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In the present volume, Biomarkers in Cancer, we have over 40 chapters covering a
wide range of conditions, body locations, and cancer types. Their allocations to a
traditional grouping presents some difficulty as this may mean having only one
chapter in a particular section. Instead, we have adopted a pragmatic approach for
ease of navigation and so have the following sections:

¢ General Aspects: Techniques and Overviews
¢ Bladder, Kidney, Liver, and Lung

¢ Brain

« Breast and Prostate

e Cervix and Uterus

¢ Colorectum

¢ Head and Neck

¢ Leukemia and Hodgkin Lymphoma

e Further Knowledge

While the Editors recognize the difficulties in assigning particular chapters to
particular sections, the book has enormously wide coverage and includes the
following areas, analytes, and platforms: omics, circulating tumor cells,
oncoproteomics, cardiotoxicity, DNA methylation, kallikreins, MAP17, CA 19-9,
PTTG (Securin), small nuclear RNA, centrosome amplification, cytological spec-
imens, microarrays, cell death markers, epigenetics, molecular markers, maspin,
LGRS, 2D-DIGE-MS, imaging, TPS, CD133, mitosis targets, HER2, immunohis-
tochemistry,  visceral  adipocytes, expression  profiling, telomerase,
carcinoembryonic antigen family cell adhesion molecules, human papillomavirus
(HPV), the NeoMark FEuropean project, matrix metalloproteinases, tissue
microarrays, FGFR4, whole blood transcriptome, nuclear BMI-1, immunophe-
notyping, and CD163 and TARC. Tissues and conditions include cancers in gen-
eral, cancers of the bladder, renal cell, liver, lung, brain, breast, prostate, cervix,
endometrium, colorectum, head and neck cancers including the oral cavity, salivary
gland, oropharynx, nasopharynx, larynx, leukemia, and Hodgkin lymphoma.
Finally, the last chapter is devoted to locating resource material for biomarker
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discovery and applications. The chapters are written by national or international
experts and specialists.

This book is specifically designed for clinical biochemists, oncologists, scien-
tists, epidemiologists, doctors, and nurses, from students to practitioners at the
higher level. It is also designed to be suitable for lecturers and teachers in health
care and libraries as a reference guide.

April 2015 Victor R. Preedy
London Vinood B. Patel



In the past decade, there has been a sea change in the way disease is diagnosed and
investigated due to the advent of high-throughput technologies and advances in
chemistry and physics, leading to the development of microarrays, lab on a chip,
proteomics, genomics, lipomics, metabolomics, etc. These advances have enabled
the discovery of new and novel markers of disease relating to autoimmune disor-
ders, cancers, endocrine diseases, genetic disorders, sensory damage, intestinal
diseases, and many other conditions too numerous to list here. In many instances,
these developments have gone hand in hand with the discovery of biomarkers
elucidated via traditional or conventional methods, such as histopathology, immu-
noassays, or clinical biochemistry. Together with microprocessor-based data anal-
ysis, advanced statistics, and bioinformatics, these markers have been used to
identify individuals with active disease as well as those who are refractory or
have distinguishing pathologies.

Unfortunately, techniques and methods have not been readily transferable to other
disease states, and sometimes, diagnosis still relies on a single analyte rather than a
cohort of markers. Furthermore, the discovery of many new markers has not been put
into clinical practice partly because of their cost and partly because some scientists are
unaware of their existence or the evidence is still at the preclinical stage. There is thus
a demand for a comprehensive and focused evidence-based text and scientific litera-
ture that addresses these issues. Hence, the book series Biomarkers in Disease:
Methods, Discoveries and Applications. It imparts holistic information on the scien-
tific basis of health and biomarkers and covers the latest knowledge, trends, and
treatments. It links conventional approaches with new platforms. The ability to
transcend the intellectual divide is aided by the fact that each chapter has

e Key Facts (areas of focus explained for the lay person)

e Definitions of Words and Terms

e Potential Applications to Prognosis, Other Diseases, or Conditions
e Summary Points

The material in Potential Applications to Prognosis, Other Diseases, or Con-
ditions pertains to speculative or proposed areas of research, cross-transference to

Vii
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other diseases or stages of the disease, translational issues, and other areas of wide
applicability.

The series is expected to prove useful for clinicians, scientists, epidemiologists,
doctors and nurses, and also academicians and students at an advanced level.

April 2015 Victor R. Preedy
London
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Abstract

OMICS generally refers to a study of some gene expression products, either
direct, such as RNA and proteins, or indirect, such as metabolites, and is usually
based on genome information. Main sections of OMICS sciences include
transcriptomics, proteomics, and metabolomics, powerful research instruments
capable of high-throughput detection of biomolecules differentially expressed
between tumor and non-tumor samples, including excised tissues or biopsies,
blood plasma, saliva, and urine. Consequently, thousands of species of RNAs,
proteins, and metabolites were suggested as candidate tumor biomarkers alone
or as constituents of multiplex signatures. Despite many difficulties encountered
by OMICS panels with an intended use in population screening programs, some
of the multiplex panels already have found their applications in the field of
theranostics. If the patient is already diagnosed with a certain cancer, RNA or
protein biomarker signatures may help to select a specific therapy or to predict
the probability of a relapse. A number of clinically relevant, validated, and
approved signatures of RNA and protein analytes successfully emerged from
OMICS pipelines. It is important to remember that an implementation of these
clinical tests took the safety of reliable laboratory techniques, such as polymer-

ase chain reaction and immunoassay.

List of Abbreviations

AUC Area Under the Curve

DNA Deoxyribonucleic Acid

ENCODE Encyclopedia of DNA Elements

ESI Electrospray Ionization

FDA US Food and Drug Administration

HPLC High-Performance Liquid Chromatography

IVDMIA In Vitro Diagnostic Multivariate Index Assay

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry

LDT Laboratory-Developed Tests

LOOCV Leave-One-Out Cross Validation

MALDI-TOF Matrix-Assisted Laser Desorption/lonization Time-of-Flight
Mass Spectrometry

MRM Multiple Reaction Monitoring

MS Mass Spectrometry

MS/MS Tandem Mass Spectrometry

m/z Molecular Mass/Charge Ratio

mRNA Matrix Ribonucleic Acid

miRNA Micro-Ribonucleic Acid

NMR Nuclear Magnetic Resonance

PCR Polymerase Chain Reaction

PPV Positive Predictive Value

qRT-PCR Quantitative Real-Time Polymerase Chain Reaction

RNA

Ribonucleic Acid
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RNAseq High-Throughput Sequencing of Ribonucleic Acid
ROC Receiver Operator Characteristics

SELDI Surface-Enhanced Laser Desorption/Ionization
SRM Selected Reaction Monitoring

Key Facts of OMICS Sciences

OMICS sciences are focused on the inventory of multiple molecular species in
living organisms or their parts.

Each OMICS discipline is designated using the name of molecular species
studied plus the “-omics” suffix, such as proteomics for proteins, lipidomics for
lipids, glycomics for glycans, etc.

OMICS sciences for medicine have become possible after human genome
sequencing.

Some OMICS sciences, such as transcriptomics and proteomics, are directly
based on genome sequence, whereas others are indirectly related to genome, e.g.,
metabolomics.

OMICS sciences are used to compare levels of multiple molecular species
between diseased and healthy control tissues or cells to discover differential
molecules, i.e., biomarkers.

Today, transcriptomics, proteomics, and metabolomics are most widely used for
biomarker discovery.

Transcriptomics uses nucleic acid microarrays and high-throughput nucleic acid
sequencing to catalog RNA molecules.

Proteomics uses mass spectrometry and affinity reagents, such as antibodies, on
protein microarrays, for protein inventory.

Metabolomics detects low-molecular metabolites by mass spectrometry or
nucleic magnetic resonance spectroscopy.

Definitions of Words and Terms

Transcriptome Transcriptome is a whole of genome transcripts, i.e., RNAs,
which are contained in a cell, tissue, or organism. The high-throughput detection
and quantitation of multiple RNAs based on genome sequence information is
transcriptomics.

Proteome Proteome is a whole of proteins, which are contained in a cell, tissue, or
organism. High-throughput detection and quantitation of multiple proteins based on
gene sequence information is proteomics.

Metabolome Metabolome is a whole of low-molecular substances, i.e., metabo-
lites, which are contained in a cell, tissue, or organism. High-throughput detection
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and quantitation of multiple metabolites based on their physical and chemical
properties is metabolomics.

Liquid Chromatography-Tandem Mass-Spectrometry (LC-MS/MS) LC-MS/
MS is an analytical method, where molecules of interest are separated by high-
performance liquid chromatography which is coupled with mass spectrometer with
electrospray ionization. Such mass spectrometer performs tandem mass spectrom-
etry. It measures the molecular mass/charge ratio (m/z) of original ions which may
be further fragmented in mass spectrometer and analyzed for more structural
information. LC-MS/MS is widely used in shotgun and targeted proteomics and
metabolomics. Detectors used for tandem mass spectrometry include, but not
limited to, ion trap, quadrupole time of flight (Q-TOF), triple quadrupole (QQQ),
Orbitrap, etc.

Electrospray Ionization (ESI) ESI is a method for ionization of molecules based
on the application of electrical field to the molecules which are sprayed in small
drops of liquid. It is a mild method of ionization which preserves the structure of
biomolecules for detection by mass spectrometry. ESI is widely used in proteomics.

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrom-
etry (MALDI-TOF MS) MALDI-TOF MS is a specific method of mass spec-
trometry. It uses ionization of solid substances co-crystallized with a laser-sensitive
“matrix” compound. After laser shot, a molecule analyzed is ionized and desorbed
from the crystal state and then analyzed by time-of-flight detector. MALDI-TOF
MS is a fast and easy method to analyze proteins and peptides.

Multiple Reaction Monitoring (MRM) Multiple reaction monitoring or selected
reaction monitoring (SRM) is a method of targeted tandem mass spectrometry.
In the MRM mode, a mass spectrometer can detect only molecules with expected
narrow range of m/z and its expected fragments. ESI and a triple quadrupole
detector are widely used for MRM. This method was originally used for quantita-
tion of small molecules, such as drugs and chemicals. Since 2005, it was suggested
for use to quantify peptides in proteomics. An isotope synthetic standard is required
for proper measurement quality.

Introduction: A Role of OMICS in Cancer Biomarker Research

OMICS is a recently generated word that was coined by molecular biologists that
figured how to analyze molecular entities in a high-throughput manner. In the late
1990s, the genomics became the very first “OMICS” field assessed in this manner.
Respectively, the term “genomics” was derived from “genome,” yet another recent
addition to the dictionaries (Winkler 1920).

Each “OMICS” discipline is focused on its own “-ome.” After the genome, a
proteome concept was suggested (Wilkins et al. 1996) to represent a sum of proteins
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within the cell, tissue, or organism of interest. Simultaneously, many other classes
of biomolecules got their own “-omes” and “OMICS” — transcriptomics for RNAs,
metabolomics for metabolites, and lipidomics for lipids. In addition to “OMICS”-
based inventories of various molecular entities, some “OMICS” disciplines are
focused on the inventories of events, such as interactomics that systematically
analyze interactions between various macromolecules (Cesareni et al. 2005).

It is important to note that the genomics stands apart from other OMICS disciplines
as it serves as a background for others. In this context, transcriptomics and proteomics
are usually referred to as postgenome technologies. Indeed, deciphering the genome of
given species makes it possible for other OMICS sciences to emerge. In this chapter,
we will not focus on cancer genomics due to the heaps of information already
available. Here, OMICS will generally refer to a study of some gene expression
products, either direct, such as RNA and proteins, or indirect, such as metabolites.

A majority of sporadic cancers are due to random somatic mutagenesis by way of
environmental exposures and endogenous stress that lead to epigenetic deregulation
of expression patterns within the cell (Amin et al. 2009). That is why high-throughput
versions of mRNA expression analysis are widely used as means for cancer bio-
marker discovery. An accumulation of somatic or germ line mutations in chromo-
somal DNA is recognized as major reason for the proliferative features of cancer
phenotype. These crucial genomic events are usually designated as driver mutations
(Bignell et al. 2010) that may be caused by viral genome insertions, radiation,
chemical mutagens, and other environmental carcinogens. How many driver muta-
tions are exactly necessary and/or sufficient to make a viable cancer cell is a topic of
hot discussion. As evident from the studies of transgenic and knockout mice, in most
cases these numbers are minimal. However, naturally developed tumors are
represented by a mix of competing clones varying in their malignant potential and
genomic structure. Hence, the DNA extracted from a piece of tumor tissue may
harbor thousands of mutations. Indeed, recent efforts in tumor exome sequencing
confirmed these findings (Cancer Genome Atlas Research Network 2012; Stephens
et al. 2009) and created solid grounds for generation of cancer-type specific genome
atlases that provide a knowledge base for modern biomarker discovery.

The primary difficulty with the biomarker-guided detection of the tumors in
general population is due to the multiclonal composition of individual tumors and
the resultant variation in the levels and the spectrum of biological molecules
expressed by tumors that originated within the same tissue. That is why, with a
few notable exceptions, single molecular biomarkers, such as mRNA, miRNA,
protein, or metabolite, are rarely successful as population screening tools. Hence, a
molecular signature concept was developed for both diagnostic and theranostic
applications (Subramanian and Simon 2010; Zimmer et al. 2006). These molecular
signatures are often derived from OMICS data. In case of tumor detection, the
prevalence of the somatic component makes the OMICS-based approaches espe-
cially suitable (Fig. 1). The cancers located within the same organ display substan-
tially different proteome profiles that accurately reflect morphological subtype of
the tumor (Kobel et al. 2008). Profiling-based studies may focus on any type of
molecular biomarkers and may include somatic cancer mutations within coding
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Fig. 1 Outline of main OMICS technologies used for tumor biomarker discovery: from cancer
genome to diagnostic and theranostic signature

transcripts (Hawkins et al. 2010), miRNAs (Ferracin et al. 2010), proteins (Kim
et al. 2009), or metabolites (Aboud and Weiss 2013).

Measured together, molecular variables of the signature ensure higher diagnostic
accuracy or more efficient risk prediction as compared to single biomarkers
(Yurkovetsky et al. 2010). The techniques for discerning diagnostic molecular
signatures depend on the type of the molecules to be detected. For protein signatures,
immunoassays (Edgell et al. 2010) or mass spectrometry (Rodriguez et al. 2010) may
be used, while for the detection of mRNA levels, one may use a qRT-PCR,
microarrays, or RNAseq. However, the use of “mixed” panels, for example, ones
that include both mRNA and protein biomarkers, is limited by substantial increase in
costs of performing an assay. The conversion of a series of experimentally quantified
values into clinically relevant test is a long journey. The multiplexed signatures
require application of the complex statistical techniques, including pattern recogni-
tion approaches (Alonzo and Pepe 2007; Hamacher et al. 2009).

An Analysis Pathway for Multiplex Biomarker Panels
A typical clinical classification and risk prediction framework is implemented as

follows. Experimental data are collected for samples representing two classes, for
example, healthy individuals versus patients with a disease, or two cohorts of
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Fig. 2 Illustration of model overfitting and generalization. (a) Model with many adjustable
parameters is capable of error-free classification of training set but performs poorly on novel data.
(b) Too simple model does not allow discrimination of training data. (¢) The model with optimum
balance between overfitting and generalization

patients, one with poor and one with good prognosis as measured post hoc, by
disease outcomes. Variables may represent gene expression, peak intensities from
proteomic or metabolomic spectra, results of genotyping, blood biochemistry
values, or demographics. These variables require intensive preprocessing, including
imputation of missing values, normalization, smoothing out of the noise, and
removing of outliers. A distinctive feature of OMICS data is that the number of
samples (N) is orders of magnitude smaller than the available number of variables
(P). In this context, a variable is often called a feature and refers to a specific gene or
protein among the many thousands of molecules assayed in parallel. This “small n,
large p” issue greatly complicates the statistical analysis of OMICS experiments
and has many consequences. When the volume of the data grows exponentially, the
information needed to describe the feature space with the same sampling density
also should grow exponentially (so-called curse of dimensionality). In practical
sense, this situation described as sparseness of the data may substantially compli-
cate the building of classification models; good separation of the classes may be
achieved even for sets of classifiers chosen randomly (Venet et al. 2011) (Fig. 2).

The obvious solution to “dimensionality curse” is to remove a majority of
variables, i.e., perform feature selection (Saeys et al. 2007). Indeed, elimination
of the features that carry no association with the disease or its outcome aids the
discrimination of the sample classes and increases the classification power.
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Additionally, it makes sense to eliminate variables that are highly correlated with
each other, for example, co-regulated genes, or mass spectrometry peaks that
represent modified forms of the same protein (Pyatnitskiy et al. 2010). Leaving
only one “best-in-class” feature for every co-correlated group also aids in the
interpretation of the results, as these features are more likely to represent highly
interacting genes that correspond to the hubs in regulatory networks. Another
possible way to attack dimensionality is identify and interpret a pattern within the
data. For that, a number of visualization approaches were developed, for example,
principal components analysis, clustering, or multidimensional scaling. It is impor-
tant to note that the visualization of the data is not a required component of
multiplexed biomarker test; rather, it serves as a foothold that helps a researcher
to gain confidence with massive dataset.

