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Preface

Despite the recent decline in cancer incidence rates,
long-term mortality rates remain unchanged. One
of the most important factors for increased sur-
vival of cancer is detection at an early stage. Clinical
assays that detect the early events of cancer through
the use of molecular signatures or biomarkers offer
an opportunity to intervene and prevent cancer
progression. Molecular signatures of the pheno-
type of a cell that aids in early cancer detection
and risk assessment will likely play an important
role in screening and early detection. Although new
information and technologies are clearly the driv-
ing force in biomarker discovery, translating new
findings into clinical application remains a major
challenge.

Tumor development is a complex process requir-
ing coordinated interactions between numerous
proteins, signaling pathways and cell types. As a
result of extensive studies on the molecular patho-
genesis of cancer, several novel regulatory path-
ways and networks have been identified. The steps
in these pathways have delineated a number of
unique events in cells, marked by morphological
and histological changes and altered expression of
genes and proteins. During the transformation of
a normal cell into a cancer cell, the cell signature
changes, and these changes become unique signals
of their presence and inherent features. By read-
ing these signals accurately, we can improve the
early detection and diagnosis of individual cancers.
After decades of using basic research in an attempt
to unravel the underlying cellular and molecular
mechanisms of cancer, the scientific community
has uncovered novel candidate targets for the early
detection of cancer. By the time a tumor is detected,
several molecular changes have already occurred.
Diagnostic assays to detect these changes using
BIOMARKERS have considerable potential for
early detection.

Discovering cancer biomarkers is a relatively
easy process based on the number of papers pub-
lished every year on this subject. However, trans-
lating these discoveries into useful clinical assays
will be very difficult. To date, fewer than 25 can-
cer biomarkers have been approved by the US Food
and Drug Administration (FDA) and most of these
are for monitoring the response to therapy. In the
field of biomarkers, much of the biomarker research
remains “stuck” at the discovery phase. A number
of explanations have been given for the lack of can-
cer biomarkers being moved into clinical use. These
include the high performance standards needed to
make a biomarker clinically useful, the complex
biology of tumors, a flawed discovery process, lack
of validation or a validation process that is cumber-
some and expensive, regulatory requirements, and
an academic system that does not reward transla-
tional research.

Biomarker research requires a knowledge-driven
environment in which investigators generate, con-
tribute, manage and analyze data available from a
variety of sources and technological platforms. The
goal is a continuous feedback loop to accelerate the
translation of data into knowledge. Collaboration,
data sharing, data integration and standards are
integral to achieving this goal. Only by seamlessly
structuring and integrating data sources will the
complex and underlying causes and outcomes of
cancers be revealed, and effective prevention, early
detection and personalized treatments, be realized.
There is a general consensus that if markers from
the early stages of the tumor may be identified, then
treatment is likely to be more successful.

Screening tools are needed that exhibit the com-
bined requirements of high SENSITIVITY and
high SPECIFICITY for early-stage cancers which
are widely accepted, affordable and safe. Significant
improvement in our basic understanding of the

xiii
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biology of cancer initiation and progression has
shown that oncogenes and tumor suppressor gene
mutations can be identified in bodily fluids that
drain from an organ affected by the tumor. In this
book, a number of chapters discuss the various
aspects of biomarkers, from discovery to develop-
ment to validation to clinical utility and clinical use.
Clinical utility refers to the ability to make clinical
decisions and improve outcomes.

The chapters in the book are organized into
three sections: Section I lays the foundation for
biomarker discovery, development and validation.
Section II discusses organ-specific topics relevant
to the clinical needs in early detection, the natu-
ral history of the disease and associated evidence
in support of biomarker research, an overview of
the current state-of-the art in biomarker research,
current progress toward bringing these biomark-
ers into clinical use and the future of biomarker-
based screening and early detection for the respec-
tive organ types. Section III addresses the current
screening strategies for select organ types, and dis-

cusses deficiencies with the present practice and
identifies clinical needs that may benefit from
biomarker-based approaches.

It is hoped that readers will appreciate the com-
plexities of biomarker research, especially for detec-
tion and screening and be inspired or inspire
others to take the challenging tasks of biomarker
discovery, development and validation. In the era
of precision medicine, biomarkers have an impor-
tant role to play by only not identifying disease-
specific molecular changes, but also in identifying
targets for precision treatments. Early detection and
precision medicine are inseparable approaches and
will jointly inform the future course of actions in
the clinical management of diseases. The use of
biomarkers (for instance in triaging patients who
are likely to benefit and who will not benefit from
subsequent diagnostic work-ups) will not only ben-
efit clinical management, but will also be an impor-
tant part of health economics in which the cost
to the society and medical care will be optimized,
reduced and improved.
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1 CHAPTER 1

Nuts and Bolts of Biomarker
Research
Sharmistha Ghosh1 and Sudhir Srivastava2
1Cancer Biomarkers Research Group, Division of Cancer Prevention, National Cancer Institute,
Rockville, MD, USA
2Cancer Biomarkers Research Group, Division of Cancer Prevention, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

What is a biomarker?

