with established expression patterns.

5.5.4.6 Plasma Proteomics for Biomarkers of Breast Cancer

Protein-based breast cancer biomarkers are a promising resource for breast cancer
detection at the earliest and most treatable stages of the disease. Plasma is well
suited to proteomic-based methods of biomarker discovery because it is easily
obtained, is routinely used in the diagnosis of many diseases, and has a rich pro-
teome. However, due to the vast dynamic range in protein concentration and the
often uncertain tissue and cellular origin of plasma proteins, proteomic analysis of
plasma requires special consideration compared with tissue and cultured cells. For
example, when studies report an upregulation of IL-6 in the serum of breast cancer
patients compared with control individuals, it is difficult to know whether this pro-
tein is released directly from the tumor or whether IL-6 upregulation is a systemic
reaction to the tumor and released by nontumor tissues.

Biomarkers should be tissue specific in addition to being tumor specific. If can-
cer is detected, but not the tissue of origin, it may create problems, since searching
for a suspected tumor will add undue stress to the patient and increased cost to the
treatment. Finding tissue-specific tumor markers has thus far proven difficult. Many
candidate biomarkers have been concurrently identified in numerous tumor types.
This likely reflects the fact that 90 % of all cancers are of epithelial origin and thus
express many of the same proteins. It is probable that a panel of biomarkers will be
required to establish tissue specificity rather than a single protein; this panel may or
may not be independent of a tumor-specific panel of biomarkers. In addition, early
detection biomarkers may need to be used in conjunction with other screening
methods, such as mammography, where the tissue of origin is not in question.

5.5.4.7 Real-Time Quantitative PCR Assays for Biomarker Validation

Microarray analysis and a real-time qPCR assay have been used to stratify risk in
breast cancer based on biological “intrinsic” subtypes and proliferation. Real-time
gPCR is attractive for clinical use because it is fast, reproducible, tissue-sparing,
quantitative, automatable, and can be performed from archived FFPE tissue sam-
ples. The benefit of using real-time qPCR for cancer diagnostics is that new
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biomarkers can be readily validated and implemented, making tests expandable
and/or tailored to the individual. For instance, the proliferation metagene could be
used within the context of the intrinsic subtypes or used as an ancillary test in breast
cancer and other tumor types where an objective and quantitative measure of grade
is important for risk stratification. As more prognostic and predictive signatures are
discovered from microarray, it should be possible to build on the current biological
classification and develop customized assays for each tumor subtype. This approach
enables the important clinical distinction between ER-positive and ER-negative
tumors and identifies additional subtypes that have prognostic value. The prolifera-
tion metagene offers an objective and quantitative measurement for grade and adds
significant prognostic information to the biological subtypes. It is a robust predictor
of survival across all breast cancer patients and is particularly important for progno-
sis in ER-positive breast cancers, which have a worse outcome than expected when
proliferation is high. This supports previous findings that a genomic signature of
proliferation is important for predicting relapse in breast cancer, especially in
ER-positive patients.

Comparison of real-time qPCR results of various studies for the assessment of
mRNA levels of ERa, PgR, and the members of the human EGFR family, HER1,
HER2, HER3, and HER4, show good concordance for all the six biomarkers. The
quantitative mRNA expression levels of ERa, PgR, and HER?2 also strongly corre-
lates with the respective quantitative protein expression levels prospectively detected
by EIA. In addition, HER2 mRNA expression levels correlated well with gene
amplification detected by FISH in the same biopsies. These findings indicate that
both real-time qPCR methods are robust and sensitive tools for routine diagnostics
and consistent with standard methods. The simultaneous assessment of several bio-
markers is fast as well as labor effective and optimizes clinical decision-making
process in breast cancer tissue and/or core biopsies.

5.5.4.8 Cdk6 as a Biomarker of Breast Cancer

Normal human mammary epithelial cells have a high amount of cyclin-dependent
kinase-6 (cdk6) protein and activity, but all breast tumor-derived cell lines that have
been analyzed show reduced levels, with several having little or no cdk6, and these
can be restored to those characteristic of normal human mammary epithelial cells
by DNA transfection. According to researchers at the National Jewish Medical and
Research Center (Denver, CO), cdk6 may be useful as a cancer biomarker and as a
target for cancer therapy in patients with breast cancer. Potential applications are as
follows:

» Diagnostic assay for breast cancer and for determining the stage of malignancy
e Predictor of in vivo tumor cell growth

» Diagnostic assays for evaluating the efficacy of anticancer treatments

e Method to regulate tumor cell growth
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5.5.4.9 Centromere Protein-F

Reanalysis of a high profile breast cancer DNA microarray dataset containing 96
breast tumor samples and use of a powerful statistical approach, between group
analyses, led to the identification of centromere protein-F (CENP-F), a gene asso-
ciated with poor prognosis (O’Brien et al. 2007). In a published follow-up breast
cancer DNA microarray study, comprising 295 tumor samples, CENP-F upregu-
lation was found to be significantly associated with worse overall survival and
reduced metastasis-free survival. To validate and expand upon these findings, the
authors used two independent breast cancer patient cohorts represented on tissue
microarrays. CENP-F protein expression was evaluated by IHC in 91 primary
breast cancer samples from cohort I and 289 samples from cohort II. CENP-F
correlated with markers of aggressive tumor behavior including ER negativity
and high tumor grade. In cohort I, CENP-F was significantly associated with
markers of cervical intraepithelial neoplasia (CIN) including cyclin E, increased
telomerase activity, c-myc amplification, and aneuploidy. In cohort II, CENP-F
correlated with VEGFR2, phosphorylated Ets-2 and Ki67, and in multivariate
analysis was an independent predictor of worse breast cancer-specific survival
and overall survival. In conclusion, CENP-F is associated with poor outcome in
breast cancer.

5.5.4.10 Carbonic Anhydrase IX

Hypoxia in breast cancer is associated with poor prognosis and downregulation of
the ER. Carbonic anhydrase IX (CAIX) is a hypoxia-inducible gene that has been
associated with poor outcome in many epithelial cancers. Previous studies of
CAIX in breast cancer have been carried out on mixed cohorts of premenopausal
and postmenopausal patients with locally advanced disease and varying treatment
regimens. Using tissue microarrays, the potential prognostic and predictive role of
CAIX was examined in premenopausal breast cancer patients (Brennan et al.
2006). The patients had previously participated in a randomized control trial com-
paring 2 years of tamoxifen to no systemic adjuvant treatment. CAIX expression
correlated positively with tumor size, grade, HIF-1a, Ki-67, cyclin E, and cyclin
A2 expression. CAIX expression correlated negatively with cyclin D1, ER, and
PR. CAIX expression was associated with a reduced relapse-free survival, overall
survival, and breast cancer-specific survival. Multivariate analysis revealed that
CAIX was an independent prognostic marker in untreated patients with one to
three positive lymph nodes. It was concluded that CAIX is biomarker of poor
prognosis in premenopausal breast cancer patients and it is an independent predic-
tor of survival in patients with one to three positive lymph nodes. As all these
patients received locoregional radiation therapy, CAIX may be associated with
resistance to radiotherapy.
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5.54.11 COX-2 as a Biomarker of Breast Cancer

Cyclooxygenase (COX) enzymes produce prostaglandin compounds responsible
for pain and inflammation, and nonsteroidal anti-inflammatory drugs (NSAIDs) are
designed to reduce expression of COX enzymes, although some NSAID use has
been associated with side effects (most notably possible kidney failure). COX-2 is a
form of COX that is not usually found in normal tissues but which has been associ-
ated with several cancers, including ductal carcinoma in situ (DCIS) and invasive
breast cancers.

Atypical hyperplasia in breast tissue, although benign, is associated with a high
risk of breast cancer. A study has assessed the relationship between risk of breast
cancer and COX-2 expression in archival specimens from women with atypical
hyperplasia and a 15-year follow-up (Visscher et al. 2008). The risk for developing
breast cancer increased with increasing COX-2 expression. Overexpression of COX-2
was statistically significantly associated with the type of atypia, with number of foci
of atypia in the biopsy, and with older age at time of biopsy. Specifically, 20 years
after a biopsy in which atypia was found, 31 % of women with high levels of COX-2
in their atypia sample had developed breast cancer versus 14 % of those with no
COX-2 expression. For those with moderate levels of COX-2, 24 % had developed
breast cancer. This study indicates that COX-2 may be a biomarker that further strati-
fies breast cancer risk among women with atypia and may be a relevant target for
chemoprevention strategies, e.g., COX-2 inhibitors such as celecoxib or rofecoxib.

5.5.4.12 G88 as a Biomarker of Progression of ER+ Breast Cancer

Out of 250,000 cases of breast cancer per year in the USA, ~175,000 are ER posi-
tive and receive a treatment regimen that includes antiestrogen compounds such as
tamoxifen. Increased level of a protein biomarker GP88 (A&G Pharmaceutical) in
these tumors is an indicator of fourfold increased risk of disease progression.
Further clinical studies indicate that GP88 levels are elevated in breast cancer
patients as compared to normal controls. A&G is developing a MADb against GP88.

5.5.4.13 Glycomic Biomarkers of Breast Cancer

Since the glycosylation of proteins is known to change in tumor cells during the
development of breast cancer, a glycomic approach has been investigated to find
relevant biomarkers of breast cancer. These glycosylation changes are known to cor-
relate with increasing tumor burden and poor prognosis. Current antibody-based
immunochemical tests for cancer biomarkers of ovarian (CA-125), breast (CA 27-29
or CA 15-3), pancreatic, gastric, colonic, and ovarian carcinoma (CA 19-9) target
highly glycosylated mucin proteins. However, these tests lack the specificity and
sensitivity for use in early detection. The glycomic approach to find glycan bio-
markers of breast cancer involves chemically cleaving glycans from glycosylated
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proteins that are shed or secreted by breast cancer tumor cell lines (Kirmiz et al.
2007). The resulting free glycan species are analyzed by MALDI Fourier transform-
ion cyclotron resonance mass spectrometry (FT-ICR MS). Further structural analy-
sis of the glycans can be performed in FTMS through the use of tandem MS with
infrared multiphoton dissociation. These methods were then used to analyze sera
obtained from a mouse model of breast cancer, and a small number of serum sam-
ples obtained from human patients diagnosed with breast cancer, or patients with no
known history of breast cancer. In addition to the glycosylation changes detected in
mice as mouse mammary tumors developed, glycosylation profiles were found to be
sufficiently different so as to distinguish patients with cancer from those without.
Although the small number of patient samples analyzed so far is inadequate to make
any legitimate claims at this time, these promising but very preliminary results sug-
gest that glycan profiles may contain distinct glycan biomarkers that may corre-
spond to glycan “signatures of cancer.”