The Holy Grail of biomarker discovery is the building of a decent classification
model. This process includes two major steps: the learning step that extracts
information contained in training dataset and model evaluation using validation
dataset. The ultimate goal is to develop a model that withstands validation step, i.e.,
shows required accuracy when tested on independent set of samples set and, thus,
deemed suitable for real-world applications. To develop the model that is more
likely to pass validation, the model’s parameters are fine-tuned to optimize its
performance on the training set. An accurate guess whether the model will survive
validation is impossible. Perfect classification of training samples does not guaran-
tee good performance in independently collected samples; when good-looking
model does perform, we call this model “overfitted” to the training set. When
high-dimensional data are inputted in models with many adjustable parameters,
the “overfitting” is commonplace. On the other hand, an oversimplified model may
not be able to discriminate the samples at all. Thus, the development of the
biomarker panel is always a trade-off between overfitting and over simplification.

A great number of classification algorithms have been utilized in the analysis of
OMICS data. The most frequently used classifiers include support vector machines
(SVM), artificial neural networks, decision trees and random forests, logistic
regression, and many others. Comparative studies of various approaches to improve
discrimination power of the multidimensional models in terms of prediction accu-
racy, specificity, and sensitivity had been performed and published earlier. The
results of comparisons contradict to each other — in certain cases more sophisticated
algorithms like support vector machines outperform others, while in some cases
relatively simple techniques show comparable classification accuracy.

It is also important to note that the importance of standard performance metrics
is often overestimated (such as area under ROC curve or AUC). As we already
mentioned above, overfitted models are unlikely to survive validation in indepen-
dent cohorts, while underperforming models that rely on solid biological knowl-
edge may actually improve their sensitivity and specificity when validated in larger
cohorts. For example, the models generated by neural networks often show superior
performance, but, in essence, they remain “black boxes” unavailable for meaning-
ful interpretation. On the other side, the decision trees or the logistic regression
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models allow easy derivation of relationships between feature values and prediction
outcomes, thus contributing to the understanding of the molecular mechanisms
underlying a disease or condition. Furthermore, one should keep in mind that the
model cannot perform better than the benchmark comparison test. In practical
terms, that means that we have to be absolutely sure in the absolute accuracy of
the clinician-assisted diagnosis in order to use it as sensitivity and specificity
measure for novel test, which creates a self-perpetuating problem.

From statistics viewpoint, the most important limitation of OMICS-based bio-
marker discovery is a relatively small number of available samples that impose
difficulties in assessing the performance of the model. In ideal world, the training
and the validation sets of sample must not overlap. Additionally, both of these sets
should be as large as possible. In practice, the size of the sets is limited by the
availability of the samples, the factor especially important for relatively rare
cancers, and the cost of OMICS profiling per sample. The standard way to solve
this problem is to use cross validation, a partitioning of the whole dataset into two
parts, where one part is used for model training and another is used to test the
trained model. For example, leave-one-out cross validation (LOOCYV) involves
using a single sample from the original set for the validation of the model obtained
by using the remaining samples that comprise the training set. This procedure is
repeated until each sample is utilized for the validation. The prediction errors
obtained at each run are averaged to estimate the final prediction error of the
classification model. Other more powerful methods of cross validation are also
available.

Both feature selection and cross validation are vital for building the proper
model. The selection of features occurs at each step of the cross validation. Since
training set is resampled at each step of cross validation, iterations of this process
would yield different feature sets. However, in many studies, the feature selection is
performed using the whole dataset, upstream of the cross-validation cycle. This
simplified procedure may lead to serious underestimation of the prediction error
(Ambroise and McLachlan 2002). Additionally, there are ways to learn from cross-
validation procedure that should not be discarded. For example, some samples may
be misclassified more often than others; they might be outliers, or genuinely
misclassified samples, or other interesting cases that do not fit the typical two-bin
output of the model. Studying specific properties of these samples may give
additional clues on how to improve the classification model.

The main expected outcome of the OMICS data analysis is the development of
multivariate biomarker panels that can be integrated in clinical practice for screen-
ing, diagnostic, and prognostic purposes. Hence, final validation of multivariate
biomarker panel must be performed on samples that were not previously used
during classifier learning or cross validation. In fact, to field test the model, these
samples shall be collected independently, in some other medical center, and tested
in a different lab. However, the large proportion of multivariate biomarkers devel-
oped from OMICS data have not been confirmed in independently collected sets of
samples (Gerszten et al. 2008; Sung et al. 2012).
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Transcriptome Profiling Approaches and Multiplexed Panels
Based on mRNA Levels

Transcriptomics was the first non-DNA-based OMICS. In more than two decades of
its development, a plethora of transcriptomics studies were done with a purpose of
cancer biomarker discovery. In the early 1990s, when the microarray technique
evolved from Southern blotting, first attempts of high-throughput expression pro-
filing were done on colon carcinoma samples (Augenlicht et al. 1991). Since that,
much technical advancements were made, but key limitation of expression profiling
remained firm — the gene expression profiling methods have to deal with either cell
and tissue material. This condition restricts application of expression profiling to
biofluids except the assaying of circulating cancer cells. Thus, analysis of expres-
sion by microarrays has been mostly used to predict cancer outcome from biopsy
tissue specimens (Pusztai et al. 2003) or to post hoc analysis of archived tissue
blocks (Waldron et al. 2012). Typically, data from microarrays containing thou-
sands of nucleic acid probes were used to select mRNA candidates with an advent
of bioinformatics tools and gimmicks, and the reduced set of candidates was further
tested on larger specimen cohort using quantitative real-time PCR or a different
platform which was more easy to use than the genome-wide microarray. However,
in most cases, the number of profiled specimens was not more than 100, and the
resultant predictive models rarely survived validation (Ntzani and Ioannidis 2003).

Nowadays, the transcriptomics drastically changed its technological approach
toward RNAseq, the “next-generation” sequencing-based estimation of transcript
levels (Ding et al. 2010). In a nutshell, the RNAseq approach provides a global
survey of transcriptome activity through en masse generation of short sequence
reads from random locations along each of profiled RNAs followed by their
mapping to appropriate reference genome. A number of reads that map to a
particular gene are proportional to the level of its mRNA level. The RNAseq
technique requires lesser amount of RNA than typical microarray (Mutz
et al. 2013). However, similar to other high-throughput OMICS analyses, RNAseq
results should be validated by gqRT-PCR.

Another novel hot field within transcriptomics is an analysis of noncoding
RNAs. The results of ENCODE project removed all the doubts about the wide-
spread expression of eukaryotic genomes, with current estimates that more than
62 % of human genome participates in transcription events (Bernstein et al. 2012),
in drastic contrast to mere 2 % occupied by protein-coding RNAs. So far, in human
genome, ENCODE annotated more that 8,800 small RNAs and 9,600 long non-
coding RNA, most of which do not have any attributed function but capable of RNA
interference. Abundance of these RNAs, especially small RNAs, stimulated
attempts to their potential utility as biomarkers. Recent studies showed that small
RNAs, especially microRNAs (miRNAs), remain stable in circulation (Weiland
et al. 2012). Vast majority of these circulating miRNA molecules originate from the
blood and endothelial cells; however, some tissue-specific miRNAs, for example,
from the liver and gut, are represented as well, indicating a broad source of tissue
contribution to the total circulating miRNAs (Williams et al. 2013). Hence, miRNA
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profile “fingerprints” were suggested as possible biomarkers of developing tumors.
A flood of papers and patents about miRNA in cancer increases exponentially and
cannot be reviewed in this chapter.

Herein, we will omit gene expression studies as such and further discuss only
examples of successful translation of mRNA-based multi-analyte profiles to clinical
practice. To evaluate these tests, the US Food and Drug Administration (FDA)
designated a novel group identifier IVDMIA (in vitro diagnostic multivariate index
assay). In 2004, before IVDMIA, in frame of broader category of laboratory-
developed tests (LDTs), the RNA-based prognostic test Oncotype Dx for breast
cancer was approved. Later, this test was reclassified as IVDMIA. Other tests
already approved through IVDMIA procedure include MammaPrint (2007), Tissue
of Origin (2008), as well as Oncotype Dx for colon cancer (2010) and prostate
cancer (2013).

Both Oncotype Dx for breast cancer and the MammaPrint determine the risk of
breast cancer metastasis, i.e., its relapse after surgery. Based on the assay result, as
well as on other clinical features, a medical practitioner would whether assign to the
patient a course of adjuvant chemotherapy or not. Both assays quantify the levels of
multiple mRNAs in a biopsy sample of excised primary tumor.

MammaPrint assay (Agendia Inc., Netherlands) includes quantitative measure-
ments of expression for 70 genes in mRNA samples extracted from frozen breast
carcinoma biopsies. The test intends to estimate the probability of metastatic
progression of previously nonmetastatic breast cancer less than 5 cm in size, in
women younger than 61. Technically, the assay is based on custom oligonucleotide
hybridization microchip (Agilent Technologies) that includes the probes to the set
of mRNAs that corresponds to the signature discovered in the microarray study of
112 relatively young breast cancer patients with known outcomes (Van’t Veer
et al. 2002). The test assigns each patient to the high-risk or low-risk groups. In
the first group, chemotherapy would be of benefit. However, some technology
problems were identified after the test approval, including 15 % risk overstatement.
As a result, the test was retracted from the US markets but remains available in
Europe.

Oncotype Dx breast cancer assay (Genomic Health, USA) intends to identify
patients with previously diagnosed estrogen receptor (ER)-positive breast carci-
noma who should receive adjuvant chemotherapy on top of conventional treatment
with tamoxifen. Substantial technical advantage of this assay is its applicability to
paraffinized blocks of fixed tissue. Oncotype Dx breast cancer assay is based on
21-gene signature (Dowsett et al. 2010), 16 of which being cancer biomarkers and
5 serve as reference transcripts. This test is based on quantitative real-time PCR.
Expression levels for each of these mRNAs are inputted into proprietary algorithm
which calculates so-called Recurrence Score (RS), a predictor of chemotherapy
benefit that reflects the probabilistic estimate of possible cancer recurrence in
10 years after diagnosis. Recurrence Score is a number between 0 and 100. This
value itself does not provide clinically useful information but denotes a risk
category for the given patient. RS values less than 11 correspond to a low risk,
while RS values between 11 and 25 and more than 25 are recognized as
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intermediate and high risk, respectively. Along with other biomarkers, the Recur-
rence Score guides the decision whether the adjuvant chemotherapy should be
administered. Interestingly, low versus high RS patients are significantly more
likely to follow the chemotherapy-related recommendation of the test, suggesting
a tendency toward less aggressive treatment in high RS that decreases utility of the
test (Carlson and Roth 2013).

Both MammaPrint and Oncotype Dx breast cancer assays test for the relative
risk of breast carcinoma relapse. Surprisingly, there is only one gene that is
common for both signatures, 70-plex in MammaPrint and 21-plex for Oncotype
Dx for breast cancer. In one study, both tests were compared side by side using a
cohort of 295 patients (Fan et al. 2006). In these settings, the concordance of tests
results was at about 80 %. However, 15 of 33 patients classified as intermediate risk
by Oncotype Dx were assigned to high-risk group by 70-plex assay. Hence, the
intermediate-risk group was the most vulnerable to misclassification. Importantly,
OMICS-based molecular tests are especially in demand for this group, as either
high- or low-risk patients may be as well ascertained by conventional clinical
approach.

A certain contributor to the relative success of the Oncotype Dx is its techno-
logical solution to substitute gene expression microarrays by the multiplexed
qRT-PCR. Similar platforms are used in Oncotype Dx tests for the colon and
prostate cancer. Twelve-plex Oncotype Dx colon cancer assay aims to predict the
recurrence for stage II or III of the disease (Venook et al. 2013), while the 17-plex
Oncotype Dx prostate cancer assay is developed to provide an opportunity for
low-risk patients to avoid invasive treatments such as radical prostatectomy or
radiation (Cooperberg et al. 2013). Importantly, only 7 out of 12 colon cancer
and 12 out of 17 prostatic carcinoma genes that comprise Oncotype Dx classifiers
are target genes; the rest of them are normalization references.

We do not intend to discuss here clinical aspects of the Oncotype Dx test
performance, because they are widely described elsewhere (Azim et al. 2013).
However, for the biomarker development standpoint, it is important to note that
three sets of genes used as signatures for three different cancers do overlap. There
are two common transcripts between the colon and the breast tests, one for putative
cell cycle protein MKI67 and cell cycle-related transcription factor MYBL2.
Additionally, glutathione S-transferase Mu 1 (GSTM1) transcript of breast cancer
signature could be paired up with its close homologue and chromosomal locus
neighbor GSTM2 in prostate cancer signature. Finally, the colon cancer and the
prostate cancer signatures also share one gene, X-chromosome-encoded biglycan
(BGN). Moreover, protein-coding genes that comprise Oncotype Dx signatures are
closely tied to each other by their functions assessed as protein interaction map
(Fig. 3). Note that the hubs of this network are represented by other well-known
cancer-associated proteins, such as ERBB2 (HER2) receptor protein kinase that
serves as a target for breast cancer drug rituximab and BCL2 proto-oncogene.
Oncotype Dx gene sets are also enriched in cluster of neighboring genes
co-localized within the same chromosome segments (Table 1). More than one
third of the segments share two signature hits. This fact may indicate that the
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Fig. 3 Functional interactions of Oncomine Dx signature genes. Interaction map of proteins
encoded by genes contained in Oncomine Dx breast, colon, and prostate cancer signatures (gene
names are shown). The knowledge about protein-protein interactions for bait proteins was received
from STRING database (Szklarczyk et al. 2011) with interaction score >0.7 being considered
reliable for interaction. Top 10 hub interactors are shown in the network using CytoHubba plug-in
(Lin et al. 2008) for Cytoscape software (Shannon et al. 2003). Top hub proteins were specified by
Maximal Clique Centrality method. Predicted direct interactions are shown by solid line, and
indirect connections are shown by dotted line with a number of intermediators indicated. Note the
well-known cancer-associated proteins, such as ERBB2 (HER?2) receptor protein kinase, a target
of rituximab drug, and BCL2 proto-oncogene among network hubs

recurrence of human tumors may be associated with specific epigenetic events that
require further functional dissection.

The Affymetrix-based transcriptome profiling microchips yielded a practical
embodiment in a clinic that is known as a Tissue of Origin test (Pathwork Diag-
nostics, USA). This test is intended for the determination of tissue type for
unassigned metastatic tumors with no lost clear differentiation signs. Tissue of
Origin evaluates expression levels for 1,668 genes; these numbers are plugged in
the algorithm that assigns the origin of metastatic tumor to one of 15 tissue types.
The accuracy of the Tissue of Origin is estimated to be in range of 72—88.5 % for
gastric cancer and up to 96.5 % for breast adenocarcinoma. Some modified versions
of Tissue of Origin tests are available, such as a 316-plex test for ovary and uterine
cancer classification (Lal et al. 2012).

In summary, the main output of gene expression-based signatures is in the field
of cancer theranostics, i.e., the personalized management of cancer, rather in its
diagnostics.
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Table 1 Protein-coding human genes contained in Oncomine Dx breast, colon, and prostate
cancer signatures used to determine the recurrence score of these cancers (Cooperberg et al. 2013;
Dowsett et al. 2010; Venook et al. 2013) and the genome location of the genes. Gene names are
used according to the NextProt knowledge base (www.nextprot.org). Chromosome locations are
filled and shown by italic where more than one signature gene is situated. Genes which are

contained in more than one cancer signature are highlighted in the same manner

Genome location

Type of cancer
Breast (16 genes)

Colon (7 genes)

Prostate (12 genes)

1p13 GSTMI GSTM2
2p23-24 - FAP SRD5A2
5q13 CCNBI - -

6q25 ESRI - -

7pld - INHBA SFRP4
9p13 BAGI - TPM2
9q22 CTSL2 - -
9432-33 - - ORMI, GSN
1021 - - FAMI13C
10926 MKI67 MKI67 -

11pl5 SCUBE2 - -

11¢22 PGR, MMPI 1 - -

15q22 - DENND4A (C-MYC) | —

17p13 CD68 - -

17q12 GRBI, ERBB2 (HER2) | — -

17921 - - COLIAl
17925 BIRCS - -

18q21 BCL2

19p13 - GADD45B KLK2
20q11 - - TPX2
20413 MYBL2, AURKA MYBL2 -

Xq28 - BGN BGN

Proteomics: From MALDI-TOF Through Shotgun Techniques
to Targeted Approach

The proteomics is technology-driven field that aims at high-throughput inventory of
individual proteomes. The basics of protein separation, such as two-dimensional gel
electrophoresis, which could visualize whole proteomes or at least their subsets were
developed in the 1970s (O’Farrell 1975). At that time, proteome studies were limited
by difficulties of identification of proteins within the bands or spots on electrophoretic
gels. Availability of genome sequence made possible an identification of proteins by
mass spectrometry that deduces the identities of proteins and peptide fragments
from mass-to-charge ratios (m/z) being compared to all possible m/z predicted by
comparison to the genome parsed into open reading frames (Aebersold 2003).


http://www.nextprot.org/
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This process allows one to calculate a probability that theoretically predicted peptide
of protein actually exists in the given sample. It is important to note that mass
spectrometry provides probabilistic identification of the given protein or peptide
but does not sequence this protein de novo. An introduction of the protein sequencing
into the routine of the lab would be welcomed, but these techniques are not gaining
any traction yet (Hughes et al. 2010).