A biomarker is a particular characteristic, or a
molecular fingerprint, which indicates manifes-
tation of a physiological state, and which can
be objectively quantified to distinguish a normal
state from a pathological condition (e.g., cancer)
or a response to a therapeutic intervention. The
National Cancer Institute (NCI) of the National
Institutes of Health (NIH) defines biomarker as: “A
biological molecule found in blood, other body flu-
ids, or tissues that is a sign of a normal or abnormal
process, or of a condition or disease. A biomarker
may be used to see how well the body responds to
a treatment for a disease or condition. Biomark-
ers are also called molecular markers and signature
molecules.” [1]

As a normal cell undergoes a complex process of
transformation into a cancerous state, it is hoped
that measurable characteristics can be analyzed
to derive a meaningful clinical decision – either
directly, from the early-stage tumor before it is
palpable or detectable by sensitive screening tech-
nologies available at this time, or as a result of an
immunological response to the tumor. The char-
acteristics include a broad range of biochemical
entities such as nucleic acids (e.g., DNA, mRNA,
long and small [short] non-coding RNA), proteins,

post-translationally modified proteins (e.g., phos-
phoproteins, glycoproteins, methylated proteins,
glycolipids), sugars, lipids and small metabolites,
as well as whole circulating cells or biophysical
characteristics of tissues.

Failure to detect an identifiable molecular mar-
ker may not be a negative predictor of malignancy,
and a positive test for a molecular marker may not
always be a positive predictor of malignancy. How-
ever, an ideal biomarker should indicate a reliable
positive or negative correlation with the presence
of the disease, which means that the clinical test
for the biomarker should have high sensitivity (true
positive rate – that is, the ability to correctly identify
individuals with the disease) and specificity (true
negative rate – that is, the ability to correctly iden-
tify individuals without the disease). The clinical
value of a biomarker test is based on its positive
predictive value (PPV), or how likely it is for test-
positive individuals to actually have the disease, and
its negative predictive value (NPV), or how likely it
is for test-negative individuals to not have the dis-
ease. These again depend on the prevalence of the
disease in the population of interest. Biomarkers
also need to be easily accessible (e.g., by non-
invasive methods for screening purposes), quantifi-
able, analyzable, and interpretable.

Biomarkers in Cancer Screening and Early Detection, First Edition. Edited by Sudhir Srivastava.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.
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4 PART I Foundations of Biomarker Research

Why biomarker research
is imperative

The development of cancer is preceded by numer-
ous germline and somatic mutations, structural
changes in chromosomes, and other genetic and
epigenetic changes, which transform normal
cells into benign tumors and, progressively, into
malignant and metastatic forms. Cancer is a
heterogeneous, multigenic group of diseases; the
heterogeneity lies not only at the biochemical level
(genes, proteins, metabolites), but also at the tissue
and population level (e.g., [2–10]). The enormous
complexity makes cancer detection, diagnosis,
and treatment quite challenging. Although cancers
diagnosed at earlier stages have a much better prog-
nosis compared with cancers diagnosed at later
stages, it is noteworthy that many cancer patients
are diagnosed at a stage at which the cancer is too
far advanced to be cured.

Currently, recommendations for early detection
of cancer in average-risk individuals are avail-
able for colorectal, cervical, breast, endometrial
(in menopausal women) and prostate cancers, and
in high-risk individuals in the case of lung can-
cer. There has been a substantial increase in “can-
cer” incidence as a result of screening, but with-
out a proportional decrease in mortality despite
treatment. This implies that screening identifies a
large reservoir of indolent cancers (overdiagnosis)
[11], which would have never become symptomatic
without screening, and did not require any treat-
ment. However, because it is not known at this
time which lesions are indolent, many individu-
als are put through intensive treatments unneces-
sarily, which often causes anxiety as well as sub-
stantial physical and financial harm. An extensive
discussion on existing screening modalities, rec-
ommendations, and the consequences and com-
plexities involved is beyond the scope of this chap-
ter. A shared decision-making discussion between
the patients and their physicians, based on existing
data, and also taking into consideration an individ-
ual patient’s values and philosophies on healthcare,
is important [12].

The ability to identify tumors that are destined to
progress, and which are associated with morbidity
and mortality at an early stage, will allow effective
treatment interventions and reduce deaths. Iden-

tification of tumor-specific molecular signatures is
imperative for a new approach to early detection,
diagnosis, prognosis, disease classification and risk
prediction. It will also help to implement appro-
priate treatment decisions and therapeutic inter-
ventions, to monitor treatment response and effi-
cacy (i.e., a measurable effect on a clinical end
point), and to overcome drug resistance in a precise,
patient-specific approach. Such practice of tailored
“personalized medicine”, based on the molecular
portraits of tumor cells, allows physicians to inform
individual patients of the expected outcomes –
for example, whether treatments or surveillance
approaches will be beneficial, and when to stop
treatment based on response to drug(s). An illustra-
tion of several windows of clinical relevance in the
management of cancer during its course of devel-
opment is shown where different biomarker profiles
can be applied to each of these windows for optimal
management of cancer (Figure 1.1).