5.5.4.14 HER-2/Neu Oncoprotein

Overexpression of members of the human epidermal growth factor receptor (HER)
family has been widely studied in breast cancer. HER-2/neu oncoprotein has been
widely studied for many years and has been shown to play a pivotal role in the
development and progression of breast cancer. HER2/neu has been shown to be an
indicator of poor prognosis with patients exhibiting aggressive disease, decreased
overall survival, and a higher probability of recurrence of disease. Elevated levels of
HER2/neu are found not only in breast cancer but also in several other tumor types
including prostate, lung, pancreatic, colon, and ovarian cancers. As evidenced by
numerous published studies, elevated levels of HER2/neu (also referred to as over-
expression) are found in about 30 % of women with breast cancer. Determination of
a patient’s HER2/neu status may be valuable in identifying whether that patient has
a more aggressive disease and would, thus, derive substantial benefit from more
intensive or alternative therapy regimens. Some studies suggest that in certain breast
cancer patients, persistently rising HER2/neu values may be associated with aggres-
sive cancer and poor response to therapy, while decreasing HER2/neu levels may be
indicative of effective therapy. The randomized, controlled Mammary5 trial by the
National Cancer Institute of Canada showed that amplification of HER2 in breast
cancer cells is associated with better clinical responsiveness to anthracycline-
containing chemotherapy regimen when compared with the regimen of cyclophos-
phamide, methotrexate, and fluorouracil (Pritchard et al. 2006).

Traditional HER2/neu testing is generally limited to tissue from primary breast can-
cer and does not provide information regarding the HER2/neu status in women with
recurrent, MBC. The introduction of microtiter plate ELISA HER-2/neu testing (Bayer
Diagnostics) using a serum sample now offers a less invasive diagnostic tool and pro-
vides a current assessment of a woman’s HER2/neu status over the course of disease.
IHC analysis of HER2/neu in breast carcinoma is a useful predictor of response to
therapy with trastuzumab when strongly positive. Negative immunostaining is highly
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concordant with a lack of gene amplification by FISH. Most weakly positive
overexpressors are false-positives on testing with FISH. Thus, screening of breast
carcinomas with IHC and confirmation of weakly positive IHC results by FISH is
an effective evolving strategy for testing HER2/neu as a predictor of response to
targeted therapy. The clinical utility of the serum test as a prognostic indicator has
not yet been fully established but is under investigation. Findings from a study using
Bayer Diagnostics’ serum HER2/neu test showed that proven MBC patients whose
serum HER2/neu levels decreased by less than 20 % experienced decreased benefit
from trastuzumab-based therapy.

Potential mechanisms of trastuzumab resistance include altered receptor—
antibody interaction, increased cell signaling from other HER receptors, increased
Akt activity, reduced PTEN level, reduced p27kip1, and increased IGF-IR signaling
(Nahta et al. 2006). There is an urgent need to identify biomarkers to guide anti-
HER?2 therapy in patients, who develop progressive MBC while receiving trastu-
zumab, and to identify combination therapies using novel anti-HER2 agents. In a
pooled analysis of patients with MBC, individuals who did not achieve a significant
decline in serum HER-2/neu levels had decreased benefit from trastuzumab-based
therapy, and these patients should be considered for clinical trials evaluating addi-
tional HER-2/neu-targeted interventions (Ali et al. 2008).

Current methods for checking HER2 are problematic because of issues with
intra- and interlaboratory reproducibility and preanalytic variables, such as fixation
time. In addition, the commonly used HER2/chromosome 17 ratio presumes that
chromosome 17 polysomy is present when the centromere is amplified, even though
analysis of the rest of the chromosome is not included in the assay. In one study, 97
frozen samples of invasive lobular and invasive ductal carcinoma, with known ICH
and FISH results for HER2, were analyzed by aCGH to a commercially available
bacterial artificial chromosome whole-genome array containing 99 probes targeted
to chromosome 17 and the HER2/TOP2 amplicon (Yeh et al. 2009). Results were
97 % concordant for HER2 status, meeting the College of American Pathologists/
American Society of Clinical Oncology’s validation requirements for HER?2 testing.
No case of complete polysomy 17 was detected even though multiple breast cancer
cases showed polysomies of other chromosomes. Therefore, aCGH is an accurate
and objective DNA-based alternative for clinical evaluation of HER2 gene copy
number and that polysomy 17 is a rare event in breast cancer. It is commercially
available as HerScan™ (Combimatrix Molecular Diagnostics).

5.5.4.15 High Mobility Group Protein A2

High mobility group protein A2 (HMGA?2) is a transcription factors that is expressed
during embryonic development, but not in normal adult tissues. The HMGI family
consists of three proteins, HMGI, HMGI(Y), and HMGA?2 (also known as HMGI-C).
Experiments with knockout HMGA2~~ mice yielded a reduced body weight com-
pared to wild-type HMGA2** mice, which indicates that HMGAZ2 plays a role in
mammalian growth. Interest in HMGAZ2 has increased recently as it has been found
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that HMGAZ? is expressed in neoplastic tissues and that it apparently has a role in
control of cell growth, differentiation, and tumorigenesis. HMGA?2 is expressed in
tumor tissue but not in normal tissue immediately adjacent to the tumor tissue.
Studies in peripheral blood show that HMGA?2 is not present in normal healthy
donors but present in the blood of a subset of breast cancer patients. In general, the
presence of HMGA?2 in the peripheral blood of breast cancer patients has a correla-
tion with poor survival and with a higher histological grade of the tumor. The
HMGA?2 ELISA (OXIS International) is designed for the measurement of HMGA2
in cell culture supernatants, cell extracts, and tissue extracts. It is for research use
only and not yet approved for use in humans.

5.5.4.16 Hypermethylated Genes as Biomarkers of Metastatic
Breast Cancer

Numerous hypermethylated genes have been reported in breast cancer, and the
silencing of these genes plays an important role in carcinogenesis, tumor progres-
sion, and diagnosis. These hypermethylated promoters are very rarely found in nor-
mal breast. Aberrant hypermethylation may be useful as a biomarker, with
implications for breast cancer etiology, diagnosis, and management.

A study found that serum levels of methylated gene promoter 14-3-3-8 (Stratifin)
significantly differed between control and MBC groups and between disease-free
and MBC groups (Zurita et al. 2010). The ratio of the 14-3-3-0 level before the first
chemotherapy cycle to the level just before administration of the second chemo-
therapy cycle, defined as the biomarker response ratio (BRR), was calculated for the
“continuous decline” and “rise-and-fall” groups. Subsequent ROC analysis showed
a sensitivity of 75 % and a specificity of 66.7 % for discriminating between the
groups for a cutoff level of BRR =2.39. The relationship of 14-3-3-sigma with breast
cancer metastasis and progression found in this study suggests a possible application
of 14-3-3-sigma as a biomarker to screen for metastasis and for follow-up of patients
treated for MBC by monitoring their disease status and treatment response.

5.5.4.17 Lipocalin 2 as Biomarker of Breast Cancer Progression

Lipocalin 2 (Lcn2) promotes breast cancer progression, and the mechanisms under-
lying this function have been identified (Yang et al. 2009a). Lcn2 levels are consis-
tently associated with invasive breast cancer in human tissue and urine samples.
Lcn2 is overexpressed in human breast cancer cells and upregulates mesenchymal
markers, including vimentin and fibronectin, downregulates the epithelial marker
E-cadherin, and significantly increase cell motility and invasiveness. These changes
in marker expression and cell motility are hallmarks of an epithelial-mesenchymal
transition (EMT). In contrast, Lcn2 silencing in aggressive breast cancer cells inhib-
its cell migration and the mesenchymal phenotype. Furthermore, reduced expres-
sion of ER alpha and increased expression of the key EMT transcription factor Slug
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are observed with Lcn2 expression. Overexpression of ERalpha in Len2-expressing
cells reverses EMT and reduces Slug expression, suggesting that ERalpha nega-
tively regulates Len2-induced EMT. Finally, Len2-expressing breast tumors display
a poorly differentiated phenotype and show increased local tumor invasion and
lymph node metastasis. Taken together, these in vitro, in vivo, and human studies
demonstrate that Lcn2 promotes breast cancer progression by inducing EMT
through the ERalpha/Slug axis and may be a useful biomarker of breast cancer.

5.5.4.18 Long Intervening Noncoding RNAs

Long intervening noncoding RNAs (lincRNAs) in the HOX loci become systemati-
cally dysregulated during breast cancer progression. The lincRNA termed HOTAIR
is increased in expression in primary breast tumors and metastases, and HOTAIR
expression level in primary tumors is a powerful predictor of eventual metastasis
and death (Gupta et al. 2010). Enforced expression of HOTAIR in epithelial cancer
cells induced genome-wide re-targeting of Polycomb repressive complex 2 (PRC2)
to an occupancy pattern more resembling embryonic fibroblasts, leading to altered
histone H3 lysine 27 methylation, gene expression, and increased cancer invasive-
ness and metastasis in a manner dependent on PRC2. Conversely, loss of HOTAIR
can inhibit cancer invasiveness, particularly in cells that possess excessive PRC2
activity. TagMan noncoding RNA assays (Life Technologies) can accurately mea-
sure expression levels of this molecular biomarker in different breast cancer samples
and have helped to uncover regulatory roles of noncoding RNAs in breast cancer.