In mass spectrometry, the accuracy of m/z and, correspondingly, molecular
weight quantification is inversely related to the size of analyzed molecule. That is
why many proteomics studies start with whole proteome digestion by trypsin and
the analysis of resultant mixture. This approach is known as bottom-up or shotgun
proteomics (Washburn et al. 2001). Its main advantage is in ease of separation and
identification of short peptides, and its main drawback is the significant loss of
information due to the destruction of protein integrity. Conventional pipelines of
bottom-up LC-MS/MS proteomics workflow include (i) digestion by isolated
protein fraction by trypsin, (ii) separation of resultant peptides by nanoflow
HPLC, (iii) electrospray ionization (ESI) of peptides in the flux from HPLC column
and tandem mass spectrometry (MS/MS) of peptides and their fragments generated
in the mass spectrometer, and (iv) probabilistic identification of peptides from
tandem mass spectra by various search algorithms based on genome sequence
(Chalkley 2010). Modern bottom-up proteomics pipelines may identify from
1,000 to 10,000 proteins in one sample depending on the workflow and the
specimen nature (Zubarev 2013).

Alternative proteomics approach is a “top down,” where proteins are analyzed
by mass spectrometry in their intact form. Due to their large molecular weights,
native protein identification remains far from being routine. The pioneering mod-
ifications to tandem mass spectrometry recently demonstrated its power to correctly
discern hundreds of proteins in one sample (Tran et al. 2011). However, the
complicated, time-consuming procedure of intact proteomics cannot be yet adapted
for biomarker discovery. Luckily, in the early 2000s, a relatively simple top-down
approach was developed specifically for that purpose, a time-of-flight mass spec-
trometry with matrix-assisted laser desorption ionization (MALDI-TOF) that could
be used for direct profiling of biological fluids, for example, plasma or urine. In this
technique, the sample is subjected to fast separation or desalting and applied to the
metallic chip (Karpova et al. 2010). In this approach, small proteins and peptides
are registered in its intact form but remain unidentified unless downstream exper-
iments are performed.

General experiment design for the MALDI-TOF profiling of the body fluid
samples includes the following steps: (i) diseased and control sample preparation
with fast separation, (ii) mass-spectra acquisition, (iii) mass-spectra processing to
ascertain the intensities for each m/z peak as set of features present in each sample,
and (iv) selection of m/z peaks capable of discriminating samples collected from
patients with tumors from matched controls and development of multi-peak diag-
nostic model. Many early papers reported high levels of diagnostic accuracy of
MALDI-TOF spectra, some in range of above 90 % (Petricoin et al. 2002). Unfor-
tunately, the MALDI profiles strongly depend on the choice of suitable solvents and
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the methods of sample preparation. This is a major limitation of MALDI-TOF, as
the variation in purity and amounts of buffer components, as well as nontarget lipids
and carbohydrates, prevents efficient ionization of the proteins, contributes to the
technical variation in test outputs, and precludes efficient reproduction of the pro-
files in independent lab settings. The most disturbing observation coming from the
study of Hu and coauthors demonstrated that changes in the protocol result in the
reproducible shift in protein profiles masking more subtle changes corresponding to
different histological subtypes of cancer (Hu et al. 2005). Because of that, a hope
that the MALDI-TOF peak profiles itself would become a backbone of future
diagnostics failed to translate into clinically approved test products. Nevertheless,
the efforts in the field of MALDI-TOF plasma profiling continue until now
(McLerran et al. 2008). Recent attempts to improve reproducibility (Mann
et al. 2013) may inspire further clinical studies.

Today, many peptide and protein peaks capable of discriminating plasma sam-
ples of patients with malignancies from healthy controls are already identified as
either gel electrophoresis (Tolson et al. 2004) or HPLC (Zhang et al. 2004),
followed by trypsin digestion and tandem mass spectrometry (Karpova
et al. 2010). Candidate protein biomarkers are often validated by independent
assay, such as immunoassay (Moshkovskii et al. 2007; Zhang et al. 2004). Most,
if not all, peptide and protein candidates identified by MALDI-TOF plasma profil-
ing represent highly abundant products, such as inflammatory acute-phase proteins
(complement fragments, serum amyloid A), lipoproteins, and protease inhibitors
(inter-alpha-trypsin inhibitor). It is believed that the levels of these molecules in
plasma change are due to the reaction of the body to the presence of tumor, rather
than being specific products expressed by tumor cells. This understanding casts a
doubt at the utility of these molecules as biomarkers suitable for the screening of
general populations (Diamandis 2003). To overcome the shortfalls of MALDI-
TOF-based profiling, the shotgun proteomics by LC-MS/MS was proposed as the
next contender for high-throughput biomarker discovery in cancer. However, a
complexity of its data files, not much improved reproducibility, and highly variable
quantitative outputs curtailed its raise.

A tremendous proportion of studies that involve complex processing of data are
accompanied by statistical flows and subsequent lack of reproducibility. A plethora
of proteins were pinpointed as differentially expressed in cancer and considered
candidate cancer biomarkers; however, practical outputs of these studies were close
to nil (Polanski and Anderson 2007). In general, the most important challenge of
proteome profiling in cancer is the selection of proper candidates for validation.
Recent meta-analysis of the proteomics profiling in colorectal cancer
(Luo et al. 2013) vividly highlights the statement above. Between 2008 and 2012,
28 attempts to profile-excised colorectal cancer and control tissue specimens by
proteomics were made. On average, each study involved 27 human subjects, while
average number of differentially expressed proteins was 96, with one paper
reporting as many as 555 (Table 2; see the arguments above in data analysis
sections). Obviously, the “dimensionality curse” was ignored by a majority of
scientists. As partial excuse, we shall point that some peaks were identified and
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validated by immunoassays. Note that the majority of the studies employed less
laborious MALDI-TOF profiling rather than more complicated LC-MS/MS
workflow (16 vs. 10). In the studies that aimed at discovery of biomarkers in
plasma, the cohort sizes were larger (average N = 58), and a number of peaks
identified as biomarkers was threefold to tenfold smaller than the cohort size
(Table 2).

However, the studies of plasma provide extra challenge for assay sensitivity;
plasma is filled with highly abundant proteins that interfere with mass-
spectrometry-based detection of less abundant but possibly tumor-derived protein
species (Archakov et al. 2012). Subsequently, many proteomics studies of plasma
samples include the sample processing step that depletes the most abundant protein
species. However, many potential serum biomarkers are bound to carrier proteins
that are usually depleted during sample preparation. Accumulation on circulating
protein carriers or specially designed hydrogel nanoparticles amplifies the total
serum/plasma concentration of the measurable biomarkers (Longo et al. 2009).
Examination of the carrier-bound molecules represents an important future avenue
in tumor marker discovery.

Despite all these challenges, MALDI (SELDI)-TOF plasma profiling efforts
yielded one clinical innovation, albeit not in diagnostics but in theranostics of
ovarian cancer (Fung 2010). OVAL is a 5-biomarker panel for ovarian cancer
management. When a woman is diagnosed by ultrasound study to have the ovarian
adnexal mass and scheduled to surgery, OVALI helps to assess the risk of malig-
nancy in this pelvic mass and to select the postsurgical therapy (Bristow
et al. 2013). The list of the proteins comprising the OVA1 panel was compiled by
rigorous analysis of MALDI-TOF profiles collected from the plasma of ovarian
cancer patients (Zhang et al. 2004). Selected proteins then were developed as
immunoassay-based test. In the marketed test, OvaCalc® algorithm combines
abundancy values for these proteins and returns the risk value. Two proteins of
OVAI1 which are upregulated in cancer include beta-2 microglobulin and mucin-16
(cancer antigen 125; CA 125 II), whereas three other members of the panel are
downregulated in cancer and include apolipoprotein Al, transthyretin
(prealbumin), and transferrin proteins. Importantly, one of the panel components,
CA 125, is an established ovarian cancer biomarker, although its specificity is far
from being perfect when this biomarker is used alone. Thus, OVA1 panel augments
this biomarker with four other molecules. Interestingly, another recently introduced
biomarker of ovarian carcinoma, a human epididymis protein 4 (HE4), is not
included in the OVAI1, most likely due to intellectual property-related issues.
Marketed multiplexed ovarian carcinoma tests include one more assay, the “risk
of ovarian malignancy algorithm” (ROMA) that includes both CA-125 and HE-4
(Simmons et al. 2013). However, the ROMA has not been derived from OMICS
studies.

Since 2005, a new technological avenue of proteomics has been developed. In
this so-called “targeted proteomics” approach, the candidate protein-derived pep-
tides are selected beforehand, at the stage of experimental design. Since the 1980s,
the multiple reaction monitoring (or selected reaction monitoring; MRM or SRM)
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has been used to detect known chemicals in biofluids (Anderson and Hunter 2006).
In its proteomics reincarnation, this method relies on rational selection of the
peptides likely to be derived from proteins of interests, their synthesis and use as
a set of standards (Vizcaino et al. 2010). Any triple quadrupole mass spectrometer,
or one of its more powerful analogs, may be adjusted to detect only the m/z of the
desired peptides in its first filter, while the second MS in the triplet would dissociate
the peptide ions of interest, and the third part would detect the fragments. Thus, in
MRM approach, the mass spectrometer is requested to analyze complex mixture in
such a way that would allow exclusive detection of selected features, thus simul-
taneously dealing with “dimensionality curse” and improving sensitivity and repro-
ducibility (Picotti and Aebersold 2012). For absolute protein quantifying, two
unique synthetic peptides are labeled by stable isotopes and used for internal
calibration.

In general, the MRM approach is comparable to immunoassays (Aebersold
et al. 2013) in its analytical characteristics, such as coefficient of variation, and it
may be multiplexed to analyze 30-50 proteins per 1 h LC-MS/MS run. Many
attempts to develop absolute quantification MRM assays for conventional bio-
markers are reported (Fortin et al. 2009). In order to increase sensitivity, some
methods preface MRM with an enrichment for specific analytes by cognizant
antibodies (Kuhn et al. 2012); however, this step contributes to the substantial
increase in the costs of assay.

Just recently, a use of 13-plex MRM assay was reported to predict the benign
nature of the node found in the lung by imaging (Li et al. 2013). This test is thought
to help in lung cancer management. It measures levels of 13 blood proteins in major
protein-depleted plasma.

In conclusion, three main mass-spectrometry-based proteomics solutions are
currently employed for biomarker discovery and validation (Fig. 4). Of them,
MALDI-TOF already brought some fruit as it served as the tool to select candidates
that augment theranostics performance of ovarian cancer biomarker CA125 in
OVAI1 biomarker panel. So far, the shotgun approach is mostly used for biomarker
discovery, but its results rarely withstand rigorous validation. Targeted proteomics
is comparable to affinity methods and is a promising tool for translation of mass-
spectrometry to clinics as it is already done in the field of therapeutic drug
monitoring.

Apart from mass-spectrometry methods, affinity reagents for protein detection are
widely developed for the purpose of tumor biomarker discovery. Arrays containing
such reagents, including antibodies, may be immobilized on various kinds of solid
supports or beads; protein arraying approaches are widely known and reviewed
elsewhere (Lee et al. 2013). In reverse phase arrays for tumor marker identification,
multiple analytes represented by tested sample are immobilized within the same spot,
but the spot array is probed with one detection molecule at a time, thus detecting a
single protein analyte in a number of samples under the same conditions
(Espina et al. 2003). An advantage of reverse protein arrays is its ability to detect
analytes in very small volume of sample, e.g., in 30-60 pl of whole cell lysate or
in core needle biopsies obtained with a 16 or 18 gauge needle (Espina et al. 2003).
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Fig. 4 Mass-spectrometry-based proteomics workflows employed for tumor biomarker
discovery and validation. Features of the workflows shown in the right panel are ranked by the
authors based on their expert opinion

To quantitatively match the antibody and the analyte concentrations, sample dilutions
are printed on same array. This helps to expand the linear range of detection and
improves the sensitivity and specificity of this technique. A major limiting factor of
reverse phase arrays is the unavailability of specific and high-affinity antibodies for a
range of interesting targets (Espina et al. 2003). Unlike DNA probes that allow for
affinity customization, affinity probes for protein arrays usually represent a “black
box,” so multiple probes need to be pretested in order to find the most reliable
molecule that allows high-fidelity analyte quantification. Reverse protein arrays
allow to rapidly screen for autoantibodies and phosphorylated or otherwise modified
forms of human proteins (Liu et al. 2012).

A relatively novel class of affinity reagents, aptamers, is especially suitable for
multiplexed quantification of the proteins in biofluids. Aptamers are oligonucleo-
tide products of combinatorial chemical synthesis selected for their ability of high-
affinity binding to target proteins (Ulrich and Wrenger 2009). As aptamers originate
from natural protein-binding motifs within RNA or DNA, they commonly attach to
the positively charged proteins and their fragments. The most advanced kind of
aptamers is known as somamers (slow off-rate modified aptamers) that have
advantageous kinetic features of ligand binding. Recently, an array of somamers
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with specific affinity to about 800 human proteins was employed in a search for
biomarkers of lung cancer in blood plasma with promising results (Kraemer
et al. 2011).

Metabolomics: A Promising New Direction for Biomarker
Discovery

The recent decade was marked by explosive increase in a number of publications on
high-throughput analysis of metabolites, so-called metabolomics. In sensu stricto,
metabolomics cannot be considered postgenome research field; however, a set of
metabolites produced in the human body and in the tumor cells may be viewed as an
ultimate phenotypic expression of the genome. Moreover, metabolomics is espe-
cially relevant to the context of tumor biomarkers, as cancer cells are known to
modulate their metabolism to assist their uncontrolled proliferation and survival in
hypoxic conditions. For example, they prefer anaerobic energy supply instead of
normal mitochondrial work, the phenomenon called Warburg effect (Schulze and
Harris 2012). Consequently, a variety of tumor-specific metabolites were discov-
ered, such as 2-hydroxyglutarate produced by mutant enzyme (Dang et al. 2010).

High-throughput metabolite profiling is an attractive method to look for novel
cancer biomarkers and signatures, which was made possible by recent develop-
ments in the analytical detection of low-molecular-weight organic compounds
(Trifonova et al. 2013). However, this technology is not free from pitfalls. As
metabolite levels vary according to circadian cycle, diet, physical exercises, etc.,
an interpretation of the signatures and an extraction of disease-specific features are
far from being trivial.

As in other OMICS sciences, metabolite profiling is performed either in biolog-
ical fluids or in tissue samples. Two types of analytical platforms are used, namely,
nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). The
profiling based on NMR spectroscopy is often discussed as “metabonomics,”
whereas the term “metabolomics” is reserved for MS-based metabolite profiling.
In other edition, metabonomics relates to the drug and other xenobiotic studies,
whereas metabolomics is alternatively used for profiling of naturally occurring
metabolites. NMR spectroscopy is a workhorse of metabolic profiling as it in use
for more than 20 years. It is quantitative, is highly reproducible, and does not
require an extensive sample preparation; the technique can be used even with intact
blood plasma. However, the sensitivity of NMR is relatively low as it detects only
several dozens of metabolites in plasma by NMR (Kirschenlohr et al. 2006).

Metabolomics by mass spectrometry is similar to an approach of shotgun
proteomics (see previous section of this chapter). Briefly, metabolites are extracted
from the sample, then separated by gas or liquid chromatography or by capillary
electrophoresis, and analyzed by mass spectrometer with ESI or other ionization
types and high-accuracy detector. A separation stage is sometimes omitted (Lokhov
et al. 2013). After data acquisition, metabolites are identified and/or selected for
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diagnostic signatures by a bunch of data analysis techniques described above.
Typical metabolomics study is designed similarly to its proteomics counterparts
that compare tumor and control cohorts using either the profiling mode that
monitors all detectable metabolites or the targeted approach with a focus on a
couple of dozens or low hundreds of predetermined metabolites, reviewed in Aboud
and Weiss (2013). An example of a typical output of a large metabolomics study is a
finding that glycine derivative sarcosine concentrations are increased in all types of
samples collected from prostate carcinoma patients, including urine (Sreekumar
et al. 2009). Discriminatory metabolic profiles of not yet identified metabolites
were described for various cancers (Lokhov et al. 2010; Huang et al. 2013).