A few biomarkers discussed in this section
underscore their utilization as clinical tools for
facilitating diagnosis and treatment of tumors.
Germline mutations in the high-penetrance genes
breast cancer 1 (BRCA1) and breast cancer 2
(BRCA2), which are associated with hereditary
susceptibility to breast and ovarian cancers,
somatic mutations in phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) gene in colorectal tumors which can act
as predictive biomarker for adjuvant aspirin ther-
apy, and metastatic melanoma patients who harbor
v-raf murine sarcoma viral oncogene homolog B
(BRAF)V600E mutations in tumors and are treated
with the BRAF inhibitor vemurafenib are some
well-known examples [14–16]. Another example is
a translocation occurring between the breakpoint
cluster region (BCR) gene on chromosome 22
and the Abelson (ABL) tyrosine kinase gene on
chromosome 9 in chronic myelogenous leukemia
(CML), where the fusion product BCR-ABL is
implicated in disease pathogenesis. Imatinib, a
drug that effectively treats CML, was developed
against the BCR-ABL fusion product.

Protein-based biomarkers, such as overexpres-
sion of human epidermal growth factor receptor
2 (HER2; also known as ERBB2) in breast tumors,
serve as a marker for prognosis of breast cancer,
as well as an effective target for treatment with
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Figure 1.1 Biomarker application in the clinic. A long
window of opportunity for chemoprevention or any
clinical intervention is divided into sub-windows, based on
whether a risk assessment is made when the disease is
non-measureable, or an early diagnosis is made based on

screening for measurable characteristics of the tumor, or a
clinical diagnosis is made when the disease is symptomatic
or has recurred. Adapted from [13]. For a color version of
this figure please see color plate section.

trastuzumab, a HER2-specific monoclonal anti-
body [17,19]. Levels of cancer antigen 25 (CA 125)
in serum can be indicative of disease progression
and treatment response in ovarian cancer, but this
is not definitive because of high false-positive rate
[20,21]. A recently discovered biomarker, fibulin-3,
in plasma and effusions of mesothelioma patients,
may be promising for early detection, diagnosis
and prognosis of pleural mesothelioma, if vali-
dated in well-designed prospective studies [22].
The prostate-specific antigen (PSA) is widely used
as a prostate cancer screening marker, although
its reliability as a screening tool is controversial.
After reviewing all evidence, the US Preventive Ser-
vices Task Force recommends against PSA testing
for screening purposes (Grade D Recommendation
since 2011), because the estimated harms outweigh
benefits [23, 24]. However, PSA remains a good
biomarker for the monitoring and management of
patients with advanced prostate cancer.

Biomarker discovery can also start in the
clinic, following a reverse course to the bench.
Recently, the genome sequencing of bladder tumor
of an exceptional responder to everolimus treat-
ment showed that a loss-of-function mutation
in tuberous sclerosis complex 1 (TSC1) had
high correlation with everolimus sensitivity [25].
This demonstrates that unconventional individ-
ual patient information can be extracted to dis-
cover biomarkers of drug sensitivity, which will
help the identification of specific subsets of patients

who would respond to particular treatments, or
provide a novel insight into the molecular mech-
anisms. Therefore, molecular characterization of
tumors is the key to early detection, diagnosis,
prognosis and development of effective treatments.

Existing screening techniques are incapable of
distinguishing benign and indolent cancers from
aggressive ones, and even the histopathological
criteria are insufficient for this. Biomarkers, in con-
junction with existing screening and imaging tech-
niques, can also become very important diagnostic
tools. Despite the widely available colonoscopy,
a diagnostic screening method that can detect
precancerous polyps and early-stage colon cancer,
only about 40% of newly diagnosed colon cancers
are localized. This is primarily because of non-
compliance to colonoscopy, and missed cancers due
to technical or other reasons. Among asymptomatic
patients, the rate of missed cancers in the hands
of experienced operators range from 2–6%; the
highest being on the right side of the colon [26,27].

Non-invasive biomarker tests may have a higher
probability of population-wide compliance, and
can help reduce cancer burden and improve clinical
outcomes by identifying individuals at moderate
or high risk who must have colonoscopy. Recently,
a multi-target stool DNA testing with significantly
higher sensitivity (detects more cancers in average-
risk, asymptomatic individuals), but lower speci-
ficity (namely, more false positive results) com-
pared with the well-known fecal immunochemical
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test, has been reported. However, whether this
new test has a role in colorectal cancer screening is
beyond the scope of this study [28].

This chapter aims to provide a comprehensive
outline of a systematic approach to biomarker
development designed to cope effectively with the
US regulatory system, under which the products
are brought to the market, and also to provide an
insight into the various available tools that sup-
port the discovery and development of biomark-
ers. Subsequent chapters of this book will focus
on biomarkers for early detection, diagnosis, prog-
nosis and risk assessment (excluding genome-wide
association studies) of cancer.

A systematic approach to
developing clinically useful
biomarkers: important tools and
infrastructure to address the
challenges

Successful translation of promising biomarkers
from the bench to the clinic has been relatively
rare [29]. Although a few molecular biomarkers
have been approved by the US Food and Drug
Administration (FDA) for various clinical purposes
[30], none is suitable for population screening.
Most biomarkers do not progress beyond the dis-
covery stage, and it is important to understand
“why” there is this disappointingly slow pace before
one can think of developing effective strategies for
biomarker development.