5.5.4.19 Mammaglobin

Mammaglobin, a glycoprotein, is almost exclusively expressed in breast epithelial
cells. It is frequently elevated in breast cancer. An ELISA can detect mammaglobin
and is highly sensitive and specific for detection of mammaglobin protein in tissue
culture fluids of breast cancer cells and sera of breast cancer patients. Mammaglobin,
as measured by the ELISA, holds significant promise for breast cancer screening
with the realistic potential to impact management of this disease. Mammaglobin is
also being explored as a target for immune-based interventions. In vitro studies have
demonstrated that T-cell-mediated immune responses can be induced against
mammaglobin-derived peptides expressed by MHC molecules on tumor cells and
antigen-presenting cells.

5.5.4.20 miRNA Biomarkers of Breast Cancer

Altered abundance of cell cycle regulation proteins and aberrant expression of miR-
NAs frequently coexist in human breast cancers. Altered miRNA expression in
breast cancer cell lines is associated with altered cell cycle progression and cell
proliferation. Recent studies have demonstrated a causal role for miRNA in
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Table 5.6 miRNA associated with breast cancer

miRNA Expression status in fresh frozen breast cancer tissue specimens

miR-7 Expression associated with tumor aggressiveness

miR-10b Downregulated in tumors in patients with distant and regional relapse and
local recurrence

miR-21 Overexpression correlated with advanced clinical stage, lymph node
metastasis, and poor prognosis

miR-125a Downregulated in tumors

miR-125b Downregulated in tumors

miR-128 Expression associated with tumor aggressiveness

miR-145 Downregulated in tumors

miR-155 Upregulated in tumors

miR-205 Downregulated in tumors

miR-206 Downregulated in ER+ tumors

miR-210 Expression associated with tumor aggressiveness, early relapse, and poor
outcome

miR-93 Highly expressed in high-grade tumors

miR-106b Highly expressed in high-grade tumors

miR-25 Highly expressed in high-grade tumors

miR-335 Increased expression led to metastasis suppression

miR-126 Increased expression led to metastasis suppression

miR-373 Increased expression stimulated cell migration and invasion

miR-516-3p Expression associated with tumor aggressiveness

miR-520c Increased expression stimulated cell migration and invasion

miR-27b Downregulated in tumors

miR-17-5p Downregulated in tumors

miR-9-1 Downregulated in tumors

© Jain PharmaBiotech

governing breast tumor suppression or collaborative oncogenesis (Yu et al. 2010).
Various miRNAs associated with breast cancer are shown in Table 5.6.

Global testing pathway analysis showed an association of hsa-miRNA-30c
expression with HER and RACI signaling pathways (Rodriguez-Gonzilez et al.
2011). The authors identified hsa-miRNA-30c as an independent predictor for clini-
cal benefit of tamoxifen therapy in patients with advanced breast cancer. Assessment
of tumor levels and connected pathways could be helpful to improve treatment
strategies.

5.5.4.21 p27 Expression as Biomarker for Survival After Chemotherapy

Abnormal expression of the cell cycle regulatory proteins p27(Kipl) (p27) and
cyclin E may be associated with breast cancer survival and relapse. These biomark-
ers have been studied in clinical trials on patients with breast cancer treated by a
uniform drug regimen and have shown that treatment is not associated with vari-
ability in outcome. Tissue microarrays are used to evaluate the expression of p27
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and cyclin E proteins by IHC in tumor tissue from patients with moderate-risk
primary breast cancer who are enrolled in clinical trials and assigned to receive
doxorubicin and cyclophosphamide administered concurrently. Cyclin E expression
is not statistically significantly associated with overall survival, but low p27 expres-
sion is associated with poor prognosis, especially among patients with steroid
receptor-positive tumors. Five-year survival is >90 % in women whose tumors have
high p27 expression, as compared to a survival rate of <85 % in women whose
tumors exhibit low p27 expression. There is no association between p27 expression
and decreased survival among women with hormone receptor-negative tumors.
Although these observations suggest that p27 may be a useful biomarker for pre-
dicting breast cancer mortality, more work needs to be done before its widespread
use. Currently, it appears to be most useful for predicting outcome and tailoring
treatment in women whose tumors are hormone receptor positive.

5.5.4.22 Podocalyxin

Podocalyxin is a CD34-related transmembrane protein involved in hematopoietic
cell homing and breast cancer progression but the mechanisms involved are not
clear. It has, however, been postulated that the adaptor proteins NHERF-1 and
NHERF-2 could regulate apical targeting of podocalyxin by linking it to the actin
cytoskeleton. However, a new study has found that full-length podocalyxin acts to
recruit NHERF-1 to the apical domain (Nielsen et al. 2007). Podocalyxin was found
to significantly expand the nonadhesive face of cells, allowing individual cells to
brush aside adhesion molecules situated between tumor cells. The freed cells then
move away from the original site to form new tumors at other sites. Also, the protein
causes tumor cells to sprout microvilli, or hair-like projections, that may help propel
cancer cells to metastasize to other sites. The discovery demonstrated that the pro-
tein not only predicted the spread of breast cancer cells, it likely helped to cause it.
The data from this study suggest that this single molecule can modulate NHERF
localization and, independently, act as a key orchestrator of apical cell morphology,
thereby lending mechanistic insights into its multiple roles as a polarity regulator,
tumor progression marker, and anti-adhesin. The mechanism is now believed to
apply to difficult-to-treat invasive breast and ovarian cancers. Next steps involve
advancing the research in animal models, designing antibodies to block the function
of the protein and identifying new therapies to combat metastasizing cancer.

5.5.4.23 Progranulin as a Biomarker of Breast Cancer

Progranulin (GP88/PGRN), which is produced by breast cancer, helps the tumor
grow and proliferate. In clinical studies conducted by A&G Pharmaceutical, GP88
has been shown to consistently identify more than 80 % of breast cancers, which is
significantly higher than any currently available method, and has the potential to
detect a number of other cancers from blood samples and tissue biopsies. A&G is



5.5 Biomarkers According to Organ/Type of Cancer 159

currently focused on a near-term opportunity to complete development of and
commercialize two GP88-based breast cancer diagnostic test kits to improve early
detection, diagnosis, and treatment of breast cancer.

5.5.4.24 Proliferating Cell Nuclear Antigen

Two isoforms of proliferating cell nuclear antigen (PCNA) have been observed in
breast cancer cells. Commercially available antibodies to PCNA recognize both iso-
forms and, therefore, cannot differentiate between the PCNA isoforms in malignant
and nonmalignant breast epithelial cells and tissues. A unique antibody has been
developed that specifically detects a PCNA isoform (caPCNA) associated with
breast cancer epithelial cells grown in culture and breast tumor tissues (Malkas et al.
2006). Immunostaining studies using this antibody suggest that the caPCNA iso-
form may be useful as a biomarker of breast cancer and that the caPCNA-specific
antibody could potentially serve as a highly effective detector of malignancy. It was
also shown that the caPCNA isoform functions in breast cancer-cell DNA replica-
tion and interacts with DNA polymerase delta. These studies indicate that the
caPCNA isoform may be a previously uncharacterized detector of breast cancer.

5.5.4.25 Protein Kinase C as a Predictive Biomarker of Metastatic
Breast Cancer

Protein kinase C epsilon (PKC epsilon), a member of a family of serine/threonine
protein kinases, is a transforming oncogene that has been reported to be involved in
cell invasion and motility. High-density tissue microarray analysis shows that
increasing PKC epsilon staining intensity is associated with high histological grade,
positive Her2/neu receptor status, and negative estrogen and PR status. PKC epsilon
is a validated target for RNAI anticancer therapy based on the demonstration of in
vivo inhibition of metastases in animals with experimental tumors. Thus, PKC epsi-
lon plays a critical and causative role in promoting an aggressive MBC phenotype
and as a target for anticancer therapy.

5.5.4.26 Retinoblastoma Tumor Suppressor Gene as a Biomarker

Approximately two-thirds of women with breast cancer have estrogen receptor-
positive breast cancer, in which tumor growth is regulated by the natural female
hormone estrogen, which is known to promote the growth of most types of breast
cancer. However, another gene, the retinoblastoma tumor suppressor (RB) gene, is
functionally inactivated in the majority of human cancers and is aberrant in one-
third of all breast cancers. RB regulates G1/S phase cell cycle progression and is a
critical mediator of antiproliferative signaling. RB deficiency compromises the
short-term cell cycle inhibition following cisplatin, ionizing radiation, and
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antiestrogen therapy of breast cancer with drugs such as tamoxifen (Bosco et al.
2007). Specific analyses of an RB gene expression signature in human patients indi-
cate that deregulation of this pathway is associated with early recurrence following
tamoxifen monotherapy. Thus, because the RB pathway is a critical determinant of
tumorigenic proliferation and differential therapeutic response, it may represent a
critical basis for directing therapy in the treatment of breast cancer. The RB tumor
suppressor can be used as a biomarker for how tumors will respond to antiestrogen
therapy and could become the basis for deciding how patients with estrogen
receptor-positive breast cancer are treated clinically.

This is a way to predict when antiestrogen drug therapies are inappropriate
for patients with hormone-dependent breast cancer so that physicians can imme-
diately begin treating the patient with alternative drugs that are more likely to
succeed. However, comprehensive clinical research is needed before this new
method for predicting the success of antiestrogen drugs is applied in daily
patient care.