It is important to note that metabolomics profiling is still in its diapers. No
clinical applications of metabolomics are approved up to date. However, there is a
lot of promise in these kinds of studies. Mass-spectrometry-based metabolite
profiling has an important advantage over LC-MS/MS proteomics: it deals with
the intact metabolites which can be measured directly with high mass accuracy,
whereas proteins in proteomics should be digested before analyzing. This remark-
able detail enables scalability of metabolite analysis and gives us hope that its
analytical parameters, such as coefficient of variance, would be soon enough fine-
tuned for practical application.

Potential Applications to Prognosis, Other Diseases, or
Conditions

A lot of papers have described various uses of OMICS for cancer diagnostics, but
cancer prognosis still remains in the area of genomics and epigenomics due to their
context nature. Approved tests for theranostics based on molecular signatures as
described above are not prognostic but predict patient’s response to therapies.
In turn, other diseases and conditions also are in focus of OMICS profiling.
Substantially any condition which is difficult to diagnose by conventional labora-
tory methods has been studied extensively by transcriptomics, proteomics, or other
profiling methods.

Conclusion

Main sections of OMICS sciences include transcriptomics, proteomics, and
metabolomics, a set of powerful research instruments capable of high-throughput
detection of differentially expressed biomolecules between tumor and non-tumor
samples, including excised tissues or biopsies, blood plasma, saliva, and urine.
Consequently, thousands species of RNAs, proteins, and metabolites were
suggested as candidate tumor biomarkers alone or as constituents of multiplex
signatures. However, only a handful of OMICS-derived biomarkers entered the
clinical practice for theranostics purposes, and none are used as stand-alone
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diagnostics. The reasons for that are multiple, and some of them are beyond the
realm of science.

To understand it better, we would have to have a closer look at a positive
predictive value (PPV) of candidate diagnostic test, something that is very impor-
tant for real-life applicability of the test, besides its accuracy. PPV is defined as a
ratio of true diagnoses among all positively diagnosed subjects and is influenced by
the frequency of the disease in general populations. Most types of the malignant
tumors occur relatively rarely. For example, about 40 ovarian cancer cases could be
found by a screening of 100,000 postmenopausal women. Thus, if a biomarker or a
panel of biomarkers has sensitivity as high as 99.6 %, the screening of general
population would miss about 0.16 cases. However, for the same test, the specificity
of 99.6 % would yield 440 cancer diagnoses, per same population of 100,000
women, and 400 of them would be false positives. With that, a PPV of our test
will be not more than 10 %. Yes, all 40 cancers would be diagnosed, but 400 patients
would be assigned false-positive cancer diagnosis, thus producing unnecessary
worries in these women.

The stress mentioned above has a substantial economical and social impact.
Due to extremely polymorphic molecular etiology of each cancer type,
OMICS-based tests hardly approach 90 % overall accuracy even when tested in
small, homogenous cohorts. Hence, even after an extension of cohorts and test
validation, the economically appropriate performance of these tests is not anticipated.

Despite all these limitations, OMICS-based tests are being seriously considered.
Recently, mock submissions of multiplexed protein mass spectrometry peak-
based assay and glycoprotein immunological array-based tests to US Food and
Drug Administration were performed (Regnier et al. 2010). The reason for
this mock study was to deliver to the community a preliminary report on
main regulatory challenges facing biomarker assay developers. The chief
shortage of targeted mass-spectrometry platform was seen in the need to digest the
proteins before their quantitative assessment, and the digestion step is difficult to
standardize; hence, it will likely contribute to overall inter-assay variation. For glycan
microarrays that contain hundreds of different antibodies, the analytical bottleneck is
in the variation in the affinity of individual antibodies to their antigens. Additionally,
it is likely that both types of assays may run into the problem with unacceptably low
positive predictive values that were mentioned above.

Despite so far insurmountable difficulties encountered by OMICS panels with an
intended use in population screening programs, some of the multiplex panels
already have found their applications in the field of theranostics. If the patient is
already diagnosed with a certain cancer, RNA or protein biomarker signatures may
help to select a specific therapy or to predict the probability of a relapse. A number
of clinically relevant, validated, and approved signatures of RNA (Oncomine Dx,
MammaPrint) and protein (OVAL) analytes successfully emerged from OMICS
pipelines. However, it is important to remember that an implementation of these
clinical tests took the safety of reliable laboratory techniques, such as qRT-PCR and
immunoassay.
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Summary Points

This chapter describes the use of postgenome research disciplines widely desig-

nated as OMICS sciences for malignant tumor biomarker discovery and validation.
The general challenge in cancer biomarker discovery is that various molecular

pathways may be involved in one cancer type with common set of clinical signs.

Molecular variables included in OMICS diagnostic signature have to be selected
to avoid overfitting-based result mutilation, and the diagnostic signature has to be
adequately validated.

Transcriptomics, the RNA inventory, was developed based on microarrays and,
more recently, genome-wide RNA sequencing.

Proteomics is a way to detect and quantify proteins, and it is based on mass-
spectrometry protein and peptide identification or on the protein profiling with
affinity reagents, such as antibodies and aptamers.

Metabolomics is used to catalog the metabolites in the tissue and blood, and both
mass spectrometry and nucleic magnetic resonance spectroscopy are used to detect
and quantify these low-molecular species.

In recent decade, transcriptomics, proteomics, and metabolomics have reported
thousands of molecular species, both distinctively and in signatures, as potential
tumor biomarkers, but very few entered more extensive clinical trials.

Based on transcriptomics results, some molecular tests are approved for practice
in breast, colon, and prostate cancer theranostics, i.e., for correct selection of
therapy in diseased person (e.g., Oncotype Dx tests).

One molecular test is approved for ovarian cancer theranostics based on results
of proteomics (OVALI test).
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Abstract

Circulating tumor cells (CTCs) can be found in the peripheral blood of meta-
static cancer patients. Recently, with the development of technologies suffi-
ciently sensitive to detect very rare cells, there has been a considerable
increase in research to improve detection of CTCs. Here we discuss the current
technologies employed for the enumeration and characterization of CTCs. The
implementation of such technologies has enabled research into determining the
clinical significance of CTCs and has shown that the concentration of CTCs in
patient blood correlates with prognosis and is a clinically relevant prognostic
biomarker for patients with metastatic breast, prostate, and colorectal cancers.
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Additionally, CTCs may be a useful marker for more accurately staging patients
as well as to identify early-stage patients at risk of developing metastatic disease
who are likely to benefit from a more aggressive adjuvant therapy. Furthermore,
various studies have shown that temporal monitoring of CTCs can be used to
evaluate patient responses to therapy and to detect genetic and phenotypic
changes to tumors in real time, allowing more effective treatment guidance.

List of Abbreviations

CTC Circulating Tumor Cell

EMT Epithelial to Mesenchymal Transition
EpCAM Epithelial Cell Adhesion Molecule

FISH Fluorescence in Situ Hybridization

ISET Isolation by Size of Epithelial Tumor Cells
MET Mesenchymal to Epithelial Transition

gRT-PCR  Quantitative Reverse Transcription Polymerase Chain Reaction
RT-PCR  Reverse Transcription Polymerase Chain Reaction

Key Facts About Circulating Tumor Cells (CTCs)

CTCs are cancer cells which have broken away from the primary tumor and
circulate in peripheral blood.

CTCs are responsible for invading and proliferating within tissues and organs
distant to the primary tumor, leading to the formation of secondary tumors.
CTCs differ from other cells in the blood in terms of size and the genes they express.
Technologies which have been developed to isolate CTCs from blood take
advantage of their increased size or specifically target proteins on the cell surface
which are absent on other cells in the blood.

Studies have shown that an increased concentration of CTCs in the blood is
associated with poor prognosis.

Some studies have shown that monitoring the number of CTCs before, during,
and after therapy is useful for predicting patient outcomes.

Monitoring CTC numbers may be useful for evaluating treatment efficacy and
more effectively guiding treatment programs.

Research is being undertaken to characterize CTCs in different cancers to
determine if there are subpopulations of CTCs more able to form secondary
tumors.

Characterization of CTCs offers potential to develop new targeted therapies.

Definition of Words and Terms

Circulating Tumor Cells (CTCs) Cells derived from solid tumors which circu-
late in the blood of metastatic cancer patients.
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Epithelial to Mesenchymal Transition (EMT) The transformation of epithelial
cancer cells in response to expression of transcription factors resulting in adoption
of a mesenchymal phenotype with enhanced metastatic capability.

Mesenchymal to Epithelial Transition (MET) Reversal of the EMT process.

CTC Enrichment The process of separating CTCs from whole blood for down-
stream analysis.

The CELLSEARCH® System A method for enriching CTCs from patient blood
using EpCAM antibody-coated immunomagnetic beads and identifying
CK-positive, CD45-negative cells by automated fluorescence microscopy.

Isolation by Size of Epithelial Tumor Cells (ISET) A method for enriching
CTCs by passing whole blood through a filter (8§ pm pore size) allowing capture
of large CTCs and elimination of small leukocytes and erythrocytes.

Microemboli Clusters of CTCs which are thought to have greater metastatic
potential than single CTCs.

Tumor-Initiating Cells Subpopulations of cancer cells which exhibit greater
tumorigenic capacity than the bulk cancer cell population. Tumor-initiating capa-
bility is associated with an undifferentiated, stem cell like phenotype.

Introduction to Circulating Tumor Cells

The vast majority of cancer-related deaths occur as a consequence of metastasis, the
process of cells shedding from a primary tumor, entering circulation, and subse-
quently invading and proliferating within the distant tissues. The ability to identify
circulating tumor cells (CTCs) before the development of clinically detectable
metastases offers promise as a prognostic measure, allowing both identification of
residual disease following primary tumor resection and identification of patients at
risk of disease progression who may benefit from adjuvant therapy. Furthermore,
CTC detection offers the potential to monitor patient responses to therapy and thus
evaluate treatment efficacy in cancers which are notoriously difficult to treat.

The process which allows tumor cells to enter the circulation and subsequently
invade and proliferate at distant sites, giving rise to metastases, remains poorly
understood. In short, metastasis begins when cells within the primary tumor invade
the surrounding tissue and enter the vasculature of the circulatory or lymphatic
systems, a process known as intravasation. The early stages of metastasis can often
be detected by biopsy of the sentinel lymph nodes, the first nodes into which the
primary tumor drains (Das and Skobe 2008). However, it seems the vast majority of
metastatic dissemination occurs via the circulatory system (Chambers et al. 2002).
Subsequently, for the development of metastases, CTCs must exit the vasculature
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Fig. 1 The metastatic tumour cells
process. Cells within the PRIMARY /
primary tumor intravasate (a) TUMOUR B,

and circulate in the blood as
CTCs. CTCs subsequently
extravasate at distant sites (b)
and adapt to and colonize
their new environment
leading to metastasis
formation (c) (Adapted with
permission from Pantel

et al. 1999)
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and invade adjacent tissue in a process termed extravasation. CTCs must then adapt
to their new environment and begin to proliferate, a process known as colonization
(Fig. 1). It is uncertain what proportion of viable CTCs are able to undergo this
process; however, it has been suggested that only a small subpopulation of CTCs
with a highly metastatic phenotype, known as tumor-initiating cells, give rise to
metastases (Ishizawa et al. 2010; Chaffer and Weinberg 2011).

In order to escape the primary tumor, cells undergo an epithelial to mesenchymal
transition (EMT), a process that is vital in early embryogenesis for cell migration.
EMT is initiated by expression of a number of transcription factors that are
activated in response to signaling between tumor cells and the surrounding stroma
(Yang et al. 2008; Chaffer and Weinberg 2011). Cells which adopt a mesenchymal
phenotype are invasive, migratory, and resistant to apoptosis, so they more readily
enter circulation and invade distant tissues, increasing their metastatic potential
(Kalluri and Weinberg 2009). Following tissue invasion, cells revert to an epithelial
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phenotype by undergoing mesenchymal to epithelial transition (MET), allowing
them to proliferate (Yang et al. 2008).

Detection of tumor cells in the circulation as an indication of tumor progression
is the subject of a plethora of studies leading to the generation of new technologies;
however, the rarity of CTCs makes reliable detection a considerable challenge.
Although CTC concentrations appear to vary significantly between patients and
tumor types, they are estimated to circulate in the blood of metastatic cancer
patients at a concentration of one cell in a billion blood cells (Yu et al. 2011).
Although many technologies allowing enrichment of CTCs from whole blood have
emerged in recent years, there is as yet no standardized method of CTC detection
suitable for clinical use across a number of metastatic cancers. Techniques allowing
reliable, sensitive detection of CTCs are required for accurate downstream analysis
in order to evaluate their clinical utility. This chapter provides an overview of the
current methodologies available for CTC detection and discusses enumeration and
characterization of CTCs resulting from implementation of these technologies.

Detection of CTCs by RT-PCR

Circulating tumor cell mRNA can be detected in the blood of cancer patients by
reverse transcription polymerase chain reaction (RT-PCR). This technique is able
to detect the expression of tumor-associated markers in patient peripheral blood,
suggesting the presence of CTCs. Studies have shown that detection of tumor
markers in the blood of patients correlates with prognosis and predicts disease
outcome (Reynolds et al. 2003; Ignatiadis et al. 2008; Helo et al. 2009).

Although this method has improved with the use of multi-marker quantitative
RT-PCR (qRT-PCR) (Xi et al. 2007; Reid et al. 2013), there are many disadvantages
to the use of RT-PCR for CTC detection in whole blood. Low specificity of this method
has been reported, resulting in a large number of false positives (Paterlini-Brechot and
Benali 2007). This technique may also detect free mRNA transcripts circulating in the
blood rather than intact CTCs with metastatic capability (Chen et al. 2000; Silva
et al. 2002). Additionally, as cell lysis is required, CTCs are unable to be enumerated
or characterized further. The use of PCR for detection of CTCs in whole blood is now
rarely used, with more recent research adopting methods to enrich intact CTCs.

CTC Enrichment Technologies

Enriching intact, viable CTCs from whole blood enables enumeration of CTCs.
Further analysis of the enriched fraction allows characterization of CTCs in regard
to their genetic and morphological characteristics. There are a number of properties
which distinguish CTCs from other cells in the circulatory system. Technologies
developed to enrich CTCs from whole blood take advantage of their physical
properties, such as their increased size compared to leukocytes or the expression
of tumor-associated markers.
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Enrichment by Physical Properties

Physical properties, such as differences in size and density, can distinguish the
majority of CTCs from other cells in the blood and can therefore be useful for
isolation of CTCs. Density gradient centrifugation, as used by the OncoQuick™
system (Greiner Bio-One), can be used to enrich mononuclear cells, including
CTCs, from whole blood (Rosenberg et al. 2002). However, samples processed
by density gradient centrifugation have significant leukocyte contamination; thus,
this method is usually used as a precursor to other CTC detection procedures such
as RT-PCR-based techniques.

Methods enriching CTCs based on their physical properties usually take advan-
tage of their increased size. Isolation by size of epithelial tumor cells (ISET)
(Rarecells Diagnostics) involves enrichment of CTCs from whole blood by filtra-
tion through a membrane with a pore size of 8 pm; thus, large CTCs are captured,
while smaller leukocytes and erythrocytes pass through (Vona et al. 2000). The
benefit of this method is that there is no discrimination applied to the type of CTCs
enriched, as cells do not have to sufficiently express a particular marker to be
detected. This is especially useful for highly heterogeneous tumors, since many
subtypes of CTCs, marked by a variety of gene expression profiles, can be enriched,
providing they are of sufficient size. Another advantage of this technique is that,
due to minimal disturbance of cells passing through the filter, clusters of CTCs, or
microemboli, which may have increased metastatic capability (Paterlini-Brechot
and Benali 2007), remain intact and can be visualized (Fig. 2) (Farace et al. 2011).
Enriching intact cells also allows for further characterization by immunocytochem-
istry or molecular biology. The downside of the ISET filtration technique is its low
specificity, which results in the isolated CTCs being contaminated by a large
number of leukocytes (Paterlini-Brechot and Benali 2007). Also, although the
majority of CTCs are relatively large and are therefore captured by the membrane,
it has been observed that CTCs are heterogeneous in size, as well as gene expres-
sion, and thus smaller CTCs will be lost with this method (Marrinucci et al. 2007).

Recently, another filtration device, ScreenCell®, like the ISET system, has
become commercially available. The ScreenCell method comes in three formats
allowing immunocytochemistry, molecular biology, or culture of enriched CTCs
for further characterization. This technology demonstrates high sensitivity and
specificity of enrichment, based on spiking experiments with cancer cell lines,
and like other size-filtration methods is not biased in terms of preferentially
selecting CTCs which express a particular marker (Desitter et al. 2011).