Historically, biomarker discovery efforts have
been piecemeal, silo-oriented, unorganized, and
lacking a systematic approach. Biomarker discov-
ery and validation are also attributed to a host
of technological and methodological problems. To
name a few, there has been a lack of adequate num-
bers of trained personnel to collect and process
biospecimens, a lack of well-annotated samples, a
lack of standardized protocols or quality control, a
lack of blinding of researchers and randomization
of animals or patient samples, and a lack of sup-
porting tools. All these problems are further com-
pounded by technological limitations of detect-
ing low-abundance signals in limited amounts of
biospecimens. This has produced a patchwork of
standards, a lack of reproducible data and, often,
conflicts and confusion. Numerous publications,

albeit published in reputable journals with rigor-
ous peer review standards, exemplify how prob-
lems with study design, statistical deficiencies (such
as overfitting of data), and lack of validation (ana-
lytic validity or clinical validity of a biomarker
test) can lead to misinterpretation of the data and
wrongful conclusions [31]. These are all significant
impediments in the development of clinically use-
ful biomarkers.

NCI’s Early Detection Research
Network and the five-phase schema
Given the challenges and costs involved in devel-
oping and validating biomarkers, it is difficult, or
even impossible, for a single institution or agency
to undertake the work single-handedly. Validated
biomarkers, however, may prove useful to many
stakeholders. Therefore, for a concerted effort to
accelerate the development of systematic, evidence-
based discovery of cancer biomarkers, which is a
highly complex process in itself, it is beneficial to
recognize the power of large, well-planned organi-
zational structures (consortia), where technologi-
cal and intellectual resources are shared and inte-
grated towards a common goal. By leveraging the
strengths of multidisciplinary, multisite partners,
and by sharing costs, consortia are more likely to
take on challenges that individual stakeholders can-
not meet [32–36]. The team environment of con-
sortia also has the benefits of better quality control,
effective validation of results, effective utilization of
scientific and financial resources, ans can develop
the best standardized practices, help with trou-
bleshooting problems, and draw inspiration from
team members.

The Early Detection Research Network (EDRN)
of the NCI (http://edrn.nci.gov/), launched in 2000,
is the first comprehensive network created to
scrupulously discover and validate biomarkers for
early detection of cancer. Since its inception, the
EDRN has made significant progress in develop-
ing a dynamic organized infrastructure for identify-
ing candidate biomarkers, accommodating rapidly
evolving technologies, and conducting multicen-
ter validation studies and building resources, while
also fostering public-private partnerships (PPPs)
with industries, and developing collaborations with
other government agencies and designated cancer
centers.

http://edrn.nci.gov/
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Table 1.1 FDA approved diagnostic tests.

Biomarker Clinical utility Year of

approval

EDRN principal investigator/

industrial partner

%[-2]proPSA Reduce the number of unnecessary

initial biopsies during prostate cancer

screening. Also, appears to be highly

associated with increased risk of

aggressive disease.

2012 D. Chan/Beckman Coulter

PCA3 (in urine) Biopsy or re-biopsy decisions in patients

at risk for prostate cancer.

2012 J. Wei/Gen-Probe

OVA1TM (5 analytes in blood: CA 125,

prealbumin, apolipoprotein A-1,

beta2 microglobulin, and

transferrin)

Prediction of ovarian cancer risk in

women with pelvic mass.

2010 D. Chan/ Vermillion

Risk of ovarian malignancy (ROMA)

(algorithm with CA125 and HE4

blood tests for pelvic mass

malignancies)

Prediction of ovarian cancer risk in

women with pelvic mass.

2011 S. Skates/Fujirebio Diagnostics

Combined panel of blood DCP

(approved by FDA in 2007) and

AFP-L3 (approved by FDA in 2005)

Risk assessment for development of

hepatocellular carcinoma.

2011 J. Marrero/Wako Diagnostics

The valuable resources developed by EDRN that
are worth mentioning include development of com-
mon data elements (CDEs), standard operating
procedures (SOPs), diagnostic assays that are in
use in the community, ten standard biospecimen
reference sets, and a strong bioinformatics base,
in collaboration with the Jet Propulsion Labora-
tory (JPL) of the National Aeronautics and Space
Administration (NASA). The infrastructure gives
researchers with promising biomarkers a platform
to assess them accurately for translating discovery
into clinical use. A total of five EDRN-developed or
-supported biomarker-based diagnostic tests have
been approved by the FDA (Table 1.1), and many
diagnostic tests are currently in use in (CLIA)
laboratories (Table 1.2). The EDRN Biomarker
Database (BMDB) tracks all of EDRN’s research
progress, as well as related entities such as pro-
tocols and publications. Relevant information is
available from the National Cancer Institute at
http://edrn.nci.nih.gov/.

All studies follow the recommended five-phase
schema [37] and the Prospective Sample Collection
Retrospective Evaluation (PRoBE) guidelines [38],
which address the methodological and biostatisti-
cal challenges that were not considered in the past,

and evaluate the step-by-step evidence necessary
to allow a thorough assessment of promising new
biomarkers for diagnostic, screening, and prognos-
tic purposes, and validate their applications in clini-
cal settings before proclaiming use as clinical tools.
The phases of biomarker development, which are
analogous to the drug development process, are as
follows (Table 1.3):
Phase 1: Preclinical Exploratory. The first step

in biomarker development often begins with
exploratory preclinical studies, which aim to
identify unique characteristics or molecular sig-
natures of tumor tissues, compared with nor-
mal tissues to develop biomarkers, with great
discriminatory ability (i.e., correctly distinguish
cancer from non-cancer).