5.5.4.27 Riboflavin Carrier Protein

Riboflavin carrier protein (RCP) serves to transport riboflavin to where it’s needed
throughout the body. RCP is estrogen modulated and is a growth and development
protein that is synthesized and secreted by the liver. RCP plays a central role in
pregnancy and infant development by transporting riboflavin across the placenta to
a fetus and from the mother to an infant. During pregnancy, RCP levels increase
dramatically to support the needs of the fast growing cells. Serum RCP levels in
cycling breast cancer patients are 3—4-fold higher than those in their normal coun-
terparts. This difference in circulatory RCP levels between cancer patients and their
age-matched normal counterparts is further magnified to 9-11-fold at the post-
menopausal stage. In addition, there seems to be a good correlation between rising
RCP levels and disease progression, since significantly higher RCP concentrations
are encountered in patients with advanced metastasizing breast cancer versus those
with early disease. Using specific MAbs, RCP can be localized immunohistochem-
ically in the cytoplasm of invading neoplastic cells of lobular and ductal carcino-
mas of the breast, indicating that the malignant cells are probably the source of the
elevated serum RCP levels in breast cancer. These findings suggest that measure-
ment of circulatory RCP and the immunohistochemical staining pattern of RCP in
biopsy specimens could be exploited as an additional biomarker in diagnosis/prog-
nosis of breast cancer in women. The measurement of RCP can serve as a specific
biomarker for women-related cancers in the determination of both presence and
stage of the disease due to its estrogen-driven relationship. Measurements con-
ducted using radioimmunoassay (RIA) analysis have provided a reliable, sensitive,
and specific method to detect elevated levels of RCP in blood serum. The ELISA
clinical diagnostic technique may well be suited for early detection of estrogen-
related cancers by measuring RCP. This test is being developed commercially by
Memory Dx LLC.



5.5 Biomarkers According to Organ/Type of Cancer 161

5.5.4.28 Risk of Invasive Cancer After Diagnosis of Ductal
Carcinoma In Situ

Biomarkers can identify which women who were initially diagnosed with DCIS are
at high or low risk of subsequent invasive cancer, whereas histopathology informa-
tion cannot. A nested case-control study in a population-based cohort of women
who were diagnosed with DCIS and treated by lumpectomy alone showed that
lesions that were p16+COX-2+Ki67+ or those detected by palpation were statisti-
cally significantly associated with subsequent invasive cancer (Kerlikowske et al.
2010). Eight-year risk of subsequent DCIS was highest for women with DCIS
lesions that had disease-free margins of 1 mm or greater combined with either
ER(-) ERBB2(+)Ki67(+) or pl6(+)COX-2(-)Ki67(+) status. The finding will
allow women with DCIS to be more selective about their course of treatment and,
potentially, avoid aggressive forms of treatment such as complete mastectomy or
radiation.

5.5.4.29 Serum CA 15-3 as Biomarker of Prognosis in Advanced
Breast Cancer

Locally advanced breast cancer represents a heterogeneous subgroup of breast
cancer with an often dismal outcome. Identifying prognostic factors has acquired
great significance for the selection of optimal treatment in individual patients.
Multimodality treatment options include chemotherapy followed by surgery, che-
motherapy, and radiotherapy with the addition of tamoxifen in hormone receptor-
positive cases. Baseline serum levels of CEA and carbohydrate antigen (CA 15-3)
have emerged as strong independent predictors of outcome in locally advanced
breast cancer (Martinez-Trufero et al. 2005). High preoperative concentrations of
CA 15-3 are associated with adverse patient outcome. These biomarkers can be
added to other established prognostic factors such as postoperative nodal status,
histological grade, and response to adjuvant chemotherapy. Although CA 15-3 is
currently used for monitoring therapy in advanced breast cancer, preoperative CA
15-3 levels may be combined with existing prognostic factors for predicting out-
come in patients with newly diagnosed breast cancer.

5.5.4.30 Suppressor of Deltex Protein

Suppressor of deltex protein (SDRP), a ubiquitin ligase, is a component of the notch
signaling pathway, which plays a key role in regulating cell proliferation. The
human homolog of SDRP (hSDRP), which is aberrantly expressed in ER-positive
breast cancer cell lines, adds value as a biomarker for early diagnostic testing for
breast cancer and has potential use for the stratification of breast cancer patient
groups and improved targeting of the most appropriate treatment for each patient.
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Metastatic disease may be more common and aggressive in patients with cellular
dysregulation relating to hSDRP in primary tumors. It is a target for future therapeu-
tic strategies for breast cancer management.

5.5.4.31 Tumor Microenvironment as Biomarker of Metastasis
in Breast Cancer

Multiphoton-based intravital imaging has shown that invasive carcinoma cells in rat
mammary tumors intravasate when associated with perivascular macrophages,
identifying a potential tumor microenvironment of metastasis (TMEM). TMEM is
defined as the tripartite arrangement of an invasive carcinoma cell, a macrophage,
and an endothelial cell. In a case—control study of patients who developed MBC,
TMEM density predicted the development of systemic, hematogenous metastases
(Robinson et al. 2009). The ability of TMEM to predict distant metastasis was
independent of lymph node status and other currently used prognostic factors.
Quantitation of TMEM may be a useful new prognostic biomarker for breast cancer
patients. This is the basis of a test for metastasis that most pathology laboratories
can carry out. The test consists of a triple immunostain containing antibodies to the
three cell types. A high number of TMEMs in a tissue sample means that the tumor
is likely to metastasize or has already done so. This test could help physicians to
precisely identify patients that should receive aggressive therapy and might spare
many women at low risk for metastatic disease from undergoing unnecessary and
potentially dangerous treatment.

5.5.4.32 Type III TGF-p Receptor as Regulator of Cancer Progression

The TGF-f signaling pathway has a complex role in regulating mammary carcino-
genesis, and type III TGF-p receptor (TPRIII), a ubiquitously expressed TGF-f§
coreceptor, acts as a genetic switch that regulates breast cancer progression and
metastasis (Dong et al. 2007). Early in cancer, the protein acts as a tumor suppres-
sor, inhibiting the uncontrolled growth of cells. But as the cancer progresses, the
protein switches sides and begins to promote the metastasis of cancer. Most human
breast cancers lose TPRIII expression correlating with decreased TPRIII expres-
sion. TPRIII expression decreases during breast cancer progression, and low TBRIII
levels predict decreased recurrence-free survival in breast cancer patients. Restoring
TPRIII expression in breast cancer cells by administering the drug 5-azacytidine
dramatically inhibits tumor invasion, angiogenesis, and metastasis. These results
indicate that loss of TPRIII through allelic imbalance is a frequent genetic event
during human breast cancer development that increases metastatic potential. If fur-
ther studies confirm these findings, physicians could use the presence or absence of
this receptor as a biomarker to identify women who should be treated more aggres-
sively in an effort to eradicate their cancers before they spread. However, even the
most aggressive chemotherapy treatments can leave behind errant cancer cells that
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later regrow and metastasize. To overcome this problem, it ultimately may prove
possible to restore the TPRIII receptors in women prior to their receiving chemo-
therapy in order to inhibit the cancer’s propensity to spread. Further studies are
investigating whether measuring the levels of the TPRIII in cells can serve as a
guide to making treatment decisions among cancer patients.

The fact that the flow cytometry approach enables one to determine the quantita-
tive expression of important prognostic markers in breast cancer cells opens up
unexpected possibilities for broad application of this technology in clinical samples
obtained from needle biopsies or surgical biopsies of patients with breast cancer or
with suspicion of breast cancers.

5.5.4.33 Diagnostic Tests Based on Breast Cancer Genes

Approximately 5—10 % of cases of breast cancer are due to inheritance of a mutated
copy of one of the two genes known as BRCA1 and BRCA2. The mutational spec-
traof BRCA1 and BRCA2 include many high penetrance, individually rare genomic
rearrangements. Among patients with breast cancer and severe family histories of
cancer who test negative (wild type) for BRCA1 and BRCA2, ~12 % can be
expected to carry a large genomic deletion or duplication in one of these genes. It is
recommended that effective methods for identifying these mutations should be
made available to women at high risk. A third gene mutation, CHEK2, is linked to
high rates of breast cancer, although it is not as important as the BRCA1 and BRCA2
mutations in indicating breast cancer risk (Weischer et al. 2007). However, women
may benefit from screening for the mutation, which was found in 1 % of white,
Northern European women. The study only included Danish women, leaving ques-
tions about its prevalence in black and Hispanic women unanswered. In the study,
0.5 % of Danish women had the mutation, and 12 % of them developed breast can-
cer, compared to 5 % of the women who did not carry the mutation. Women with
the mutation who were over 60, overweight, and taking hormone replacement ther-
apy had a 24 % chance of developing breast cancer in 10 years.

BRACAnalysis (Myriad Genetics Inc.), a test for hereditary breast and ovarian
cancer, incorporates the most thorough full-sequence analysis for gene mutation
detection on a broad commercial scale. Further information has been discovered
and published on an additional type of mutation, known as a large rearrangement
that has not been detectable by commercial DNA sequencing technologies, but only
by laborious, manual research-based methods. Such rearrangements are responsible
for a small percentage of changes in the two breast cancer genes. Myriad added a
panel of five common rearrangements to its BRACAnalysis test, accounting for
nearly half of the total occurrence of large rearrangements in the two genes. Because
large rearrangements are quite rare, a woman meeting the commonly employed
selection criteria for BRACAnalysis has less than 0.5 % risk of carrying one of the
large rearrangement mutations. Myriad’s BRACAnalysis Rearrangement Test
(BART), an automated molecular diagnostic test in the BRACAnalysis family of
products, detects rare large rearrangements of the DNA in the BRCA1 and BRCA2
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genes and is performed for women with exceptionally high risk who have tested
negative for sequence mutations and the common large rearrangements already
included in Myriad’s test.

EMSY, another gene for breast and ovarian cancer that explains the link between
hereditary and “sporadic” forms of these cancers, maps to chromosome 11q13.5, a
region known to be involved in breast and ovarian cancer. EMSY gene is amplified
almost exclusively in sporadic breast cancer (13 %) and higher-grade ovarian cancer
(17 %). In addition, EMSY amplification is associated with worse survival, particu-
larly in node-negative breast cancer, suggesting that it may be of prognostic value.
The remarkable clinical overlap between sporadic EMSY amplification and familial
BRCA2 deletion implicates a BRCA2 pathway in sporadic breast and ovarian
cancer.