Cell Surface Marker-Based Enrichment

Most commonly, CTCs are enriched from whole blood by targeting markers
expressed on the surface of tumor cells. Epithelial markers, such as EpCAM, are
useful targets for methods that enrich CTCs derived from epithelial tumors of the
breast, prostate, colon, and lung, among others. However, other cancers such as
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Fig. 2 Isolation by size of epithelial tumor cells (ISET). CTCs enriched by ISET from a patient
with prostate cancer (a and b) and circulating tumor microemboli (CTM) from a patient with
kidney cancer (¢ and d). Cells were enriched by the ISET method and stained with hematoxylin
and eosin. CTCs are characterized by high nuclear/cytoplasmic ratio, irregular nuclei, and
nonhomogeneous texture (Adapted with permission from Paterlini-Brechot and Benali 2007)

sarcomas and malignant melanoma do not express EpCAM and need to be detected
by targeting other surface markers.

The CELLSEARCH® System (Veridex) is a semiautomated method which
enriches epithelial tumor cells from the blood using EpCAM antibody-coated
immunomagnetic beads. Isolated cells are immunocytochemically labeled with
antibodies for CD45 and cytokeratins (CK) 8, 18, and 19, as well as DAPI for
nuclear staining. Epithelial-derived CTCs (DAPI positive, CK positive, CD45
negative) can then be distinguished from contaminating leukocytes (CD45 positive)
by semiautomated fluorescence microscopy (Fig. 3) (Cristofanilli et al. 2004). The
CELLSEARCH™ System has been FDA (Food and Drug Administration) approved
for clinical use in metastatic breast, prostate, and colorectal cancer, although more
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Fig. 3 CTCs isolated by the CELLSEARCH® System. Images of 6 CTC candidates enriched
by the CELLSEARCH® System and identified by the CellTracks® Analyzer II. The images show
an overlay of DAPI (purple) and cytokeratin (green). All cells were CD45 negative and classified
as CTCs by 6 of 6 trained operators (Adapted with permission from Miller et al. 2010)

recent studies have also demonstrated the prognostic significance of CTCs in both
small cell (Hou et al. 2009) and non-small cell lung cancer (Krebs et al. 2011) using
this method.

As CTCs must sufficiently express EpCAM to be enriched, there are a number of
drawbacks to this method. As epithelial cancers tend to be heterogeneous, enriching
CTCs by EpCAM expression may allow detection of only a specific subtype of
CTCs, not necessarily representative of the total CTC population. Also, CTCs
which have undergone EMT during the metastatic process may not be detected
due to loss of expression of epithelial markers (Kalluri and Weinberg 2009). This
could be a problem when quantifying CTCs or when characterizing CTCs with
metastatic capability.

For non-epithelial malignancies, where EpCAM is not a useful target marker,
alternate kits are available for enriching CTCs; for example, Veridex has recently
released the CELLTRACKS®™ Circulating Melanoma Cell Kit, for enriching mel-
anoma CTCs. Instead of targeting EpCAM and staining for cytokeratins, this kit
targets CD146, a marker expressed on the surface of melanoma cells, and stains for
high molecular weight-melanoma-associated antigen (HMW-MAA) in addition to
CD45 and CD34 for exclusion of leukocytes and endothelial cells, respectively
(Rao et al. 2011).

There are also commercially available kits which allow magnetic beads to be
conjugated to antibodies of the researcher’s choice for enrichment of rare cells,
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including CTCs. For example, the CELLection Pan Mouse IgG Kit (Invitrogen)
includes immunomagnetic beads conjugated to anti-mouse antibody which are able
to enrich CTCs pre-labeled with any mouse antibody (Sakaizawa et al. 2012).
Alternatively, commercially available and chemically activated magnetic beads
can be directly labeled with a variety of antibodies to tumor-associated markers.
Targeting multiple-cell surface markers has been shown to increase the proportion
of total CTCs captured (Freeman et al. 2012).

The AdnaTest (AdnaGen) utilizes immunomagnetic beads conjugated to anti-
bodies targeting EpCAM and MUCI to capture CTCs, in combination with a
multiplex RT-PCR to determine the presence of cancer-derived transcripts (Fehm
et al. 2007; Lankiewicz et al. 2008). The AdnaTest allows the detection of CTCs
with dedifferentiated characteristics such as mesenchymal and stem cell pheno-
types (Barriere et al. 2012). However, this method does not determine whether
these markers are co-expressed or if they are derived from different CTCs.

The MagSweeper is an automated immunomagnetic separation device allowing
efficient enrichment of epithelial tumor cells from whole blood with limited sample
manipulation. Whole blood is first incubated with magnetic beads coated with
EpCAM antibody. Bead-bound cells are subsequently enriched by a sweeping
magnetic device which creates shear force removing nonspecifically bound blood
cells (Talasaz et al. 2009). Captured cells can subsequently be released from the
magnet and visualized by microscopy. An advantage of the MagSweeper technol-
ogy is that it allows single viable CTCs to be aspirated for downstream applications
allowing characterization of individual CTCs (Talasaz et al. 2009; Powell
et al. 2012).

Emerging Technologies

Microfluidic Devices

More recently, a number of technologies have emerged which promise improved
CTC enrichment with increased sensitivity and specificity. Many of these use
microfluidic technology, usually within a chip-like device. The CTC-Chip relies
on laminar flow to pass whole blood through a chip containing 78,000 microposts
coated with EpCAM antibody. The microposts bind and isolate epithelial tumor
cells from the blood, for subsequent quantification and characterization (Nagrath
et al. 2007). This technology offers improved sensitivity and specificity of CTC
enrichment, demonstrating positive CTC detection in the majority of patients with
metastatic carcinoma, as well as in early-stage patients with no clinical evidence of
metastasis (Nagrath et al. 2007; Stott et al. 2010b). This technology was further
improved with the development of the Herringbone-Chip, which passively mixes
cells through the generation of microvortices, maximizing the interaction of cells
with the antibody-coated walls of the chip (Stott et al. 2010a). In addition to
improved sensitivity and specificity of enrichment, microfluidic devices, like
filtering methods, are gentle on processed cells and allow detection of intact
tumor cell clusters (Fig. 4) (Stott et al. 2010a). Serial CTC monitoring using the
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Fig. 4 The Herringbone-Chip. (a) The Herringbone-Chip is a device which allows passage of
whole blood through microfluidic channels enabling capture of CTCs by the EpCAM antibody-
coated chip surface. Gentle processing of blood allows capture of CTC clusters or microemboli.
(b) and (c) show a CTC cluster isolated from a metastatic prostate cancer patient stained with
hematoxylin and eosin (b) and fluorescently labeled with DAPI (blue), prostate-specific antigen
(green), and CD45 (red); scale bar represents 10 pm (c) (Adapted with permission from Stott
et al. 2010a)

Herringbone-Chip combined with RNA fluorescence in situ hybridization
(RNA-FISH) detection of EMT markers shows an association of mesenchymal
CTCs with disease progression (Yu et al. 2013). The Herringbone-Chip capture,
however, allows only limited characterization of the isolated CTCs, as they remain
fixed within the chip.

Further refinements to the CTC-Chip have resulted in an integrated microfluidic
system (CTC-iChip) that combines three sequential separation steps: removal of red
blood cells, inertial focusing of nucleated cells, and deflection of magnetic tagged
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CTCs (Ozkumur et al. 2013). The CTC-iChip allows the isolation of CTCs in
suspension, and it is compatible with downstream single-cell molecular analysis
as well as standard cytopathology.

The OncoCEE™ (Cell Enrichment and Extraction) platform (Biocept Labora-
tories) also consists of a microfluidic device to efficiently capture and detect CTCs
(Pecot et al. 2011). This system enables sequential recovery of both CK-positive
and CK-negative CTCs for subsequent testing by fluorescence in situ hybridization
(FISH). Its efficacy is attributed to its use of a cocktail containing antibodies
directed toward a variety of epithelial cell surface antigens (EpCAM, HER?2,
MUCI1, EGFR, folate-binding protein receptor and TROP2) and mesenchymal or
stem cell antigens (c-MET, N-Cadherin, CD318, and mesenchymal stem cell
antigen). However, this method does not allow the recovery of CTCs for further
molecular characterization.

High-Definition CTC

The high-definition (HD)-CTC assay (EPIC Sciences) identifies CTCs in whole
blood. Following erythrocyte lysis, cells are attached as a monolayer to custom-
made glass slides. Using automated digital microscopy, CTCs are defined as
CK-positive, CD45-negative cells with intact, non-apoptotic, DAPI-stained nuclei.
CTCs must also be morphologically distinct from surrounding WBCs, by
displaying characteristics used in standard diagnostic pathology for identification
of malignant cells (Cho et al. 2012; Marrinucci et al. 2012). There is minimal
sample processing required, due to the absence of enrichment, which results in high
sensitivity of CTC detection. The EPIC system demonstrates significantly higher
sensitivity of detection in comparison to the CELLSEARCH® System while
maintaining high specificity, with very few CTC like cells detected in blood
samples from healthy donors (Marrinucci et al. 2012). Minimal processing also
enables detection of CTC clusters, which are observed in a high proportion of
patients. The drawback of this method is that it only allows CTC quantification and
analysis of morphology; it is not designed for downstream characterization
of CTCs.

DEParray

The DEParray™ (Silicon Biosystems) is an instrument allowing selection of pure
single CTCs for downstream single-cell analysis. Following enrichment and fluo-
rescent labeling of CTCs by a compatible methodology, such as the
CELLSEARCH®™ CTC kit, cells are loaded into a silicon chip and positioned on
the instrument. Microelectrodes within the chip trap individual cells in electromag-
netic cages generated by a nonuniform electrical field (Fuchs et al. 2006; Fabbri
et al. 2013; Peeters et al. 2013). Identified cells of interest are subsequently
maneuvered and recovered by activation and deactivation of the electrodes, auto-
matically controlled through software manipulation. The advantage of this tech-
nology is that it enables isolation of pure single cells for downstream applications
not possible with an impure enriched cell fraction (Fabbri et al. 2013; Peeters
et al. 2013). The ability to characterize individual CTCs is extremely useful for
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investigating CTC heterogeneity and for monitoring changes in CTC profiles as a
consequence of therapy, which may influence patient outcomes. The downside of
this method, however, is that the chip only processes approximately two thirds of
the loaded sample in order to avoid the uptake of air, resulting in significant cell loss
(Peeters et al. 2013). Taken together with CTC losses during the initial enrichment
step, this is a considerable drawback for samples with very few CTCs.

Positive Versus Negative Enrichment of CTCs

Positive enrichment of CTCs, for example, by size or expression of particular
tumor-associated antigens, inevitably introduces discrimination into CTC selection.
As CTC phenotype remains largely unknown, targeting particular markers or
properties of CTCs may inadvertently exclude various subpopulations of CTCs
from the enriched fraction. For this reason, there is some thought that negative
enrichment of CTCs, by removal of all hematologic cells and other circulating
non-tumor cells, offers improved enrichment of all CTCs, including rare subtypes
(Yang et al. 2009). There are, however, advantages and disadvantages associated
with both positive and negative enrichment of CTCs. Typically, positive enrich-
ment generates a higher purity of CTCs, whereas negative enrichment results in a
greater number of contaminating leukocytes (Liu et al. 2011). While negative
enrichment of CTCs may allow the detection of rare CTC subpopulations, which
may not express common tumor-associated antigens, lower purity of enriched
CTCs limits the potential for further characterization as CTC concentration may
be below the detection limit of many downstream assays. However, although
positive selection of CTCs may be more suitable for downstream applications due
to increased purity, the discrimination applied to the selection process may dimin-
ish the significance of the results.

Quantification of CTCs as a Predictor of Survival and a Marker
of Therapy Response

Research has shown that detection of CTCs in patient blood correlates with poor
prognosis and shorter overall survival (Fig. 5). Studies using the CELLSEARCH®
System have shown that a cutoff of five CTCs per 7.5 ml of blood can be used to
sort metastatic breast and prostate cancer patients into favorable and unfavorable
prognostic groups (Cristofanilli et al. 2004; Danila et al. 2007; de Bono et al. 2008).
On the other hand, a cutoff of three CTCs per 7.5 ml of blood has been shown to
discriminate metastatic colorectal cancer patients with poorer prognosis (Cohen
et al. 2008).

Metastatic breast cancer patients with five or more CTCs per 7.5 ml of blood at
baseline were shown to have both shorter progression-free survival (median
2.7 months vs. 7 months) and shorter overall survival (median 10.1 months
vs. >18 months) than patients with fewer than five CTCs (Cristofanilli et al. 2004).



2 Circulating Tumor Cells as Biomarkers in Cancer 43

[

100
90
80
70
60
50
40
30
20
10

Probability of Overall
Survival (%)

>5CTC

O-+rrrrrTrrrrrerrTrr T T
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80
Weeks from Baseline

No. at Risk
<5CTC 90 9090 87 8580 80 77 6759 5039 28 1510 4 2
>5CTC 87 837368 6257524940332418 9 2 2 1 0
b 100
75
©
>
2
S 50 +
»
©
g
O 25 -
— Less than three CTCs
Log-rank p<0.0001 — Three or more CTCs
0 T T T T 1
0 20 40 60 80 100
Time (months)
Number at risk
Less than three CTCs 286 229 114 53 15 0
Three or more CTCs 16 13 7 6 2 0

Fig.5 Prognostic value of CTC enumeration by the CELLSEARCH® System. Kaplan-Meier
curves demonstrating the relationship between CTC number and overall survival in metastatic
breast cancer (a) and early-stage, non-metastatic breast cancer (b) (Adapted with permission from
Cristofanilli et al. 2004; Lucci et al. 2012)

Follow-up of these patients during therapy determined that CTC numbers were a
strong predictor of disease progression and mortality at any given time point (Hayes
et al. 2006). Interestingly, it was observed that patients with five or more CTCs at
baseline who had a reduction in CTCs (<5) following initiation of therapy had
improved overall survival (median 19.8 months), while patients with less than five
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CTCs at baseline who had an increase in CTCs (>5) following initiation of therapy
had shorter overall survival (10.6 months).

In castration-resistant prostate cancer patients, five or more CTCs per 7.5 ml of
blood are also associated with shorter overall survival (median 6.8 months) com-
pared with fewer than five CTCs (median >26 months) (de Bono et al. 2008). CTC
enumeration before and after therapy demonstrated that patients with five or more
CTCs at baseline, who had a reduction in CTCs (<5) following treatment, had
improved overall survival (median 21.3 months), while patients with fewer than
five CTCs, who had an increase in CTCs (>5) following treatment, had shorter
overall survival (median 9.3 months).

Similarly, CTCs have been shown to be a useful marker for evaluating treatment
effectiveness in studies utilizing different methods of CTC detection. Serial mon-
itoring of CTCs with the CTC-Chip has demonstrated that while CTC numbers are
independent of tumor burden, CTCs respond to therapy in a manner similar to that
of solid tumors and are therefore a useful marker of treatment efficacy (Nagrath
et al. 2007; Maheswaran et al. 2008). These results suggest that monitoring CTCs
before, during, and after therapy is a useful measure of patient response and could
be used to test the effectiveness of multiple treatments on individual patients,
resulting in improved treatment outcomes.

Although the CELLSEARCH®™ System is currently only approved for clinical
use in patients with metastatic disease, some recent studies have applied the method
to early-stage, non-metastatic patients in order to determine if CTCs are a predictor
of disease progression. A study in non-metastatic breast cancer detected CTCs in
24 9% of patients and demonstrated that those patients with detectable CTCs had
shorter progression-free survival and overall survival (Lucci et al. 2012). With
improvements in technology, efficient CTC detection would allow improved stag-
ing and disease management in early-stage patients.

CTC Characterization and Monitoring Therapy Responses

In addition to CTC enumeration, further characterization of these cells can provide
information about the tumor from which they are derived and indicate changes that
take place during therapy. Evaluating the presence of a variety of markers may also
be useful for identifying subpopulations in the CTC fraction, such as metastasis-
initiating cells (Baccelli et al. 2013), stemness, and mesenchymal phenotype
(Gazzaniga et al. 2010; Gradilone et al. 2011a; Wang et al. 2012) or CTCs with
treatment-resistant markers (Maheswaran et al. 2008).