Phase 2: Clinical Assay Development and Val-
idation. Because tissues should not be pro-
cured using invasive mechanisms for screen-
ing purposes, the idea is to conduct biomarker
assays using non-invasively obtained samples,
such as blood, urine, saliva and so on. Clinical
assays that can distinguish subjects with cancer
from those without cancer are developed, opti-
mized and validated in this phase, using non-
invasively obtained biosamples. However, it is

http://edrn.nci.nih.gov/
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Table 1.2 CLIA certified diagnostic tests.

Biomarker assay Clinical utility

EDRN principal investigator/CLIA

laboratory

MiPS (Mi prostate score urine test), Multiplex

analysis of T2-ERG gene fusion, PCA3 and

serum PSA

Detection of prostate cancer A. Chinnaiyan/Gen-Probe

IHC and FISH for T2-ERG fusion Detection of prostate cancer A. Chinnaiyan/Roche

GSTP1 methylation Repeat biopsies in prostate cancer D. Sidransky/ OncoMethylome

Mitochondrial deletion Detection of prostate cancer National Institute of Standards

and Technology

(NIST)/Mitomics

Proteomic panel Detection of lung cancer W. Rom/Celera

Aptamer-based markers Detection of lung cancer W. Rom/Somalogic

80-gene panel Detection of lung cancer A. Spira/Allegro

Vimentin methylation in stool Detection of colon cancer S. Markowitz/Labcorp

Galectin-3 ligand Detection of advanced adenomas

and colon cancer

R. Bresalier/BG Medicine

GP73 Risk of hepatocellular carcinoma T. Block/Beckman Coulter

8-gene panel for Barrett’s esophagus Progression prediction Stephen Meltzer/ Diagnovus

not known at this stage whether the biomarker
can be used for early detection. EDRN’s standard
biospecimen reference sets, which use common
sets of biospecimens from well-characterized
and matched cases and controls, have been
carefully developed and annotated to over-
come many of the logistic and design-related
issues in preliminary and advanced biomarker
validation.

Phase 3: Retrospective Longitudinal Repository Stud-
ies. In this phase, the ability of the biomarker
to detect preclinical disease and its promise
as a screening tool for early detection (how
long before a patient’s clinical diagnosis the
biomarker could be detected in the biospecimen)

are evaluated by analyzing samples from case
patients before their clinical diagnosis.

Phase 4: Prospective Screening Studies. If a
biomarker shows promise as a screening
tool in Phase 3, a prospective screening study
is conducted, where the screen is applied to a
relevant population to determine the operating
characteristics of the screening test. Screen-
positive individuals go through diagnostic
procedures to determine the stage or nature of
the cancer. A small-scale assessment of costs
and survival benefits associated with screening
is also done.

Phase 5: Cancer Control Studies. This phase eval-
uates whether screening reduces the burden of

Table 1.3 The five phases of biomarker development.

Phase Purpose

Phase 1: Preclinical exploratory Promising directions identified. It is established that the biomarker is able to distinguish

between cancer cases and control subjects.

Phase 2: Clinical assay and validation Clinical assay detects established disease.

Phase 3: Retrospective longitudinal Biomarker detects disease early before it becomes clinical and a “screen positive” rule

is defined.

Phase 4: Prospective screening Extent and characteristics of disease detected by the test and the false referral rate are

identified.

Phase 5: Cancer control Impact of screening on reducing the burden of disease on the population is quantified.

Adapted from [37].
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cancer on the population, and if there is a net
benefit. Even if the biomarker detects disease
early, it may not have an overall benefit for the
screened population because of:
a ineffective treatments;
b poor compliance or difficulties with imple-

menting the screening program in community
practice;

c economic or morbidity-associated costs of
screening itself and of the diagnostic work-up
of false-positive individuals; and/or

d overdiagnosis of cancers, which would not
have been detected without screening and may
have caused no harm or death.

The four key components of the PRoBE study
design relate to clinical context and outcomes, cri-
teria for measuring biomarker performance, the
biomarker test itself, and the study size (Pepe
et al. 2008).The design also has greater implications
(e.g., use in biomarker discovery, creating valuable
biorepositories), as indicated by the authors.

The biospecimen-based assessment
modality pathway
Based on the evidentiary framework proposed in
the two seminal studies mentioned earlier [37,
38] and a systematic approach of the transla-
tional biomarker research taken by EDRN, the
Translational Research Working Group (TRWG)
of the NCI drafted a biospecimen-based assess-
ment modality pathway (BM Pathway) [39], which
sketches out the necessary elements in biomarker
development, and also provides a framework for
understanding key scientific and regulatory chal-
lenges, and guidance on how to meet the challenges
and facilitate biomarker development with a pro-
grammatic and operational perspective. Such a tool
is geared towards maximum effectiveness and effi-
ciency of translational research activity. The five
main phases of the BM pathway (Figure 1.2), which
also overlaps significantly with phases 2 through 4
of the schema described earlier [37], are as follows:
1 Credentialing: The exploratory data need to be

scrutinized and prioritized, to evaluate how well
the key questions on clinical validity, clinical
need, practicality of assay development, and so
on, are addressed.