SEQUENOM Inc. has identified novel genetic markers in four genes for suscep-
tibility to breast cancer. Each gene has forms that increase or decrease the risk for
developing breast tumors. The company’s data indicate common combinations of
its proprietary breast cancer markers increase the average risk of developing breast
cancer by a factor of 2, present in approximately 11 % of the female population.
Certain rare combinations are estimated to increase the disease risk by up to a factor
of 5. The protective forms of the genes are present in ~13 % of the female popula-
tion and are associated with a fivefold decreased risk of developing breast cancer
compared to the general population. This biomarker panel was identified in
SEQUENOM’s discovery genetics program using unrelated patient and control sub-
jects of European descent. The company has replicated the initial association for
these biomarkers in an independent Australian cohort. Knowledge of genetic risk
can enable early intervention or prophylactic treatment options to offset that risk.

5.5.4.34 Prognostic Role of Breast Cancer Genes

Three genes, homeobox 13 (HOXB13), interleukin-17B receptor (IL17BR), and
CHDH, as well as the HOXB13:IL17BR ratio index in particular strongly predict
clinical outcome in breast cancer patients receiving tamoxifen monotherapy. A
tumor bank study demonstrated that HOXB13:IL17BR index is a strong indepen-
dent prognostic factor for ER+ node-negative patients irrespective of tamoxifen
therapy (Ma et al. 2006). As a result of this study, these two biomarkers serve as the
foundation of the AviaraDx Breast Cancer Profiling Technology.

Activity of a gene, Dachshund (DACH1), which normally regulates eye develop-
ment and development of other tissues, commandeers cancer-causing genes and
returns them to normal. DACHI1 inhibits the expression of the cyclin D1 gene, an
oncogene that is overexpressed in about half of all breast cancers. Analysis of over
2,000 breast cancer patients has demonstrated that DACH1 correlates with tumor
size, stage, and metastasis, with its expression greatly reduced in MBC cells, but
increased nuclear DACH1 expression predicts improved patient survival (Wu et al.
2006). The average survival was almost 40 months longer in women in whom their
breast cancer continued to express DACH1. DACHI gene reverts the cancerous
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phenotype, thus turning the cell back to a premalignant state, and it could be used as
a prognostic marker for breast cancer. Other cell fate-determining genes are being
examined in an attempt to identify new therapeutics for breast cancer and
metastasis.

Researchers at Fox Chase Cancer Center (Philadelphia, PA) have identified an
important gene, CEACAMBS6 (carcinoembryonic antigen-related cell adhesion mol-
ecule 6), which is involved in the spread of breast cancer that has developed resis-
tance to long-term estrogen deprivation. The gene may prove to be a useful
biomarker for predicting, which patients have the greatest risk of breast cancer
recurrence so their physicians can offer the most appropriate treatment plan. The
research focused on breast cancer cells that had grown resistant to aromatase inhibi-
tors (Als), antihormone drugs to shut down the enzyme aromatase, which lets the
body produce estrogen outside the ovaries. These drugs represent one of the most
effective forms of hormone therapy for postmenopausal women whose breast can-
cer tests positive for ERs, which means that estrogen in the body fuels the growth of
cancer cells. Unfortunately, one of the drawbacks to extended use of an Al may be
that some of the cancer cells develop resistance to the drug and are able to grow and
spread independent of estrogen. Several Al-resistant breast cancer cell lines were
developed in the laboratory and found to be very invasive compared to Al-sensitive
breast cancer cells. Analyses of gene activity in these Al-resistant cells showed that
they express high levels of genes associated with invasiveness and metastasis.
However, this aggressive behavior could be reversed by using siRNAs to knock out
the CEACAMG gene. This gene might be an important biomarker for metastasis and
a possible target for novel treatments for patients with MBC.

Breast cells expressing high levels of p16 and/or COX-2, when coupled with
proliferation, go on to become basal-like invasive tumors. These particular biomark-
ers indicate an abrogated response to cellular stress; cells overexpressing them that
continue to proliferate have bypassed pRb-mediated signals to senesce. In contrast,
cells with high p16 and/or COX-2, but low proliferation, have an intact Rb check-
point and senescent program and do not go on to become tumorigenic. These bio-
markers can be measured years before tumors actually arise and thus can be used
clinically to help dictate individualized treatment options for breast cancer.

5.5.4.35 Protein Biomarkers for Breast Cancer Prevention

Protein biomarkers suitable for the prevention of breast cancer must be extremely
sensitive, easily detectable, and highly correlated with the disease. They should be
expressed in the reversible phase of carcinogenesis. Among the large number of
candidate tumor-associated proteins, those related to the estrogen/chorionic gonad-
otropin/insulin pathway seem to be of most interest because these can be causally
implicated. They presumably are the first to express differently and are open to
hormonal treatments. The biomarkers that give information on membrane receptor-
modulated signal transduction should be considered as well. Up to now, only
tamoxifen has shown some preventive activity, suggesting that the estrogen pathway
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is useful indeed. Fenretinide and recombinant human chorionic gonadotropin (hCG)
are also promising. But the financial requirements and the very long assessment
periods largely prevent current research. Application of proteomics combined with
bioinformatics can provide specific combinations of disease-related expression pro-
files that could identify high-risk groups with much more reliability and enable
monitoring of preventive strategies.

5.5.4.36 Biomarkers to Evaluate Efficacy of Chemoprevention

Breast cancer chemoprevention studies are in progress with antiestrogens, retinoids,
and other drugs on preclinical models and on women with increased risk of develop-
ing breast cancer. It is still not known whether the above agents are efficacious in
individual patients and which are the most reliable biomarkers to be assessed for
efficacy. Several short-term bioassays have been developed for testing efficacy in
animal models of breast cancer that simulate the development and progression of
human breast cancer. These studies predominantly employ molecular biomarkers
related to cell cycle progression, apoptosis, and senescence. Tamoxifen has been
widely used for treatment as well as prevention of breast cancer. Tamoxifen may
differentially affect cell proliferation and apoptosis in mammary tumors, and the
expression levels of cyclin D1 and cyclin E might also be considered potential inter-
mediate biomarkers of response of mammary tumors to tamoxifen and possibly to
other selective ER modulators. Other biomarkers are currently under investigation
for assessment of the efficacy of various chemopreventive agents.

5.5.4.37 Biomarkers of Response to Chemotherapy of Breast Cancer

Biomarkers of prognosis of breast cancer treated with doxorubicin. A manganese
superoxide dismutase (MnSOD) polymorphism is a novel biomarker for the thera-
peutic response to doxorubicin in breast cancer patients, whereas a Vall6Ala poly-
morphism of MnSOD is indicative of patient survival. More specifically, patients
undergoing doxorubicin combination therapy with Val/Val, Val/Ala, and Ala/Ala
genotypes had 95.2 %, 79 %, and 45.5 % survival rates, respectively, in a case study
of 70 unselected breast cancer patients at NCI. Carriers of the Ala/Ala genotype had
a highly significantly poorer breast cancer-specific survival in a multivariate Cox
regression analysis than carriers of the Val/Val genotype. This technology can be
developed into an assay to screen for breast cancer patients who would be respon-
sive to doxorubicin treatment. Further, as the MnSOD polymorphism is common in
the population (15-20 % of patients have the Ala/Ala genotype), it is a common risk
factor for doxorubicin therapy. This technology can potentially be utilized as a
screening tool applicable for all cancer types treated with doxorubicin and for per-
sonalizing treatment. Future studies include determination of the mechanism by
which the polymorphism modulates doxorubicin toxicity.
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Decreased breast density as a biomarker of response to tamoxifen. Increased breast
density on mammography is the leading risk factor for breast cancer, apart from age.
The International Breast Intervention Study I (IBIS-I), a trial of tamoxifen for
ER-positive breast cancer prevention conducted at the Cancer Research UK Centre
for Epidemiology, Mathematics and Statistics in London showed that a reduction in
breast density of at least 10 % may predict who benefits from the breast cancer pre-
ventive effects of tamoxifen. Those with reduced breast density after 12—18 months
of treatment had a 52 % reduced risk of breast cancer. By contrast, those women
who did not have a decrease in breast density had only an 8 % risk reduction.

Biomarkers to predict response or resistance to aromatase inhibitors. Aromatase
inhibitors (Als) have been established as a useful hormonal therapy in hormone
receptor-expressing breast carcinoma. However, changes in tumor protein expres-
sion after exposure to Als are not well understood. These changes may provide
insight into how breast carcinomas respond or develop resistance against Als and
lead to the discovery of potential biomarkers to predict treatment responses. Among
various protein biomarkers that were investigated, HSP70 demonstrated the most
significant positive correlation with clinical response of the patients to Als (Yiu
et al. 2010).

GRP78 as a predictor for chemoresponsiveness. GRP78 (78-kDa glucose-regulated
protein), induced in the tumor microenvironment, is widely used as an indicator of
the unfolded protein response (UPR). In vitro studies suggest that GRP78 confers
chemoresistance to topoisomerase inhibitors, such as doxorubicin, which is used for
the treatment of breast cancer. In a retrospective study of breast cancer patients who
were treated with Adriamycin, archival tumor specimens were analyzed, and the
relationship of GRP78 expression level to “time to recurrence” (TTR), used as a
surrogate biomarker for drug resistance, was examined (Lee et al. 2006). The data
show that 67 % of the study subjects expressed high level of GRP78 in their tumors
before the initiation of chemotherapy and suggest an association between GRP78
positivity and shorter TTR. The use of GRP78 as a predictor for chemoresponsive-
ness and the potential interaction of GRP78 and/or the UPR pathways with taxanes
warrant larger studies.