In breast cancer, hormone replacement therapy and trastuzumab (Herceptin)
treatment are determined according to the HER2 status and hormone receptor
expression of the initial tumor. Various studies have demonstrated a discrepancy
between the primary tumor and the CTCs in regard to their expression of HER2
(Fehm et al. 2010; Munzone et al. 2010; Hayashi et al. 2012), estrogen receptor
alpha (Aktas et al. 2011; Gradilone et al. 2011b), and progesterone receptor (Aktas
et al. 2011). A study of patients with metastatic breast cancer, starting a new



2 Circulating Tumor Cells as Biomarkers in Cancer 45

Fig. 6 Androgen receptor (AR) gene amplification in CTCs observed by FISH. CTCs were
enriched by the CELLSEARCH® System and subsequently hybridized with probes for AR
(orange) among other genes. AR amplification can be seen in both (a) and (b), as indicated by
the arrows (Adapted with permission from Leversha et al. 2009)

systemic therapy, demonstrated that HE2-positive CTCs, not present at baseline but
at first follow-up, were associated with shorter progression-free survival (Hayashi
et al. 2012). Despite being a low-powered study that requires further confirmation,
these results suggest that HER2-positive CTCs at first follow-up predict resistance
to treatment, and therefore these patients might benefit from a change of therapy.

Flow cytometry can be used for characterization of CTCs, following staining for
tumor-associated markers and other phenotypic markers of EMT and stemness
(Liu et al. 2011; Fusi et al. 2012; Wang et al. 2012). Flow cytometry allows rapid
enumeration of a large number of cells and multiple markers; however, it does not
allow cells to be visualized, and therefore CTC morphology cannot be analyzed.
Moreover, given the low frequency of CTCs in the blood of most patients, flow
cytometric analysis is at the limit of reliable detection.

Fluorescence in situ hybridization (FISH) can be used for confirmation and
further characterization of enriched CTCs by detection of chromosomal aberra-
tions, such as gene amplification and translocations, associated with various malig-
nancies. Following enrichment of CTCs, gene-specific fluorescently labeled probes
are hybridized to denatured DNA allowing visualization of specific chromosomal
regions by microscopy. CTCs can be identified by detection of known chromo-
somal aberrations, for example, amplification of the androgen receptor (AR) gene
in metastatic prostate cancer CTCs (Fig. 6) (Shaffer et al. 2007; Leversha
et al. 2009), and further characterization can be performed by identification of
novel abnormalities. Chromosomal amplification of AR, rearrangement of
ERG gene, PTEN deletion, and MYC amplification were detected in CTCs from
patients with metastatic prostate cancer by FISH (Attard et al. 2009; Leversha
et al. 2009). Significant heterogeneity of AR copy number gain and PTEN loss was
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observed in CTCs, illustrating the heterogeneity of the tumors and the representa-
tion of this diversity in CTCs.

Rearrangement in the ALK gene can be detected in CTCs from patients with
lung cancer and strongly correlated with contemporaneous tumor biopsies (Ilie
et al. 2012). Given that crizotinib (Xalkori) treatment is restricted to patients with
ALK rearrangements (Ou et al. 2012), molecular profiling of CTCs may allow
screening for patients who will benefit from this treatment without the need to
undergo an invasive tumor biopsy.

Allele-specific PCR amplification revealed mutations in the epidermal growth
factor receptor (EGFR) in DNA recovered from CTCs and from matched tumor
biopsy specimens (Maheswaran et al. 2008). Moreover, the drug-resistant mutation
T790M was detected in CTCs isolated from patients with EGFR mutations that had
received tyrosine kinase inhibitors gefitinib (Iressa®) or erlotinib (Tarceva®). The
presence of the T790M mutation correlated with reduced progression-free survival.
This result supports the idea of monitoring changes in tumor genotypes during the
course of treatment, by genotyping CTCs.

Similarly, another study describes the detection of the KRAS mutation in CTCs
from colorectal cancer patients (Yang et al. 2010). The presence of KRAS
mutations in EGFR-positive colorectal cancer is used to identify patients likely to
not respond to anti-EGFR mAb cetuximab (Erbitux). This study suggested
that blood might be a better sample to assess the tumor genotype for treatment
decisions.

The BRAF V600E/K mutation is present in around 50 % of melanoma cases, and
two targeted therapies are now available for the treatment of this subtype of
metastatic melanoma. The detection of the BRAFV600E mutation in isolated
CTCs has been previously reported (Kitago et al. 2009; Freeman et al. 2012) with
a 91 % (19/21) correspondence with the matched tumor tissue (Liu et al. 2011).
Moreover, in one of those individuals, CTCs were shown to bear the BRAFV600E
mutation while this was not at detectable levels at the tissue level (Liu et al. 2011).
This is consistent with the previous observations of intra- and inter-tumor hetero-
geneity of BRAF mutation status in melanoma (Sensi et al. 2006; Yancovitz
et al. 2012). A recent report by Sakaizawa and colleagues successfully identified
BRAF- and KIT-activating mutations at a single-cell level in CTCs from patients
with melanoma (Sakaizawa et al. 2012).

A recent study described comprehensive genomic profiling of CTCs using array
comparative genomic hybridization (CGH) and next-generation sequencing
(Heitzer et al. 2013). The authors identified multiple colorectal cancer-associated
copy number changes, many of which were also present in the respective primary
tumors. Mutations in known driver genes [e.g., APC, KRAS, or PIK3CA] found in
the primary tumor and metastasis were also detected in corresponding CTCs.
However, some mutations initially found only in CTCs were also present at
subclonal levels in the primary tumors and metastases from the same patient
(Heitzer et al. 2013). This study constitutes the beginning of a new era in
the CTC field by integrating single-cell genomics for comprehensive analysis of
these cells.
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Concluding Remarks

Altogether, these studies support CTCs as a superior sample with which to examine
the genetic profile of the sum of the patient’s tumors and may therefore be useful for
monitoring the development of escape mutations during treatment. Nevertheless, it
is a limitation in some studies that the isolation and analysis of CTCs is based on
only one or two surface proteins, gene deletions, amplifications, or point mutations.
More comprehensive studies are required that determine the extent to which CTCs
represent the parental tumors. The rapid progress in next-generation sequencing
and onco-proteomics will enable better characterization of CTCs in the near
future. Hopefully this will uncover more informative biomarkers with which to
select CTCs and thus provide more specific information about patients who will
benefit from targeted treatments as well as improve evaluation of therapeutic
responses.

In parallel, improvements in the methodologies used to isolate and quantify
CTCs are needed. Different methodologies that bias toward different tumor cell
subsets might not reflect overall tumor heterogeneity. Issues such as the impact on
disease outcome of collective migration (microemboli detection), presence of
EMT, and cancer stem cell markers need to be addressed in the context of well-
designed clinical studies. Moreover, there is little evidence of the metastatic
potential of CTCs (Kupas et al. 2011; Baccelli et al. 2013), and it is yet to be
confirmed that CTCs are indeed the source of metastasis. The use of CTCs as an
independent marker of treatment response is a valuable tool that should be evalu-
ated as part of clinical trials to facilitate a swift implementation into clinical
practice. However, it is likely that this will be different for different cancer types
and therapeutic interventions.

Summary Points

e CTCs circulate in patient blood at very low frequency, and therefore, reliable
detection is a significant technical challenge.

¢ Recent technological advances have improved our capacity to detect and isolate
CTC:s for quantification and molecular characterization.

» CTC isolation technologies are based on the physical and biological properties
that differentiate CTCs from other cells in circulation.

¢ The concentration of CTCs in peripheral blood has been shown to be prognostic
of overall survival in colon, breast, and prostate cancers, non-small and small
cell lung cancers, and melanoma patients.

* Gene expression in CTCs is highly heterogeneous; thus, targeting a single
marker for CTC isolation is not ideal for efficient detection.

» Research has shown that cancer cells are able to undergo epithelial to mesen-
chymal transition (EMT) which is associated with an invasive phenotype and
may give rise to CTCs with high metastatic potential.
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¢ Some research has shown that CTC concentration is a useful marker of treatment
efficacy and may be an effective predictor of disease relapse or progression.

¢ Temporal monitoring of CTCs has shown potential for detecting genetic changes
in CTCs which can lead to treatment resistance.
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Abstract

Colorectal cancer (CRC) is one of the most common types of cancer; it is
diagnosed in more than one million people each year and causes the death of
about half of them. Early detection can help to decrease CRC-related mortality. In
fact, the 5-year survival rate exceeds 90 % when the disease is localized and is
only 10 % in case of metastases. Consequently, it is imperative to improve
methods for the early detection of the disease. In this context, genomic approaches
have resulted in new CRC biomarkers and have helped to shed light on the genetic
basis of cancer as a whole. However, the proteome provides a more dynamic and
faithful image of the genetic program of a cell. Hence, given the importance of
proteins as effectors of cellular behavior, proteomic analysis has the potential to
identify biomarkers that can help to classify and predict CRC. Several proteomic
technique, such as matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS), quantitative isotopic protein labeling (SILAC,
ICAT, and iTRAQ), and two-dimensional gel electrophoresis (2D-PAGE and
2D-DIGE), are being used in cancer research and can improve the diagnosis of
patients; they are also helping to optimize personalized therapy.

In this chapter, the main proteomic approaches used in biomarker research
will be discussed, together with their impact and potential in the clinical setting.
The proteomic biomarkers currently used for CRC diagnosis and/or therapy
monitoring will be also described.

List of Abbreviations
2D-DIGE = Two-Dimensional Differential In-gel Electrophoresis
2D-PAGE Two-Dimensional Polyacrylamide Gel Electrophoresis

APC Adenomatous Polyposis Coli
CEA Carcinoembryonic Antigen
CRC Colorectal Cancer

Cy2 Cyanine 2 Fluorescent Dye

Cy3 Cyanine 3 Fluorescent Dye

Cy5 Cyanine 5 Fluorescent Dye
DCBE Double-Contrast Barium Enema
ESI Electrospray Ionization

FIT Fecal Immunological Test
FOBT Fecal Occult Blood Test

ICAT Isotope-Coded Affinity Tag
IMAC Immobilized Metal Affinity Chromatography

iTRAQ Isobaric Tags for Relative and Absolute Quantitation
LC-MS Liquid Chromatography Mass Spectrometry
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MALDI Matrix-Assisted Laser Desorption Ionization
MOAC Metal Oxide Affinity Chromatography

MS Mass Spectrometry

MW Molecular Weight

pl Isoelectric Point

PTM Post-translational Modification

SCX Strong Cation Exchange Chromatography

SILAC Stable Isotope Labeling with Amino Acids in Cell Culture
TOF Time of Flight

Key Facts

» Approximately one million people each year are diagnosed with colorectal
cancer.

e About 50 % of diagnosed people die each year.

« To improve therapy efficacy, it is important to screen for early detection
biomarkers.

¢ Due to the poor specificity of the biomarkers currently used, efforts are being
made to discover new more efficient colorectal cancer biomarkers.

» Proteomic approaches have had great impact in this field and have great
potential.

Definition of Words and Terms

Adenocarcinoma A carcinoma originated from the glandular tissue or a carci-
noma in which the cells form glandular structures.

Biomarker It is an indicator of a biological state; it should be objectively mea-
sured and it is used to indicate a normal or a pathological biological process or a
response to pharmacologic therapy.

Biopsy It is the removal of tissue from the living body; it is usually
evaluated by microscopic analysis. It is performed when a precise diagnosis is required.

Cell Line A population of cells from a multicellular organism that keeps under-
going division. The cells can therefore be grown for prolonged periods in vitro and
are thus widely used in biotechnology.

Colorectal Cancer A cancer from uncontrolled cell growth in the colon or rectum.

Early Detection In medicine, “early detection” means discovering a disorder or
disease during the early stage of its progression.
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Glycosylation This post-translational modification consists in the attachment
of sugar moieties to proteins; several kinds of glycosidic linkages exist: N-, O-,
and C-linked glycosylation, the glycosylphosphatidylinositol anchor attachment to
the plasma membrane called glypiation, and phosphoglycosylation. This post-
translational modification is involved in several cellular processes, including cell-
to-cell adhesion and protein-ligand interactions in the cell. A branch of proteomics
called “glycoproteomics” is devoted to the characterization of glycoproteins, and it
is focused on different types of strategies of enrichment of this class of proteins.

Mass Spectrometry An analytical method that detects ions and measures their
mass-to-charge (m/z) ratio. Each mass spectrometer is constituted by three elements:
a source, an analyzer, and a detector. The first step in an MS analysis is to generate
charged molecules or molecule fragments; hence, the sample (solid, liquid, or gas) is
charged by an ion source. Then the generated ions are separated by an analyzer
according to their typical m/z ratio. Finally, the ion signals are processed by a detector
into the spectra of the relative abundance of ions as a function of the m/z. The atoms
or molecules being analyzed are identified using molecular masses (obtained from the
m/z ratio) or through a characteristic fragmentation pattern.

Phosphorylation A post-translational modification of proteins in which a serine, a
threonine, or a tyrosine is modified by a kinase that adds a covalently bound
phosphate group. Phosphorylation of a protein acts as a molecular switch that
turns the protein activity on or off.
Proteome The term “proteome,” coined in 1994 by Marc Wilkins, arose as a
combination of the words protein and genome. The proteome is the entire set of
proteins expressed in an organism or tissue or cell or biological system. Proteomics
is the study on a large scale of all the proteins with particular focus on their
structures and functions.

Introduction
Colorectal Cancer

Cancer is a devastating public health problem worldwide, irrespective of a
country’s level of development. Approximately one million people per year world-
wide get colorectal cancer (CRC), which accounts for 30 % of all tumors. Despite
recent improvements in the treatment of CRC, nearly 50 % of treated cases relapse
and are expected to die within 5 years of diagnosis (Newton et al. 2012).

Genetic mechanisms have an important impact on CRC. In fact, more than 25 %
of diagnosed patients have a family history of the disease (Gala and Chung 2011).
According to the genetic model of tumorigenesis, a tumor is the result of the
accumulation of mutations in genes, i.e., tumor suppressor genes and oncogenes
(Fearon and Vogelstein 1990).
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A number of genes play a role in colorectal carcinogenesis: adenomatous
polyposis coli (APC), rat sarcoma oncogene K-ras, tumor suppressor TPS53,
the DNA glycosylase gene MUTYH, and the murine sarcoma oncogene BRAF
(Ettarh 2012). However, the most frequently mutated gene in CRC patients is APC
which results in the constitutive activation of the Wnt-signaling pathway, which is a
critical event in the development of CRC (Corbo et al. 2012).

The development of CRC is a long process; it originates from the epithelial cells
lining the interior of the large intestine. In fact, due to accumulation of mutations and
the consequent change in gene function, these cells lose their normal biological
behavior and acquire the characteristics of tumor cells. There are three ways to
interfere in the progression of CRC depending on the stage of disease. The first
concerns early-stage cancer or adenoma. Early detection of CRC is the most effective
way to reduce cancer mortality. The fecal occult blood test (FOBT), colonoscopy,
sigmoidoscopy, and the immunological FOBT (FIT) can identify CRC in time to
manage the disease successfully. Secondly, in the case of stage II and IIT CRC, the
first issue is to establish if patients need to be treated with adjuvant chemotherapy
after surgical resection. The second issue is to choose the most appropriate regimen
for each patient according to the specific biologic characteristics of their disease.
Thirdly, in the case of stage IV/metastatic CRC, curative options are no longer
available, and patients are treated with systemic therapy, which is a mix of the
conventional chemotherapeutic approach and the more innovative approach based
on the use of biological drugs. In these cases, even more than in stage II/IIl CRC, it is
vital to select the combination of drugs that best meets the needs of patients, rather
than applying the same strategy regardless of the specificity of patient’s conditions.

The last 5 years have seen surge in research to identify biomarkers that can improve
the current diagnostic and prognostic scenario for CRC screening and management.
Proteomics is a promising area of research in CRC biomarker identification.

Biomarkers in Cancer

A biomarker, also called a “signature molecule,” is defined as a biological molecule
objectively measurable in body fluids (e.g., blood, urine) or tissues that may be used
as an indicator of a normal/abnormal biological process or of a pathological
condition. A biomarker can be employed in the detection of a disease and in the
prediction of prognosis or to forecast the pharmacologic responses to a therapeutic
intervention. Usually, a given biomarker has to ameliorate life expectancy or the
quality of life in order to be considered in clinical practice (Newton et al. 2012).
There are three main types of biomarkers depending on the purpose for which they
are employed (Table 1). Diagnostic biomarkers are used to determine the disease
from which the patient is suffering. These kinds of biomarkers can support the
conventional imaging techniques. They are probably the most important bio-
markers and are also useful to reveal recurring diseases. Prognostic biomarkers
serve to predict the probable course of a disease; they can reflect the ability to
metastasize, tumor aggressiveness, or the probable growth rate. These biomarkers
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Table 1 Biomarker classification. Summary of the differences in the use of biomarkers based
on clinical needs

Type of Clinical
biomarkers Use applications
Diagnostic To help diagnose a cancer and to reveal the possibility of relapse | Screening
Prognostic To forecast the aggressiveness of the disease process and/or Predict

how a patient can expect to fare in the absence of therapy recurrence
Predictive Used to identify which patients will respond to a specific Personalized

pharmacological treatment. It also means to show predisposition | therapy
(increase of risk) to have the disease (genetic marker)

can be used to evaluate the disease outcome and to inform treatment and care
decisions. Predictive biomarkers can help to predict a subpopulation of patients
that may benefit from a specific therapy. A predictive biomarker can forecast the
possible effects of treatment and can also be used as a treatment target. It can also
indicate “predisposition”, namely an increased risk of acquiring a given disease
(Biomarkers in cancer: an introductory guide for advocates. Research advocacy
network 2010).