2 Supporting tools: Reproducible assays, standard
reagents, biorepositories are some important

tools. The biospecimens used for biomarker
research need to be properly preserved, well
annotated and clinically relevant.

3 Creation of modality: An assay conducted on a
limited number of biospecimens to define the
patient subset needs to be further validated, and
correlation with clinical outcomes needs to be
established using a large number of retrospec-
tively collected specimens.

4 Preclinical development: The development of
tests underscores the importance of systemati-
cally cataloged information on a wide range of
biomarkers, even the ones that individually do
not show a robust association with clinical phe-
nomena. Clinically important tests often include
a group of genes instead of individual biomark-
ers (e.g., Oncotype DX Breast Cancer Assay that
helps treatment decisions). A prospective study
will determine the performance characteristics
of the test, and establish a statistically significant
correlation with predetermined endpoint(s).

5 Clinical trials: It is important to conduct random-
ized controlled clinical trials before implementa-
tion of the biomarker test in clinical settings.
In addition, interactions between the BM path-

way and developmental pathway for new targeted
therapeutic agents where a diagnostic target can
also be a therapeutic target need to be considered
[39]. Although this is, theoretically, a cost-effective
process, it involves logistical complications and
coordination challenges, because these are often
developed by different research entities with dif-
ferent organizational structures and business poli-
cies, such as academia and industry. However, a
merger of the two pathways seems inevitable, with
the advent of high-throughput ‘omics’ technologies,
such as genomics, proteomics and metabolomics,
where the generated “big data”, coupled with
sophisticated computational and bioinformatics
methods, provides an insight into the underlying
biological functions and processes [40–43]. Cur-
rently, the trend is shifting from a single biomarker
to a more systematic pathway, and network-based
panel of biomarkers for both diagnostic and thera-
peutic use.

The Cancer Genome Atlas (TCGA) (https://
cancergenome.nih.gov/abouttcga), launched in
2005, uses the latest sequencing and analysis
methods to characterize mutational landscapes

https://cancergenome.nih.gov/abouttcga
https://cancergenome.nih.gov/abouttcga
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in various tumor types, and to identify molecular
abnormalities that influence pathophysiology,
affect outcome and constitute therapeutic targets.
In a recently published article by the TCGA
Pan-Cancer Group, the authors write that “Given
the rate at which TCGA and International Cancer
Genome Consortium projects are generating
genomic data, there are reasonable chances of
identifying the ‘core’ cancer genes and pathways
and tumor-type-specific genes and pathways in the
near term.” [44]

Regulatory systems in the
United States

To bring any diagnostic product to the market,
the biomarker discovery and development process
must meet the requirements set by the regulatory
agencies in the United States. The Centers for Dis-
ease Control and Prevention, in partnership with
the Centers for Medicare and Medicaid Services
(CMS), support the Clinical Laboratory Improve-
ment Amendments of 1988 (CLIA) to ensure that
Federal standards are applied to all US clinical
laboratories that test human specimens for health
assessment, or to diagnose, prevent, or treat disease.
The FDA regulates all medical devices, including
in vitro diagnostic products. All procedures in
nonclinical studies used to support a product that
is submitted to the FDA for approval must follow
Good Laboratory Practices (US FDA Bioresearch
Monitoring Good Laboratory Practice: http://www.
fda.gov/ICECI/EnforcementActions/Bioresearch
Monitoring/ucm133789.htm).

The regulations are subject to modification and
evolution in the light of new trends in medical

research. With the growing popularity of omics-
based tests, which are highly complex in them-
selves, and considering some recent publicized
cases of unreliable or falsified tests that may have
caused harm to patients [45, 46], Federal regula-
tors have focused on implementing rigorous stan-
dards for such tests, in order to prevent prema-
ture omics assays from entering the market and
guide treatment decisions. In a recent article [47],
the NCI, in collaboration with investigators repre-
senting areas of expertise relevant to omics-based
test development, has defined an omics-based test
as “an assay composed of or derived from mul-
tiple molecular measurements and interpreted by
a fully specified computational model to produce
a clinically actionable result.” The FDA needs a
more dynamic process for updating the regulatory
policies, to keep pace with the newly developed
clinical tests based on rapidly evolving modern
technologies.

The changing landscape of
biomarker research

Biomarker research requires continued investment
in quality control, in strong technological, sta-
tistical and bioinformatics infrastructure, and in
developing biospecimen repositories for generat-
ing high-quality data that meet US regulatory
requirements.

The increasing use of systems biology and bioin-
formatics as pivotal tools for analysis and interpre-
tation of biological functions has become increas-
ingly popular. Systems approaches encompassing
large sets of components have unraveled a range
of cellular functions and networks [48–52], so it is

←
Figure 1.2 Biospecimen-Based Assessment Modality (BM)
Pathway. The BM pathway is depicted as a flowchart, a
schematic process representation widely used in
engineering. The origin of the process is at the top. Fonts
in bold indicate activity steps. Fonts in italics indicate
conditional tests or decision steps. Unidirectional arrows
represent the direction of the activity sequence and the
direction of transfer of supporting tools from their parallel
development paths to the main path of modality
development. For each activity or decision point, it is
understood that there are many more variations that can
occur, and that not all steps may occur in each instance.