5.5.4.38 Concluding Remarks and Future Prospects of Breast
Cancer Biomarkers

Numerous biomarkers of breast cancer have been investigated, but few have shown
practical usefulness in management of patients. There is a need to start consolidat-
ing the pathways and analyzing overlapping/cooperative natures of molecules from
pathways. Potential usefulness of the cytoplasmic kinases and coactivators, which
may act as coregulators in the action of ER, is likely to accelerate the development
of the next generation of biomarkers for the surveillance, prognosis, and therapeutic
decisions for cancer (Ohshiro and Kumar 2010).
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5.5.5 Cervical Cancer Biomarkers

Cancer of the cervix is the second most common cancer in women. The mortality
rates of cervical cancer could be drastically reduced by the implementation of
population-wide cytological screening test. Screening for CIN is usually performed
by Pap smear or cervicovaginal lavage. Identification of women with abnormal cer-
vical smears permits early treatment of lesions, but the high rate of false-positive
and false-negative results is a cause for concern. The oncogenic human papilloma-
virus (HPV) is the causal factor in the development of cervical cancer. The detection
of the viral infection enables the identification of patients at risk; however, about
5-30 % of the normal female population harbors these viruses, and only very few of
these develop clinically relevant lesions.

Hybrid Capture (HC) 2 assay (Digene Corp.) is used for molecular diagnosis of
HPV. HC 2 assay has a greater sensitivity to detect CIN grade 3 or higher, and its
specificity is comparable to an additional cytological test indicating atypical squa-
mous cells of undetermined significance (ASCUS) or a more advanced lesion.
Testing for high-risk HPV with the HC 2 test is useful in the detection of CIN grade
2/3 in low-grade CIN groups and in the selection of patients for colposcopy. HC 2
test is now provided as a primary tool to detect cervical cancer along with Pap
smears rather than as a secondary test. A growing body of data now demonstrates
the ability of HPV testing to identify women at high risk of cervical cancer more
accurately than the most advanced type of Pap smear. Some cancer experts even
recommend that HPV test should replace Pap smear as the first-line tool for cervical
cancer screening, particularly in low-resource countries of the developing world.
HPYV screening that distinguishes HPV16 and HPV18 from other oncogenic HPV
types may identify women at the greatest risk of developing cervical cancer.

In advanced preneoplastic lesions, HPV genomes are often integrated into cellular
chromosomes. This leads to enhanced expression of the viral oncogenes. The detec-
tion of specific viral mRNA transcripts derived from integrated HPV genomes enables
the identification of preneoplastic lesions with a particularly high risk for progression
to invasive cancers (APOT-assay). These findings will enable establishment of highly
sensitive but specific and cost-efficient new cancer early detection assays.

The activity of two viral oncogenes E6 and E7 initiates in a long-term process
neoplastic transformation in few of the HPV-harboring cells. As consequence of the
expression of E7, a cellular marker protein (p16) is increasingly expressed in dys-
plastic cells. Therefore, MAbs directed against p16 enable specific identification of
dysplastic cells and derived invasive cancers in histological slides as well as cyto-
logical smears by CINtec Assay (MTM Laboratories). Correlating the cancer-spe-
cific antigen to the histology and cytology, CINtec will provide more detailed and
precise information for cancer screening and diagnostic to the examining patholo-
gist. Clinical study data have already shown very promising results in its application
for the early detection of cervical cancer. InPath System (Molecular Diagnostics
Inc.) uses a specific combination of protein biomarkers that illuminate and map
abnormal cells and is a useful method of screening for cervical cancer.
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Exfoliated cervical cells are used in cytology-based cancer screening and may
also be a source for molecular biomarkers indicative of neoplastic changes in the
underlying tissue. However, because of keratinization and terminal differentiation,
it is not clear that these cells have an mRNA profile representative of cervical tissue
and that the profile can distinguish the lesions targeted for early detection.
Comparison of the transcription profiles from samples of normal exfoliated cells
and cervical tissues using whole-genome microarray shows that the gene expression
profile of exfoliated cervical cells partially represents that of tissue and is complex
enough to provide potential differentiation between cancer and benign conditions.
These findings encourage further exploration of gene expression using exfoliated
cells to identify and validate applicable biomarkers.

Expression of hTERT mRNA and protein has been investigated in cervix cancer,
CIN, and normal cervix. Upregulation of hTERT may play an important role in the
development of CIN and cervix cancer; hTERT could be used as an early diagnostic
biomarker for cervix cancer.

Several studies have been presented evaluating p1 6INK4a, a potential biomarker
for cervical cancer screening and diagnosis. CINtec p16INK4a-based immunocyto-
chemistry protocols have been used on cervical cytology preparations. The results
of the studies indicate that this approach improves the histological diagnosis of
cervical cancer.

5.5.6 Gastrointestinal Cancer Biomarkers

Three important cancers of the gastrointestinal system are esophageal cancer, gas-
tric cancer, and CRC. These will be described with regard to biomarker studies.

5.5.6.1 Esophageal Cancer Biomarkers

Carcinoma of the esophagus including carcinoma of gastroesophageal junction is
rapidly increasing in incidence. Esophageal carcinogenesis is a multistage process,
involving a variety of changes in gene expression and structure. Identification of
dysplasia in mucosal biopsies is the most reliable pathological indicator of an
increased risk of development of squamous cell carcinoma and passes through the
sequence of chronic esophagitis, low-grade and high-grade dysplasia, and invasive
carcinoma. Barrett’s esophagus is a precursor to esophageal adenocarcinoma (EAC)
and has a well-described sequence of carcinogenesis: the Barrett’s metaplasia—
dysplasia—adenocarcinoma sequence. Studies are in progress to discover biomark-
ers for risk of squamous cell carcinoma as well as the diagnosis and monitoring of
the response to treatment.

Hypermethylation of several tumor suppressor genes is involved in the evolution
and progression of EACs. Efforts are now underway to develop noninvasive bio-
markers for this disease. Hypermethylation of APC gene occurs in the plasma of
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25 % of EAC patients, and this is significantly associated with reduced patient
survival, suggesting that APC hypermethylation in the plasma may be a useful bio-
marker of biologically aggressive disease in EAC. Similarly 23 % of EAC patients
have hypermethylation of p16 gene in the serum DNA. Various studies have found
the usefulness of analyzing methylation levels of pl6, E-cad, RARD, death-
associated protein kinase (DAPK), and APC in the peripheral blood not only as a
screening and monitoring tool for EAC patients but also as a biomarker of tumor
recurrence (Ikoma et al. 2007; Hoffmann et al. 2009).

miRNA expression profiles of esophageal cancer reveal the oncogenic mecha-
nism by miRNA-mediated posttranscriptional pathway. Further exploration is
required for better understanding their role in carcinogenesis of esophageal cancer.
Circulating miRNAs are potential biomarkers for esophageal cancer (Zhou and
Wang 2010).

5.5.6.2 Gastric Cancer Biomarkers

While there is no reliable serum biomarker for the diagnosis and monitoring of
patients with gastric cancer, proteomic technologies have been used extensively for
detection of biomarkers of gastric cancer. An analysis of cryostat sections of central
gastric tumor, tumor margin, and normal gastric epithelium using ProteinChip
Arrays and SELDI-TOF MS revealed a peak that was significantly downregulated
in tumor tissue and identified as pepsinogen C using MS/MS analysis and immuno-
depletion (Melle et al. 2005). This signal was further characterized by IHC. This
work demonstrates that differentially expressed signals can be identified and
assessed using a proteomic approach comprising tissue microdissection, protein
profiling, and IHC. Pepsinogen C is a potential biomarker of gastric cancer.

Serum samples from patients with gastric cancer as well as healthy adults were
examined by SELDI-TOF MS, and data of spectra were analyzed by Biomarker
Patterns Software (Qian et al. 2005). Two mass peaks were selected as significant
potential biomarkers. The sensitivity, specificity, and accuracy of the model were
higher than those of clinically used serum biomarkers CEA, CA 19-9, and CA72-4.
Stage I/II gastric cancer samples of the test group were all judged correctly. The
novel biomarkers in serum and the established model could be potentially used in
the detection of gastric cancer. However, large-scale studies should be carried on to
further explore the clinical impact on the model.

Tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) is overexpressed in
many human malignancies, including gastric cancer, and is associated with poor
outcome. An elevated preoperative level of serum TIMP-1 was significantly associ-
ated with progressive disease, advanced stage, and worse survival in gastric cancer
patients who underwent surgery (Wang et al. 2006).

Aberrant DNA methylation is an early and frequent process in gastric carcino-
genesis and could be useful for detection of gastric cancer. Six genes (MINT25,
RORA, GDNF, ADAM23, PRDMS, MLF1) showed frequent differential methyla-
tion between gastric cancer and normal mucosa with close correlation between
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methylation levels in tumor biopsy and gastric washes (Watanabe et al. 2009).
Of these, MINT25 was found to be a sensitive and specific biomarker for screening
in gastric cancer. Other genes that have been studied as biomarkers of gastric cancer
using MSP include APC, DAPK, E-cad, GSTP1, MGMT, MLH1, MSP, p15, pl16,
Q-MSP, RUNX3, RARb, RASSF1A, SOCS1, TGFBR2, and TIMP3.

Real-time RT-PCR has shown that expression levels of miR-106a and miR-17 in
preoperative and postoperative blood samples of patient with gastric carcinoma
were significantly higher than those in controls, indicating that this may be a new
tool for monitoring CTCs (Zhou et al. 2010). In a similar study, plasma analyses for
five selected miRNAs (miR-17-5p, miR-21, miR-106a, miR-106b, and let-7a) were
performed in gastric cancer patients and healthy volunteers (Tsujiura et al. 2010).
The miRNAs were stable and detectable in all plasma samples, and the plasma
miRNA levels reflected the tumor miRNAs in most cases. The levels of these miR-
NAs were significantly reduced in postoperative samples, indicating the prognostic
value of miRNAs in gastric neoplasia. In large-scale analysis, the plasma concentra-
tions of four of the five miRNAs (miR-17-5p, miR-21, miR-106a, and miR-106b)
were significantly higher in cancer patients than in controls, whereas mir-let-7a was
lower in cancer patients. These results support the specificity and usefulness of this
method detecting circulating miRNAs for diagnosis as well as prognosis.