Any measurable molecular alteration at DNA, RNA, protein, or metabolite level
in a cancer cell is a putative cancer biomarker. This chapter deals with protein
biomarkers and the approach currently used to discover protein biomarkers. Bio-
marker discovery starts with an investigation of putative biomarkers, which can be
performed either in a hypothesis-driven or in a hypothesis-free manner. In the
former case, researchers follow updates in the knowledge of the specific pathology
condition, while in the latter case, i.e., the “fishing exercise,” researchers investi-
gate differentially expressed markers in patients versus healthy individuals without
any starting hypothesis (Newton et al. 2012). In recent years, biomarker discovery
has become a major focus of cancer research, as shown by the number of scientific
publications on the topic over the past decade. Between the years 2003 to 2012, the
number of articles published in peer-reviewed journals indexed on PubMed — the
main biomedical publication database in the United States — has increased year by
year. In 2012 alone, more than 42,000 articles related to biomarkers were published
in the scientific and medical literature (Fig. 1), a number twice that of 2002.
Another indicator of the topicality of biomarkers is the increase in the number of
biomedical journals devoted entirely to the topic like Journal of Biomarkers, Bio-
markers, The Open Biomarkers Journal, Biomarkers in Medicine-Future Medicine,
Journal of Biomarkers in Cancer, and Journal of Molecular Biomarkers & Diag-
nosis, to name just a few.

Why Proteomics?
Cancer results from the accumulation of genetic changes that lead to an alteration of

several cellular processes including angiogenesis, proliferation, apoptosis, and
senescence. As a consequence, markers were initially searched for using genomics
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Fig. 1 Number of scientific or medical articles related to biomarkers. A graphical represen-
tation of the published scientific or medical articles related to biomarkers (Source: PubMed
database, keyword “biomarker” limited to the years stated)

and transcriptomic approaches, which increased our understanding of the molecular
basis of cancer. However, progressive knowledge revealed the need to obtain a
more complete landscape of the cell. In fact, it soon became clear that genetic
analysis alone does not tell the whole story.

Through alternative splicing of mRNA in combination with numerous post-
translational modifications (e.g., phosphorylation, acetylation, and glycosylation),
one gene codes for different kinds of proteins with different sequences and, as a
consequence, different activities. The proteome harbors more information than the
genome; it is more dynamic and hence it is a more accurate mirror of the genetic
information of a cell. Therefore, proteomics can fill in the gap between the genome
and cell behavior.

Since proteins are the main effectors of cell behavior, interrogation of the
functional proteome has great potential in such medical settings as neurodegener-
ative diseases, infectious diseases, and cardiovascular diseases (Engwegen 2000).
The potential of proteomics in oncology is not surprising: cancer originates in
mutated genes and causes aberrant protein expression. Oncoproteomics allows
one to investigate the identity and function of thousands of proteins that derive
from cancer cells and that are consequently involved in the mechanisms underlying
cancer (Cho and Chen 2007). This in turn opens the possibility of using some of
these proteins as therapeutic targets and markers for the early detection, therapy,
and prognostic evaluation of patients. Furthermore, protein markers can be readily
measured on routinely available body fluids such as serum rather than on fresh or
frozen tissue biopsies. Thus, oncoproteomic approaches are widely applicable in
the clinical setting and could have an important impact on cancer diagnosis and
treatment monitoring (Chan and Lee 2013; van der Merwe 2007).
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Proteomic Technologies

The term “proteomics” refers to the set of analytical tools used to depict the protein
compartment of a cell. It is the natural continuation of genomics, and it moves away
from classical protein chemistry while drawing on the heritage of knowledge and
methods developed in the latter field. The great innovation of proteomics is, in fact,
the concept that one must study the entire proteome as a single analyte in order to
study cellular molecular mechanisms in which proteins play a key role (Anderson
and Anderson 1998). This means that the proteins being analyzed are no longer
purified and isolated from their highly complex context in living systems. Indeed,
they are analyzed together within their context so providing a true picture of the
proteome in a given cell state. However, proteome analysis is hindered by several
analytical problems. First is the wide range of protein concentrations present in
samples. For example, in human serum, the most abundant proteins represent
almost 100 % of the total protein mass but are only less than 0.1 % in number
(Guerrier et al. 2006). Another important challenge is the detection of post-trans-
lational modifications (PTMs). In fact, only a minor part of the proteins of interest
are post-translationally modified. The high sample complexity in terms of number
of analytes is another feature that must be taken in account in proteomic analysis.
Consequently, proteomic analysis needs a pool of methodologies and technologies
that are high throughput, sensitive, and selective toward the proteins that are the
target of the analysis and that have a large dynamic range effectiveness. Many
chromatographic and electrophoresis tools are available to fractionate analytes.
However, although the separation techniques differ, the various strategies have a
common final step: mass spectrometry (MS) analysis, which gives a name to each
protein. Several of the most widely used technologies in colorectal cancer research
are detailed below.

Two-Dimensional Gel Electrophoresis

Mammalian cells contain thousands of different proteins and only a small number
of them change under circumstances such as in response to stress or in pathological
conditions. The primary goal of expression proteomics is to reveal differences in
protein expression profiles between samples in two different conditions. Proteome
analysis is based on two essential components: protein separation and protein
identification. Historically, the tool of choice for maximal separation of proteins
was two-dimensional electrophoresis (2D-PAGE) that separates proteins according
to their isoelectric point (pI) and molecular weight (MW).

Based on their specific amino acidic sequence, post-translational modifications
(e.g., phosphorylation, glycosylation, and nitrosylation), and the pH of the envi-
ronment, the net charge of proteins varies and can be positive, negative, or zero.
The pl of a protein is the pH at which the number of positive charges is equal to the
number of negative charges, so the protein has no net charge. When a mixture of
proteins is loaded on a pH gradient, they will be separated on the basis of their
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specific pl. In a region with a pH greater than its pl, a given protein is charged
negatively and moves toward the cathode (+). While in a region with a pH below its
pl, a given protein is charged positively and migrates toward the anode (—).
Moreover, the charge decreases during migration and becomes null when the
proteins reach the pH equal to their pl, at which point proteins cease to migrate.
In the original 2DE method devised by O‘Farrell (1975), carrier ampholytes in tube
gels are used to generate a pH gradient. However, this method had drawbacks in the
resolving power and in the pH gradient stability. Commercial immobilized pH
gradient strips, in which the carrier ampholytes are copolymerized into the gel
matrix, improved the reproducibility and performance of isoelectrofocusing (IEF)
in 2D-PAGE. The second dimension uses the traditional SDS-PAGE technique in
which proteins are separated in a sort of molecular sieve constituted by polyacryl-
amide gel. Traditional 2D gel electrophoresis is a well-established technique,
but it is labor intensive and time consuming; moreover, it does not satisfactorily
separate low-abundant proteins, proteins with an extreme pl, or membrane
proteins. In addition, various sources of variability in 2DE can distort the difference
in protein expression, for instance, (a) analytical variations due to treatment of
the sample, to procedures for staining, or to image acquisition and (b) biological
variations due to the environment in which the sample was produced,
processed, and preserved. These variations can be minimized by working with
multiple biological and analytical replicates, but this increases the difficulty of
analysis.

The introduction of 2D differential in-gel electrophoresis (2D-DIGE) in 1997
overcame this limitation because it allows three samples to be compared in a single
2D-PAGE gel (Unlu et al. 1997). In fact, typically, during a 2D-DIGE experiment,
the proteomes of three different samples, e.g., healthy, diseased, and internal
control, are labeled with fluorescent dyes (Cy3, Cy5, and Cy2), each with a specific
excitation and emission wavelength. Thus, the same experimental procedure is
applied to different samples, and a protein labeled with the three different dyes
will migrate to the same position on the 2D gel and on the overlay. This overcomes
issues due to experimental variation and ensures accurate within-gel matching,
reproducibility, and quantization. 2D-DIGE is widely used in the clinical setting
especially in laboratories involved in disease biomarker discovery. The 2D-PAGE
and 2D-DIGE experimental workflows are shown in Fig. 2.

Gel-Free Proteomics: Isotopic Labeling

As mentioned above, traditionally, quantitative analysis was carried out using a
2D-PAGE or 2D-DIGE approach whereby the comparison of the spot sizes reveals
differences in the protein amount and MS identifies the protein (Neilson
et al. 2011). Recently, quantitative proteomics has moved beyond the 2D gel
electrophoresis approach. Now gel-free isotopic procedures are available that,
through a chemical reaction, add isotope-enriched tags to proteins using isotope-
coded affinity tags (ICATs), isobaric tags for relative and absolute quantitation
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Fig. 2 Basic workflow of gel-based proteomic approaches. The 2D-PAGE separates proteins
according to their pI and MW, giving rise to a gel representing a protein map. Two or more
samples are compared by analyzing their specific protein map on two or more different gels (inter-
gel comparison). The 2D-DIGE implies the labeling of three different protein samples with
fluorescent dyes and then the mixed samples are submitted to 2D gel separation. This procedure
reveals differences in spots and in expression between samples analyzed on the same gel (intra-gel
comparison). In both techniques, protein spots of interest are then submitted to in situ digestion
protocol and analyzed by MS

(iTRAQ), or stable isotope labeling with amino acids in cell culture (SILAC). These
high-throughput techniques can provide results complementary to the traditional
gel-based proteomic approaches.

The ICAT (Han et al. 2001) reagent is marketed in two different isotopic forms
with a different distribution of the 12C/13C atoms thereby allowing the relative
quantitative estimation between two samples in MS mode. It is generally used to
compare a sample in two different conditions. Its reactivity is at the level of cysteine
residues; therefore, the disadvantage of this approach is that proteins without
cysteines cannot be detected.

The iTRAQ (Ross et al. 2004) strategy, by a combination of C, N, and O
isotopes, enables peptide isobaric labeling, and peptide abundances are measured
during MS/MS fragmentation thereby overcoming the need to interpret MS spectra.
The iTRAQ kit is available as a set of four or eight isobaric labeling molecules so
that eight samples can be multiplexed simultaneously. Its reactivity is at the level of
the primary amino group so that all proteins will be tagged by iTRAQ.
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Fig. 3 Representative workflows for SILAC, ICAT, and iTRAQ. The main differences among
labeling techniques are (i) SILAC and ICAT labeling are applied on intact proteins, while iTRAQ
labeling is performed on peptides, and (ii) in the case of SILAC and ICAT, peptides are quantified
during MS analysis, while in the case of iTRAQ, quantitation occurs during fragmentation, i.e.,
MS/MS analysis

The SILAC (Ong et al. 2002) strategy is based on cell growth in isotope-enriched
amino acid medium, thus allowing the incorporation of the isotopic and
non-isotopic form of amino acids in the proteins. In a typical experiment, heavy
arginine or lysine (13C or 15 N) is added to the cell culture medium of the sample of
interest, while the cell culture medium of the control sample consists of normal
amino acids.

The above strategies are widely used in protein quantitation because of their
accuracy; unfortunately, they entail the use of expensive molecules and of specific
software to analyze data. Moreover, the number of samples that can be simulta-
neously analyzed is limited by the number of available labels, and not all strategies
can be applied to all types of samples (Neilson et al. 2011). Representative
workflows for the SILAC, ICAT, and iTRAQ technologies are shown in Fig. 3.

Label-Free Mass Spectrometry

Thanks to the development of novel instrumentation and progresses in bioinfor-
matics, a promising label-free LC-MS approach is emerging. By definition, label-
free LC-MS shotgun screening is done without isotope labeling. There are two
categories of label-free-based measurements: peak area (or ion intensity) and
spectral counting. These two methods are mostly used for relative quantification.
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The peak area method measures analyte quantity based on the integrated peak area
obtained from the extracted ion chromatogram. The principle is that the detected
ion signal is positively proportional to the analyte concentration. The practical
constraints of this type of label-free method are related to the LC-MS method,
which must be highly reproducible. Any drifts in retention time and m/z will
complicate the peak alignment process. Second, high-resolution MS instruments
must be used because it is difficult to distinguish the overlapping peaks that are
obtained with low-resolution instruments.

The spectral counting label-free method is a much simpler procedure. Spectral
counts are the number of MS/MS spectra assigned to one protein. Thus, this method
measures how many times the MS/MS events are performed for each peptide
belonging to one protein. The principle is that in a given LC-MS/MS analysis, the
total number of MS/MS spectra derived from the fragmentation of a peptide
belonging to a protein is linearly correlated with the abundance of that protein in
the sample. It is important to underline that it is not possible to detect all peptides
using spectral counting because of competition among ions, dynamic range, and
sensitivity limitations (Zhang et al. 2006). Thanks to attempts to improve these
issues, label-free MS may become widely used for biomarker discovery and
validation (Pastor et al. 2013).

Detection of Post-Translational Modifications

Post-translational modifications are chemical or enzymatic modifications of a
protein after its synthesis. The analysis of protein PTMs is one of the reasons
why proteomics is so challenging. Amino acids can be modified by hundreds of
modifications that change their molecular weights and charge, which are the
fundamental physical properties measured by MS. PTMs extend the range of
functions of proteins by linking proteins to chemical functional groups that modify
the chemical nature of amino acids or by making structural changes. PTMs are
attracting attention because they play a critical role in cellular machinery and they
vary in response to external stimuli and to diseases. They include phosphorylation,
glycosylation, acetylation, proteolytic cleavage, oxidation, methylation, nitration,
nitrosylation, and many other processes.

Phosphorylation and glycosylation are two PTMs that have a major impact on
the cell, and their role in the progression of many types of cancer is growing day by
day. Phosphorylation is the addition of a phosphate group to specific amino acid
residues. Phosphorylation of proteins and peptides is one of the most frequent
PTMs and is a biochemical process of biological relevance; in fact, kinases and
phosphatases, the enzymes that promote protein phosphorylation and dephosphor-
ylation, account for 2—4 % of eukaryotic proteomes (Moorhead et al. 2009). Phos-
phorylation cycles are very dynamic and rapid in order to satisfy the cell’s need for
highly dynamic regulation processes. Phosphorylation acts as a molecular switch,
in a reversible manner, to turn the activity of a protein or of a cellular signaling
pathway “on” or “off” and to regulate a protein’s enzymatic activities, substrate
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specificities, folding and function, localization, formation of complexes, and deg-
radation. Cellular processes such as cell cycling, differentiation, development,
hormone response, and signal transduction are regulated by protein phosphoryla-
tion. It is estimated that almost one-third of eukaryotic proteins are phosphorylated
(Sefton and Shenolikar 2001). Protein phosphorylation is a sub-stoichiometric
modification; in fact, phosphoproteins represent about 1-2 % of the total proteins
in a cell. Consequently, the detection of phosphorylation, in terms of definition of
sites and abundance, is a challenging task for proteomics.

Various enrichment strategies have been devised for the immunoaffinity or
immunoprecipitation identification of phosphorylated proteins. The most fre-
quently used enrichment strategies are affinity based, namely, immobilized metal
affinity chromatography, metal oxide affinity chromatography, and strong cation
exchange chromatography (Pastor et al. 2013; Schmidt et al. 2007; Engholm-Keller
and Larsen 2013). Separation methods include electrophoresis, 2D-PAGE or
2D-DIGE, associated to staining specific for phosphoprotein (Pro-Q Diamond) or
isotope labeling (ICAT or SILAC). The methods used to analyze and identify
phosphoproteins are based on MS (e.g., MALDI-TOF MS, LC-ESI-MS, and
LC-ESI-MS/MS). In fact, because a phosphate group increases the protein mass
by 80 Da, MS enables one to determine the average number of phosphorylation
sites just by comparing the increment of the protein mass versus control. Given the
key role of kinases and phosphatases as regulators of signaling cascades, the
analysis of the phosphoproteome of colon cancer may help to unveil the link
between the phosphorylation status of cells and the mechanisms of cancer.

Alteration of the glycosylation state is a characteristic of cancer cells, and
several kinds of glycans have been shown to be markers of tumor progression
(Varki et al. 1999). The glycosylation profile of cells continuously changes during
embryonic development and cellular activation in vertebrates. Thus, the role of
glycans as markers of malignant transformation and tumor progression is not
surprising. Their marker potential was first recognized consequent to the observa-
tion that plant lectins bind to animal tumor cells. Subsequently, in vitro experiments
showed that the transformation of cells was associated to an increased size of
metabolically labeled glycopeptides (Hakomori et al. 1986). Moreover, after the
advent of monoclonal antibody technology, researchers searching for the “right”
molecule against cancer cells revealed that many of the antibodies directed against
cancer recognize sugars (Feizi 1985). Hence, the characterization of the glycosidic
portion of the glycoproteins, the so-called “glycoproteome analysis,” may help to
improve the diagnosis, prognosis, and immunotherapy of tumors (Lowe 2001).