The pathway does not address the ways in which insights
gained from late-stage clinical trials can influence the
development process. Biospecimen-based assessment
devices can be used for screening, early detection,
diagnosis, prediction, prognosis, or response assessment.
The pathways are conceived, not as comprehensive
descriptions of the corresponding real-world processes,
but as tools designed to serve specific purposes, including
research program and project management, coordination
of research efforts, and professional and lay education and
communication [39]. For a color version of this figure
please see color plate section.

http://www.fda.gov/ICECI/EnforcementActions/BioresearchMonitoring/ucm133789.htm
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conceivable that the availability of fully sequenced
genomes and omics-based “big data” has brought
mathematical and computational tool-based reso-
lutions to cancer pathogenesis within reach. It cer-
tainly has the potential to comprehend extremely
complex, nonlinear biological networks, and to
provide a cogent and coherent understanding of the
cellular functionalities. The Systems Biology Work-
bench (SWB; http://sbw.sourceforge.net/) is a use-
ful collection of tools for simulation, analysis, and
visualization of biochemical networks.

Although it may be game-changing to harness
and use big data in the clinic, the existing electronic
health record data systems [42] are not equipped
to handle large volume of data, such as whole
genome sequencing of patients, where each patient
sequencing generates between 5–10 gigabytes of
data. Therefore, ancillary systems supporting the
use of omics-based research in the clinic need to
be developed in parallel. Because of the gaining
momentum of such information fusion in the field
of biology, it will be also useful to bridge the gap
between biologists and computer scientists, and to
invest in training more young investigators to han-
dle mathematical and computational tools.

Furthermore, there are economic considerations
in the implementation and utilization of a new
biomarker-based healthcare approach. Unraveling
the pathogenic processes of cancer and tumor
development using modern technological tools
to meet the demands of “personalized medicine”
results in increased complexities and, often, may
result in more laboratory tests. So, what does this
mean for the already escalating healthcare costs in
the United States? In a microeconomic analysis of
personalized medicine [53], the authors analyzed
the cost-effectiveness of different types of tests from
a payer perspective, and showed that, depending on
the test, it may be cost-saving or cost-creating, or
may even be cost-neutral per patient. Although the
cost estimates are based on treatment costs in the
United States, the results could be widely applicable.
Also, guidelines need to be established and post-
market surveillance strategies need to be enforced
before such tests are implemented in the clinic in
order to ensure that preferential use of “personal-
ized” tests is not driven by any financial interests.

Last, but not least, a paradigm shift in fund-
ing and administrative approaches in academia

nationwide is warranted, to show support for
collaboration-driven research. Although the con-
cept of team science is not new, and substantial
investments have been made in this direction, it is
still not a widely acceptable practice in biomedi-
cal research. Investigators often believe that work-
ing independently results in increased productiv-
ity and drives competitive research; however, their
resistance to collaborations often also stems from
the fact that building a large collaborative network
requires major investment of time, could be diffi-
cult to organize, may involve geographical barriers,
and may require additional finances.

In addition, collaborative efforts are likely
deterred by the fact that the current system
rewards individual accomplishments over col-
laborative efforts, in the form of awarded grants
or tenure in academia. If collaborative efforts are
rewarded by recognizing multi-author publications
in grant applications, alongside individual work
of the investigators, inculcating the significance
of collaborations in young minds at the graduate
level (e.g., encourage multi-advisor thesis), and
revising promotion and tenure policies in support
of team-based interdisciplinary research, it may
encourage the investigators to invest their time
and efforts in forming strong collaborative net-
works. It is worth mentioning that the NIH, and
several institutions, have been taking strides in
this direction by emphasizing the value of team
science. However, significant progress remains to
be achieved.
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Introduction

Epigenetic alterations, such as DNA methyla-
tion and histone modifications, are among the
most common known molecular alterations in
human neoplasia [1–3]. The term “epigenetics”
was coined by Conrad Waddington (1905–1975)
in the 1940s. Epigenetic modifications control gene
expression through covalent modifications (methy-
lation, acetylation) of DNA or chromatin without
altering the genomic sequences. Global alterations
in the whole genome, through epigenetic machin-
ery including DNA methylation, histone modifi-
cations, nucleosome positioning and higher order
of chromatin architecture, are the hallmarks of the
cancer epigenome [4].

Over 70% of the CpG nucleotides present
in the human genome are methylated. These
DNA sequences are found in small 500–2000 bp
stretches, termed CpG islands [5, 6], and these
areas are frequently located in and around the
transcription-start sites in most human genes.
X-chromosome inactivation, genomic imprinting,
inactivation of transposable elements are exam-
ples of robust DNA methylation controlled gene

regulation. Defects in imprinted epigenetic marks
are key factors causing dysfunction of various cel-
lular signaling pathways [7]. Thus, epigenetic alter-
ations, along with genomic DNA sequence alter-
ations, play critical roles in tumor development and
progression [8–10].