5.5.6.3 Colorectal Cancer Biomarkers

CRC is one of the most common cancers in the world and is a leading cause of can-
cer mortality and morbidity. The cause of CRC is multifactorial, involving heredi-
tary susceptibility, environmental factors, and somatic genetic changes during tumor
progression. Detection of biomarkers is useful for prevention, diagnosis, prognosis,
and management of CRC. Biomarkers of CRC are listed in Table 5.7.

Detection of serum biomarkers of CRC. One method for detecting serum biomark-
ers for CRC is by serum protein profiling using SELDI-TOF MS followed by clas-
sification tree pattern analysis. Biomarkers can be identified and reproducibly
detected in independent sample sets with high sensitivity and specificity. Although
not specific for CRC, these biomarkers have a potential role in monitoring the dis-
ease as well as the treatment. However, there is still a need for multiple biomarker
testing and for identifying panels of predictive markers in order to improve response
rates and decrease toxicity with the ultimate aim of tailoring treatment according to
an individual patient and tumor profile. Soluble cytokeratin-18 fragment M65A is
released from human cancer cells during cell death and is a potential biomarker of
CRC that is characterized by frequent metastatic spread (Ausch et al. 2009).
BioServe and Phenomenome Discoveries Inc. (PDI) have developed a novel
serum-based diagnostic test for the identification of CRC and precancerous states
conducive to the development of CRC. For developing the test, BioServe identified
a large number of patient tissue and serum samples from its Global Repository
exhibiting CRC across a spectrum of stages, as well as matched healthy controls.
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Table 5.7 Biomarkers of colorectal cancer

Aldo-keto reductase family 1 B10 (AKR1B10 or ARL-1)

Alpha-methylacyl-coenzyme A racemase (AMACR) in CRC tissue as prognostic biomarker

Biomarkers of resistance to chemotherapy: thymidylate synthase, topoisomerase-I, TABCB1/
P-gp transporter

CRC-specific methylated DNA biomarkers in plasma: MLHI, p16, DAPK, TPEF/HPP1, APC, HLTF,
ALX4, RUNX3, RASSF1A, RASSF2A, SEPT9, MGMT, and WIF1

Circulating tumor cell biomarkers: plastin3

Desmin

DNA microsatellite instability

Gene biomarkers of CRC

Guanylyl cyclase C

Insulin and insulin-like growth factor binding protein (IGFBP)-1

Matrix metalloproteinase 9

miRNA biomarkers of CRC

Mutations in DNA mismatch repair genes: hereditary nonpolyposis CRC

Serum CEA

Urinary biomarkers

Volatile organic compounds in exhaled breath

© Jain PharmaBiotech

Using PDI’s patented nontargeted metabolomic platform, PDI discovered that a
series of novel metabolites were significantly decreased in serum samples collected
from CRC patients compared to controls. From these results, PDI developed a 2 min
high-throughput screening method capable of simultaneously measuring a key sub-
set of these molecules. The rapid test was found to have a sensitivity of 75 % and
specificity of 90 %. Clinical trials are planned to evaluate the test’s utility as part of
a broad-based population screening regimen.

Circulating tumor cell biomarkers. CTCs in blood are potential seeds for metastasis
as well as cancer biomarkers. However, most CTC detection systems might miss
EMT-induced metastatic cells because detection is based on epithelial markers.
Microarray analysis of CRC tissue specimens to detect genes that are overexpressed
relative to normal colon mucosa led to discovery of plastin3 (PLS3) as a biomarker
that is expressed in metastatic CRC cells but not in normal circulation (Yokobori
et al. 2013). Fluorescent immunocytochemistry was used to validate that PLS3 was
expressed in EMT-induced CTC in peripheral blood from patients with CRC with
distant metastasis. PLS3 has also significant prognostic value.

Urinary biomarkers of CRC. Metabolomic research remains the primary means to
identify urinary biomarkers in CRC. However, many serum biomarkers and tissue
biomarkers are not excreted in the urine unless the plasma levels are high enough
to overcome renal resorption. According to one study, 76.9 % of CRC patients
can be correctly classified using principal component analysis of 14 nucleosides
by reversed-phase HPLC; 9 of these nucleosides were found to significantly
decrease after curative resection thus implying prognostic value (Feng et al.
2009). This preliminary study indicates that the evaluation of both normal and
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modified urinary nucleosides might provide unique markers in the diagnosis and
management of CRC.

miRNA biomarkers of CRC. CRC samples, characterized by microsatellite stability
(MSS) as well as high microsatellite instability (MSI-H), have been investigated for
genome-wide expression of miRNA and mRNA (Lanza et al. 2007). Based on com-
bined miRNA and mRNA gene expression, a molecular signature consisting of dif-
ferentially expressed genes including miRNAs, could correctly distinguish MSI-H
versus MSS colon cancer samples. Among the differentially expressed miRNAs,
various members of the oncogenic miR-17-92 family were significantly upregulated
in MSS cancers. The majority of protein-coding genes were also upregulated in
MSS cancers. Their functional classification revealed that they were most frequently
associated with cell cycle, DNA replication, recombination, repair, gastrointestinal
disease, and immune response. This study suggests that the combination of mRNA/
miRNA expression signatures may represent a general approach for improving bio-
molecular classification of human cancer. In 2010, Rosetta Genomics plans to
launch miRscreen Colon, which shows that the expression patterns of two miRNAs
can be used to identify the presence of the disease with 91 % sensitivity and 72 %
specificity.

Some of the miRNAs may function as oncogenes due to their overexpression in
tumors; hsa-miR-200c may be a potential novel prognostic factor in CRC. Another
study has shown that altered expression levels of miR-21, miR-31, miR-143, and
miR-145 is associated with clinicopathologic features of CRC (Slaby et al. 2008).

Differential expression of specific miRNAs in tissues and blood offers the prospect
of their use in early detection, screening, and surveillance of CRC in a noninvasive
manner. A study investigated whether plasma miRNAs could discriminate between
patients with and without CRC (Ng et al. 2009). This study entailed an initial discov-
ery of discriminatory miRNAs in a small subset of CRC patients versus normal sub-
jects, followed by selection and validation of these miRNAs in an independent
collection of plasma from patients with CRC, gastric cancer, and inflammatory bowel
disease as well as healthy controls. Among the panel of 95 miRNAs analyzed, 5 miR-
NAs (miR-17-3p, miR-135b, miR-222, miR-92, and miR-95) were upregulated both
in plasma and tissue samples. All five miRNAs were validated in the plasma of
patients with CRC and healthy controls. Among these, two miRNAs, miR-17-3p and
miR-92, were significantly elevated in the patients with CRC. The plasma levels of
these two miRNAs were significantly reduced after surgery in patients with CRC.
Further validation with an independent set of plasma samples indicated that miR-92
differentiated CRC from gastric cancer, IBD, and normal subjects.

ColonSentry (GeneNews) is based on the Sentinel Principle™, which uses blood
samples to identify RNA biomarkers for early diagnosis of CRC. It has been devel-
oped to provide:

* A simply convenient first step for CRC screening

* High patient acceptance

* To exploit genomics for CRC diagnostics

* To enhance the number of cancers detected by colonoscopy
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Hereditary nonpolyposis colorectal cancer (HNPCC). This is a familial cancer
syndrome characterized by mutations in at least one of six DNA mismatch repair
genes: hPMS1, hPMS2, hMSH2, MSH6, hTGFBR2, and hMLHI1. Five to 10 % of
the 150,000 cases of CRC diagnosed each year in the USA are of hereditary type.
Identification of DNA microsatellite instability refines the diagnosis of HNPCC,
allowing frequent early-onset colonoscopic screening to be restricted to individuals
with an especially high risk of this type of cancer. Human homologs of murine
miRNA sequences, miR-143 and miR-145, consistently display reduced steady-
state levels of the mature miRNA at the adenomatous and cancer stages of colorec-
tal neoplasia and are potential biomarkers.

Diagnostic biomarkers of CRC. Increased level of matrix metalloproteinase 9 (MMP-9),
a biomarker of CRC that can be measured from a blood sample, is potentially an accu-
rate, low-risk, and cost-effective population screening tool. The accuracy of serum
MMP-9 as a test for CRC in a primary care population is being evaluated.

Epigenomics Inc. is using a sieving strategy for identifying high-performing bio-
marker assays that detect CRC-specific methylated DNA in plasma (Lofton-Day
et al. 2008). Restriction enzyme-based discovery methods were used to identify
biomarker candidates with obviously different methylation patterns in CRC tissue
and nonpathological tissue. A selection process incorporating microarrays and/or
real-time PCR analysis of tissue samples was used to further test biomarker candi-
dates for maximum methylation in CRC tissue and minimum amplification in tis-
sues from both healthy individuals and patients with other diseases. Three
biomarkers, TMEFF2, NGFR, and SEPT9, were selected and tested with plasma
samples. TMEFF2 methylation was detected in 65 % of plasma samples from CRC
patients and not detected in 69 % of the controls. The corresponding results for
NGEFR were 51 and 84 %; for SEPT9, the values were 69 and 86 %. Application of
stringent criteria at all steps of the selection and validation process enabled success-
ful identification and ranking of blood-based biomarker candidates for CRC.

A novel blood-based, five-gene biomarker set has been reported for the detection
of CRC (Han et al. 2008). Two of these were the most upregulated (CDA and
MGC20553), and three were the most downregulated (BANK1, BCNP1, and MS4A1)
in CRC patients. The predictive power of these five genes was validated with a novel
third set, correctly identifying 88 % of CRC samples and 64 % of non-CRC samples.