Alterations in the epigenome may lead to genetic
mutations and likewise, genetic mutations in epi-
genetic regulators may also lead to an altered
epigenome [4, 7]. Indeed, epigenetic alterations
play crucial roles in tumorigenesis [4,9,10]. Abnor-
malities in epigenetic patterns are much more
widespread than individual gene alterations in can-
cer cells [11]. Within the cancer genome, there
are several hot spots for aberrant epigenetic mod-
ulations leading to gene silencing or activation,
chromatin deregulation, and activation of aberrant
cell renewal mechanisms [12]. Analysis of can-
cer genomes from cancer patients facilitate better
understanding of epigenetic aberrations, which has
great potential in the detection and treatment in all
types of cancers. In this chapter, we discuss features
of DNA methylation in the cancer genome, and its
utility as biomarker or therapy target.
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DNA methylation mechanisms

DNA methylation is one the most characterized
modifications within the genome, and is catalyzed
by DNA methyltransferases (DNMTs). Gene or
promoter sequences are modified by the addi-
tion of a methyl group to the carbon-5’ posi-
tion of cytosine residue within the context of CpG
nucleotides by DNA methyltransferases. Although
promoters of tissue-specific genes are enriched in
CpG sequences (CpG islands), these sequences
are largely unmethylated under normal conditions.
Promoters lacking CpG islands are less prone to
methylation-specific inhibition of gene expression.
In addition to promoters and intergenic regions,
methylation of CpG sequences is also found within
transcribed regions of the mammalian genome
[12]. Disruptions of global methylation patterns in
all of these regions is frequently observed in cancer
cells (Figure 2.1).

Focal methylation alterations in an imprinted
locus can cause developmental anomalies and
demethylation of classical satellite DNA can cause
chromosome instability and fatal defects in cellular
immunity [13]. However, more needs to be learned
about the factors and conditions that trigger de
novo methylation. Most of the experimental data
on biological functions related to genomic methy-
lation patterns of higher vertebrates came from

phenotypic assessment of mammals that resulted
from the mutational studies of DNMT genes.

In mammals, there are three families of DNMTs;
DNMT1, DNMT2 and DNMT3 (Figure 2.2). Only
DNMT1 and DNMT3s have direct DNA methyl-
transferase activity. The DNMT3 family con-
sists of three members; DNMT3A, DNMT3B and
DNMT3L. The normal function of DNMT1 is
mainly in the maintenance of DNA methylation,
whereas DNMT3A and DNMT3B are shown to
regulate DNA methylation in response to devel-
opmental signals [14]. Elevated levels of DNMT1
and DNMT3 mRNAs have been detected in human
tumors [15, 16]. DNMT3A and DNMT3B cat-
alyze DNA methylation in a de novo fashion, while
DNMT1 maintain existing DNA methylation pat-
terns [4, 17, 18].

DNA methylation and cancer

The genomic methylation patterns of cancer tissues
are distinct from corresponding normal tissues,
and the specific differences are under evaluation
for diagnostic or prognostic purposes. In cancer
cells, abnormal methylation of promoter regions
deregulates gene expression mainly through tran-
scriptional silencing while, in the gene body, this
happens by transcriptional activation or altered

Figure 2.1 Global hypomethylation: The diagram
represents the hypo- and hyper-methylation of
tumorsuppressor gene loci and intergenic regions,
respectively, within the genome. In cancer cells,

hypomethylation of intergenic CpG sequences and
aberrant hypermethylation of tumor suppressor gene loci
are hallmarks of the cancer epigenome. For a color version
of this figure please see color plate section.
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Figure 2.2 DNA Methyltransferases. Schematic diagram of
the three main DNA methyltransferase families
mammalian; DNMT1; DNMT2 and DNMT3. The DNMT1 is
the largest enzyme (≈ 200 kDa), composed of a C-terminal
catalytic domain and a large N-terminal regulatory domain
with several functions. The DNMT2 (391 aa) lacks the
N-terminal domain. The DNMT3 family belongs to three

enzymes, DNMT3A (912 aa), DNMT3B (865 aa) and
DNMT3L (387 aa). The N-terminus of DNMT3A and 3B are
divergent, as opposed to the C-terminus, which is highly
similar. The DNMT3L is closely related to C-terminus of
DNMT3A and 3B, but lacks the DNA cytocine-
methyltransferase motifs (modified figure from [16]). For a
color version of this figure please see color plate section.

splicing (Figure 2.3) [19]. During cancer initia-
tion and progression, significant alterations in the
DNA-methylation landscape are apparent, such as
global DNA hypomethylation to activate onco-
genes, hypermethylation of tumor suppressor genes
to silence gene expression [20]. Transcriptional reg-
ulation of genes by DNA methylation occurs either

through direct interference with, or enhanced
recruitment of, transcription factor binding to pro-
moter sequences, or through indirect mechanisms
affecting the recruitment of chromatin remodeling
enzyme complexes [21].

Several genes involved in pathways, such as
cell-cycle control and apoptosis, DNA repair,

Figure 2.3 Alternatively spliced transcript. The schematic
diagram represents the intronic hypo- and
hyper-methylation in normal or cancer cells by creating
alternatively spliced transcripts. Alternatively, alterations

of methylation patterns may also result in gene silencing
and altered chromatin structure. For a color version of this
figure please see color plate section.