Guanylyl cyclase C (GCC) is a cell surface molecule found on colorectal cells,
both normal and cancerous, but not on any normal cells outside the intestine. GCC
receptor provides a superior mechanism for detecting the presence of CRC cells
because it relies on ultrasensitive mRNA-based amplification technology rather
than other less sensitive and variable detection systems, such as the histopathology.
Quantification of GCC mRNA in tissues by RT-PCR employing external calibration
standards is analytically robust and reproducible, with high clinicopathologic sensi-
tivity and specificity (Schulz et al. 2006). GCC biomarker has shown to be 95-100 %
accurate in detecting the spread or recurrence of colon cancer in lymph nodes or
blood. This is the basis for Previstage™ GCC (DiagnoCure) as a lymph node test
for the staging of CRC.
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The aldo-keto reductase family 1 B10 (AKR1B10 or ARL-1) protein is normally
expressed in mature epithelial cells of healthy colon tissue. AKR1B 10 expression is
noticeably decreased or absent in CRC and precancerous conditions. AKR1B10 can
be used as a novel biomarker for CRC and other precancerous conditions. It would
be useful in screening high-risk populations, such as those with predisposing condi-
tions of CRC, such as Crohn’s disease, chronic inflammatory bowel disease, and
ulcerative colitis.

Desmin, originally a tissue biomarker of heart failure, is found to be elevated in
CRC tissue and fetal colorectal tissue compared with normal colorectal tissue.
Desmin can be considered a potential serum biomarker for CRC that may have sig-
nificance in the detection of patients with CRC (Ma et al. 2009).

Analysis of the VOCs linked to cancer is a new frontier in cancer screening, as
tumor growth involves several metabolic changes leading to the production of spe-
cific compounds that can be detected in exhaled breath. Canine scent detection has
shown that odor of VOC:s is an effective tool in CRC screening. A study investigated
whether patients with CRC have a specific VOC pattern compared with the healthy
population (Altomare et al. 2013). Exhaled breath was collected in an inert bag
(Tedlar®) from patients with CRC and healthy controls (negative colonoscopy) and
processed offline by thermal-desorber gas chromatography—MS to evaluate the
VOC profile. During the trial phase, VOCs of interest were identified and selected,
and VOC patterns able to discriminate patients from controls were set up; in the
validation phase, their discriminant performance was tested on blinded samples.
A probabilistic neural network (PNN) validated by the leave-one-out method was
used to identify the pattern of VOCs that better discriminated between the two
groups. Application of a PNN to a pattern of 15 compounds showed a discriminant
performance with a sensitivity of 86 %, a specificity of 83 %, and an overall accu-
racy of 76 %. The pattern of VOCs in patients with CRC was different from that in
healthy controls. Breath VOC analysis appears to have potential clinical application
as a biomarker in CRC screening, although further studies are required to confirm
its reliability in heterogeneous clinical settings.

Biomarkers for prevention and management of CRC. A study team at Emory
University (Atlanta, GA) is analyzing the rectal tissue samples of people with
colon adenomatous polyps and comparing them to rectal tissue samples from peo-
ple who do not have polyps to discover biomarkers that may predict risk of devel-
oping CRC. The researchers are also looking at whether the differences they detect
in rectal tissue can also be found in blood or urine. The team is also part of a
10-year multisite US study examining whether increased consumption of vitamin
D and calcium acts on biomarkers of risk for colon cancer and prevents the recur-
rence of adenomatous polyps. In a case—control study, nested within the European
Prospective Investigation into Cancer and Nutrition, no interactions were noted for
any of the polymorphisms with serum 250HD concentration or level of dietary
calcium confirming a role for the Bsml polymorphism of the VDR gene in CRC
risk, independent of serum 250HD concentration and dietary calcium intake (Jenab
et al. 2009).



176 5 Biomarkers of Cancer

It is possible that a combination of tests for microsatellite instability, allelic loss,
pS53 mutations, and other genetic alterations in patients with early-stage CRC will
define groups of patients who require different adjuvant therapies or no systemic
treatment at all. Serum CEA has also been used as a biomarker for surveillance and
monitoring of therapy of CRC. Despite the recent encouraging data, the clinical use
of targeted therapy is hampered by several questions that need to be answered such
as optimal biological dose and schedule, lack of predictive surrogate biomarkers,
and modalities of combination with chemotherapy/radiotherapy. To improve this
situation, high-throughput methods have been used to discover prognostic and pre-
dictive markers for CRC.

Biomarkers of survival in CRC. Use of AQUA™ (HistoRx) technology that com-
bines fluorescence-based imaging, microscopy, and high-throughput tissue microar-
ray technologies has shown that the location and amount of thymidylate synthase
(TS) within two separate compartments of a tumor cell may be critical biomarkers
for predicting survival in CRC. High levels of the protein in the nucleus correlate
with decreased patient survival time, and, further, a high ratio of TS in the nucleus
relative to the level in the cytoplasm correlates with a shorter survival time.

Obesity, sedentary lifestyle, and Western dietary pattern have been linked to
increased risk of cancer recurrence and mortality among patients with surgically
resected CRC. Excess energy balance leads to increased circulating insulin and
depressed levels of circulating insulin-like growth factor-binding protein
(IGFBP)-1, which promote cancer cell growth in preclinical models. Thus, circu-
lating insulin and IGFBP-1 are potential mediators of the association between
lifestyle factors and mortality after CRC resection. Blood levels of these two
insulin-related proteins can be used as biomarkers to predict which patients with
CRC are most likely to die of their disease. In a study on patients with surgically
resected CRC, higher levels of prediagnosis plasma C-peptide and lower levels
of prediagnosis plasma IGFBP-1 were associated with increased mortality
(Wolpin et al. 2009). Those with the highest levels of plasma C-peptide had an
87 % greater chance of dying overall and a 50 % greater chance of dying from
CRC than those with the lowest levels. The difference may be due to the fact that
C-peptide is basically insulin, which is associated with diseases of the heart and
other systems.

Men consuming high amounts of red meat and dairy products are at a higher risk
of developing colon and prostate cancer. Alpha-methylacyl-coenzyme A racemase
(AMACR) is an enzyme that helps to break down fat from these foods to produce
energy. An increase in the utilization of energy from fat is a hallmark of many can-
cers. AMACR is also highly expressed in certain stages of CRC, and a close exami-
nation of the this gene in a panel of normal and progressively malignant colon
tissues reveals that deletions of specific sequences in the AMACR gene may trigger
its abnormal expression during the evolution of CRC (Zhang et al. 2009). A new
deletion variant of the AMACR gene may serve as a biomarker of prognosis and
survival in CRC.
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Biomarkers of resistance to chemotherapy. Despite the recent results of systemic
chemotherapy, more than 40 % of patients with advanced cancer still do not achieve
substantial benefits with cytotoxic agents. Resistance to chemotherapy is an impor-
tant factor in poor response to treatment. Mechanisms that may have important
implications for drug efficacy and actively contribute to innate resistance in CRC
are as follows:

* High levels of TS, the 5-FU target, are associated with tumor insensitivity to
FU-based therapy.

* Higher levels of topoisomerase-I (TOP1) correlate with greater sensitivity of
colon tumors to camptothecin derivatives compared to normal colonic mucosa.

¢ Glucuronidation, involved in xenobiotic detoxification, is also associated with
innate resistance to TOP1 inhibitors in colon cell lines and tumors.

* An increase of the ABCB1/P-gp transporter, a member of the family of ABC-
transporters that detect and eject anticancer drugs from cells, is observed in
intrinsically drug-resistant colon tumors.

The success of chemotherapy depends on various factors such as gender, age,
and histological subtype of tumor. The difference in drug effects between different
genotypes can be significant. Promising candidates have been identified with pre-
dictive value for response and toxicity to chemotherapy in CRC. These candidates
need to be incorporated into large, prospective clinical trials to confirm their impact
for response and survival to chemotherapy that has been reported in retrospective
analyses. Confirmed predictive markers, together with additional yet to be identified
pharmacogenomic key players, will provide the basis for tailoring chemotherapy in
the future. The rationale for this approach is based on the identification of the in
vivo interactions among patient’s characteristics, disease physiopathology, and drug
pharmacodynamics as well as pharmacokinetics.

Biomarkers for personalized management of CRC. In 2011, OncoTrack, an interna-
tional consortium of academic researchers, pharmaceutical companies, and com-
mercial partners, launched a 5-year project to develop and assess new biomarkers
for CRC. OncoTrack was founded to create next-generation methods of biomarker
development to develop personalized treatment of CRC. The consortium’s first
project called “Methods for systematic next-generation oncology biomarker devel-
opment” will seek to generate high-quality genomic and epigenetic data from clini-
cally well-defined CRC tumors and their metastases. The data will be compared to
the germline genome of the patients and will be complemented by a detailed molec-
ular characterization of the tumors. OncoTrack will establish and characterize a new
series of xenograft tumor models and cell lines derived from the same set of tumors
in order to support tumor biology research and the early stages of biomarker quali-
fication. The combined data from all phases of the project will enable OncoTrack to
address fundamental questions regarding the relationship between tumor genotype
and phenotype, thus providing the starting point for discovery and selection of suit-
able candidates for development as biomarkers of CRC.
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5.5.7 Head and Neck Cancer

HNSCC is a leading cause of cancer mortality worldwide. Gene expression
signatures generated from DNA microarray analyses using formalin-fixed HNSCC
tumors have shown that genes involved in EMT and nuclear factor-kappaB (NF-«xB)
signaling deregulation are the most prominent molecular characteristics of the high-
risk tumors (Chung et al. 2006a). The difference in recurrence-free survival between
the high-risk versus low-risk groups was statistically significant. The 75-gene list,
determined by training on the formalin-fixed tumor dataset and tested on data from
the independent frozen tumor set, can be used as a prognostic biomarker of recur-
rence. These data suggest that the molecular determinants of EMT and NF-kB acti-
vation can be targeted as the novel therapy in the identified high-risk patients.

Recent reports have associated a subset of HNSCC with high-risk HPVs, par-
ticularly HPV 16, the same subset of HPVs responsible for the majority of cervical
and anogenital cancers. In a transgenic mouse model for HPV-associated HNSCC,
HPV16 oncogenes mirror the molecular and histopathological characteristics of
human HPV-positive HNSCC that distinguish the latter from human HPV-negative
HNSCC (Strati et al. 2006). This validated model provides the means to define the
contributions of individual HPV oncogenes to HNSCC and to understand the
molecular basis for the differing clinical 