Typically, the workflow for a glycoproteomic experiment starts with the chem-
ical or enzymatic digestion of the protein sample in a mixture of peptides and
glycopeptides. Then, enrichment procedures (lectin affinity chromatography) are
applied to select glycosylated peptides. Mapping experiments are generally carried
out by online nano-LC—ES-MS/MS or by MALDI-TOF/TOF. Glycoprotein enrich-
ment can be done before digestion; in this case, it is followed by 2D-PAGE and
2D-DIGE coupled with staining specific for glycoproteins (e.g., Pro-Q Emerald)
and MS for identification.
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Fig. 4 Proteomic technologies used in the detection of cancer markers. Percent of the
proteomic approaches used based on the number of published scientific or medical articles related
to the application of the specific technology in biomarker discovery (Source: PubMed database,
keyword “biomarker and cancer and the selected proteomic approach”). 2D gel-based methods are
clearly the procedure of choice in biomarker research

Figure 4 shows the described proteomic technologies used in biomarker cancer
research. Despite the progress made in label-based and free-label methods,
2D-gel-based approaches remain the methods of choice in biomarker research.

Early Detection Screening Technologies and Samples for CRC
Biomarker Research

Prevention of CRC mortality is closely related to early detection. Greater use of
screening methods, i.e., fecal occult blood test, sigmoidoscopy, colonoscopy, and
barium enema (see Table 2) may decrease the number of deaths from CRC.
However, people tend to avoid these tests because of the discomfort involved.
Consequently, blood- and stool-based in vitro molecular tests and novel targets for
noninvasive molecular screening are required.

As mentioned above, proteins are good biomarkers in a diagnostic scenario
because they can be revealed by antibody-based methods. The CRC cell lines are
widely used in research laboratories as a model of cancer tissues since they can be
easily reproduced when necessary in huge amounts. Various human CRC cell lines
are available for research purposes, each with specific molecular properties. They
are easy to handle in an experimental procedure; moreover, they are particularly
suitable when the goal is to isolate by biochemical fractionation different proteome
subpopulations, e.g., nuclear matrix, secretome, plasma membrane, exosomes, etc.
Biochemical fractionation is one of the strategies used to reduce sample complex-
ity, thereby enabling the investigator to probe deeper into the cell proteome and to
identify low-abundant proteins. Despite these advantages, all the available CRC



3 Oncoproteomic Approaches to Cancer Marker Discovery: The Case of. .. 67

Table 2 Current early detection screening technologies for colorectal cancer. A brief
description of the principles of widely used early detection screening methods

Early detection tests for colorectal cancer

One or more of these tests are indicated for CRC screening, particularly, in people older than
50 with a CRC case in the family history

A fecal occult blood test (FOBT) detects hidden blood in the stool, which is one of the first CRC
alarm bells. This test should be performed every 1-2 years in people between 50 and 80 years
old; it decreases the number of CRC deaths by 30 %

A sigmoidoscopy is an inspection of the rectum and of the sigmoid colon (final portion of the
bowel) using an instrument called a “sigmoidoscope” which is a small tube with a small light
attached. Sigmoidoscopy can reveal precancerous or cancerous growths

A colonoscopy is an inspection of the rectum and entire colon using an instrument called
“colonoscope.” Colonoscopy can reveal precancerous or cancerous conditions in the whole
colon, unlike sigmoidoscopy. Moreover, during colonoscopy, it is possible to remove suspicious
growths, and thus, it is a screening and a therapeutic method

In double-contrast barium enema, the colon and rectum undergo a series of x-rays. The first
step in this test is the introduction of a barium solution into the colon, and then air is also added to
delineate the colon and rectum on the x-ray. This procedure may not detect small polyps

cell lines derive from malignant tumors, i.e., adenocarcinomas, so they are not
suitable for studies of premalignant adenomas. Furthermore, comparative studies
conducted with CRC cell lines are complicated by the absence of normal epithelial
cells, i.e., controls (Jimenez et al. 2010).

Biomarkers for blood-based CRC detection can be identified by comparing the
proteins in the serum of cancer patients with those of healthy control serum. Thus,
biomarkers can be detected directly in a biological fluid (serum or plasma) that
would be employed for cancer screening. However, the discovery of new bio-
markers is hindered by the complexity of these samples (Jimenez et al. 2010). In
fact, current high-resolution MS methods are able to detect proteins at concentra-
tions up to four orders of magnitude, and the dynamic concentration range of blood
proteins is 11 orders of magnitude, so typically they identify only the most abundant
proteins in a biological sample. For an in-depth analysis of the proteome and to
detect low-abundant proteins, cell components must be fractionated. Tumor-
associated proteins are highly diluted in the bloodstream, and therefore, the con-
centration of most potential protein biomarkers in the blood is below detection
limits.

Protein Biomarkers of Colon Cancer

Carcinoembryonic antigen (CEA) and fecal hemoglobin are the only approved,
soluble protein biomarkers of CRC.

Carcinoembryonic Antigen
Carcinoembryonic antigen is an immunoglobulin involved in cell adhesion, whose
carboxy-terminal region is anchored to the cell membrane by covalent attachment
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to the glycosylphosphatidylinositol moiety, and this protein, which has been iden-
tified in serum, has long been used as a biomarker of CRC and of other types of
cancers. The progression of CRC is associated to high CEA expression and usually
decreases after surgery. However, CEA expression is also high in serum of heavy
smokers, in conditions of inflammation, in colitis, in liver cirrhosis, and in pancre-
atitis (Tanaka et al. 2010). Consequently, it is not considered sensitive and reliable
for the early detection of CRC. However, it is reliable in predicting prognosis and is
useful in monitoring the disease course, the response to treatment, and the recur-
rence posttreatment. In CRC patients, the higher the CEA level, the poorer the
prognosis. In fact, the higher the CEA level at the time of CRC diagnosis, the
greater the possibility that the cancer is in an advanced stage (Tanaka et al. 2010).
As mentioned above, the CEA level is expected to decrease after surgery; in fact,
this antigen is the standard marker with which to monitor CRC patients during and
after treatment to evaluate if the cancer is responding to treatment or if it has
recurred after treatment (Newton et al. 2012). In conclusion, CEA should be
interpreted with caution but can be useful on a case-by-case basis.

Fecal Hemoglobin

The detection of CRC based on stool analysis is a completely noninvasive screening
method and is easy to perform and inexpensive. The most widely used CRC
screening test is the FOBT (see Table 2) that detects hemoglobin enzymatically
or immunologically. Enzymatic FOBT is an assay that measures the peroxidase-
like activity of hemoglobin. This method does not distinguish the origin of the
hemoglobin; hence, this assay identifies hemorrhage from the colorectal and upper
gastrointestinal tracts. A false-positive result can occur if the patient has ingested
red meat, vegetables, or anti-inflammatory drugs. Immunological FOBT is based on
antibodies that specifically recognize human hemoglobin and is not affected by
plant peroxidases in the diet (Tumor Markers Fact Sheet American Cancer Society
2013). The major drawback of the FOBT is its low ability to detect early-stage
lesions. In fact, this screening method reduces CRC mortality by only 30 %; thus, it
must be associated to other kinds of screening (Tanaka et al. 2010).

Potential Application of Proteomics to Prognosis, Other Diseases,
or Conditions

Recent progresses in proteomics have led to progress in cancer-related biomarker
discovery. The new proteomic technologies and improved tools for data handling and
interpretation have opened new avenues in the search for biomarkers able to predict
the outcome of cancer treatment. In recent years, a substantial set of CRC-related
proteins has been identified thanks to proteomic-based methods (Corbo et al. 2012,
2013; Gemei et al. 2013; Van Houdt et al. 2011; de Wit et al. 2012). These proteins
may have the potential to be CRC biomarkers. Hopefully, studies devoted to these
and other putative protein biomarkers will result in a panel of markers with sufficient
sensitivity and specificity for CRC in the clinical setting.
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It is expected that in the next few years, many proteins associated to CRC will be
discovered by proteomic studies, and most of them could be candidate biomarkers
of CRC. This is especially due to the heterogeneity of the disease and to the need for
multiple markers to characterize accurately each specific CRC subtype. Finally, the
biomarker potential of novel CRC-associated proteins should be validated in body
fluids; this is a challenging task that could be overcome by progresses in new
targeted MS methods (Anderson et al. 2009; Rifai et al. 2006; Jimenez et al. 2010).

Summary Points

» Early detection of colorectal cancer is critically important.

e The 5-year survival rate after surgical removal of a localized tumor exceeds
90 % versus 10 % in the case of a tumor with metastasis.

e The protein biomarkers accepted for clinical use in colorectal cancer
are carcinoembryonic antigen and fecal hemoglobin; however, they lack
specificity.

e There is a need to discover new protein biomarker candidates.

« Proteomics is widely used in cancer research.

¢ Proteomic platforms used for cancer biomarker discovery include gel-based and
gel-free methods.

¢ 2D-DIGE is the most widely used and rigorous gel-based method.

¢ ICAT and iTRAQ are chemical labeling gel-free methods, and SILAC is a
metabolic labeling method.

« Posttranslational modifications are often associated with cancer; understanding
the role of phosphorylation in signaling pathways could pave the way to the
identification of targets for future clinical research.

» Colorectal cancer proteomics can help the search for new biomarkers.
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Abstract

Modern cancer therapies are highly effective in the treatment of malignancy;
however, they are associated with the possible development of side effects, in
particular involving heart function. This particular form of cardiotoxicity is
related to many factors: age, cumulative dose of the drug administered, drug
combination, smoking, prior radiotherapy, and prior cardiovascular disease.
Different types of events may manifest: the more important and difficult to
manage is a progressive LV dysfunction, which may lead to the development
of cardiac failure. Other side effects are represented by acute coronary syn-
dromes, hypertension, thromboembolic events, and arrhythmias. Anthracyclines
are one of the anticancer drugs more studied, and they are known to cause CTX
through different molecular mechanisms; the damage induced by AC is dose
dependent and usually irreversible. Also newer therapies like targeted therapy
(i.e., trastuzumab) or angiogenesis inhibitors are all associated with some form
of cardiac toxicity: while targeted drugs may induce a reversible damage,
angiogenesis inhibitors have a prothrombotic activity, which leads to a high
incidence of thromboembolic events.

Patients were followed up with serial cardiological visits and evaluation of
the LVEF, which however detects the damage already installed. In the last
20 years, a new appealing approach has been proposed: it is based on the
evaluation of circulating troponin and/or natriuretic peptides. Especially for
troponin, many studies underlined the predictive value of this marker, which
can detect minimal cardiac damage, well before the onset of cardiac dysfunction,
allowing for a personalized follow-up and cardiological preventive treatment.

In this light, many studies have recently evaluated the protective effect of
different drugs, such as dexrazoxane, beta blockers, and ACE inhibitors, with in
some cases very promising results.

List of Abbreviations

AC Anthracycline

ACEIs Angiotensin-Converting Enzyme Inhibitors
ANP Atrial Natriuretic Peptide

ASCO American Society of Clinical Oncology
BB p-blockers

BNP Brain Natriuretic Peptide

CHF Congestive Heart Failure

CNP C-Type Natriuretic Peptide

cTn Cardiac Troponin

CT Chemotherapy

CTX Cardiotoxicity

ESMO European Society for Medical Oncology
ECG Electrocardiogram

FDA Food and Drug Administration

HDC High-Dose Chemotherapy
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HER2, ErB2  Epidermal Growth Factor Receptor-2

hs-cTn High-Sensitivity Troponin

LV Left Ventricular

LVEF Left Ventricular Ejection Fraction
MUGA Multi-Gated Radionuclide Angiography
MRI Magnetic Resonance Imaging

NPs Natriuretic Peptide

ROS Reactive Oxygen Species

RT Radiotherapy

TnC Troponin C

Tnl Troponin I

TnT Troponin T

TKI Tyrosine Kinase Inhibitor

VEGF Vascular Endothelial Growth Factor

Definition of Words and Terms

Anthracyclines Anthracycline antibiotics are natural products derived from the
actinobacteria Streptomyces peucetius about more than 40 years ago. They are
commonly used in the treatment of a number of diverse tumor types but are
among the best characterized chemotherapeutic drugs leading to a myocardial
cell loss.

Antiangiogenic targeted therapies The production of a network of blood vessels
is a condition necessary to tumor survival. Angiogenesis inhibitors interfere with
the development of blood vessels making the cancer unable to receive the oxygen
and nutrients it needs to survive.

Biomarkers A biomarker is a molecule which may be used as an indicator of some
biological state or condition. The measurement of biomarkers is often used to
examine normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention.

E:A ratio The ratio of peak early to late diastolic filling velocity is an index to
characterize patterns of impaired diastolic filling. Abnormalities in the E:A ratio,
determined on echocardiography, suggest that the left ventricle, which pumps blood
into the circulation, cannot fill with blood properly in the period between
contractions.

Free radicals A free radical is a molecule that contains one or more unpaired
electrons. A molecule containing an unpaired electron will be more reactive and
once produced can interact with other nearby molecules in an attempt to regain the
paired electron state.
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High-dose chemotherapy (HDC) With this treatment, high doses of chemother-
apy are given in order to destroy cancer cells than would be possible with conven-
tional (standard dose) chemotherapy. However, HDC also destroys hematopoietic
stem cells, which are responsible for the production of blood cells. In order to
restore blood cell production after high-dose chemotherapy, stem cells must be
replaced. The procedure that restores the stem cells is called stem cell transplanta-
tion. Historically, high-dose chemotherapy and hematopoietic stem cell transplan-
tation have been considered to provide patients with a better chance for longer
survival than other therapies. However, the newer agents are providing high
response rates, with significantly prolonged survival as well. Thus, the role of
high-dose chemotherapy and stem cell transplantation in the treatment of cancer
is currently limited.

Immunoassay detection methodology The immunoassays are used to quantify
molecules of biological interest based on the specificity and selectivity of antibody
to recognize and bind a specific molecule. The molecule bound by an antibody is
referred to as an antigen, and the area on an antigen to which the antibody binds is
called an epitope.

Interobserver variability Interobserver variability is a systematic difference
which arises when the measurement is not performed by a single observer but by
two or more observers. In clinical practice, especially in cases of qualitative
assessment, the variability that exists between two or more observers could produce
different values of the same measurement.

Left ventricular ejection fraction (LVEF) LVEF represents the measurement of
how much blood is being pumped out of the left ventricle with each heartbeat or
cardiac cycle.

Natriuretic effect It is the excretion of a large amount of sodium in the urine as a
result from direct inhibition of sodium absorption in the collecting duct, increased
glomerular filtration, and inhibition of aldosterone production and secretion.

Radiotherapy (RT) It is the use of high-energy rays, usually x-rays and similar
rays (such as electrons), to treat or control cancer; it iS a very common cancer
treatment worldwide. It works by destroying the cells in the treated area. However,
if the normal cells can usually repair themselves from the damages of radiation
therapy, the cancer cell cannot.

Reactive oxygen species (ROS) Oxygen can be converted to different reactive
oxygen species depending on the number of electrons and protons it accepts into its
stable structure, from the other molecules. They can either exert beneficial physi-
ological effects (control of gene expression and mitogenesis) or damage cell
structures, including lipids and membranes, proteins, and nucleic acids, leading to
cell death.
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Targeted therapy It is the use of drugs that interfere with specific target pathways
in neoplastic tissue to destroy cancer cells. They work by changing the way that
cells interact with or signal to each other, modifying essential pathways involved in
the proliferation, angiogenesis, and differentiation of the neoplasm.

Introduction

Anticancer therapies have greatly improved the survival of cancer patients. How-
ever, both due to the longer expectancy of life and to the higher knowledge of
cardiac toxicity of antineoplastic agents, a great amount of studies underlined the
importance of chemotherapy-induced cardiotoxicity. The most common adverse
event is heart failure, which can appear months to years after the end of anticancer
treatment (Yeh and Bickford 2009). Patients are usually followed by means of
regular cardiologic follow-up and with the evaluation of left ventricular ejection
fraction, which declines progressively before CHF appearance (Wouters
et al. 2005).

In the last two decades, efforts have been made to find tools that are useful not
only in detecting a decline in LVEF but also able to stratify patients at risk.
Troponins and natriuretic peptides have progressively emerged as useful bio-
markers, which may increase during or after chemotherapy administration and
identify with high-sensitivity subjects at risk for future cardiac impairment
(Cardinale and Sandri 2010).

Thanks to this new approach, patients can be offered preventive
cardiologic therapies, which may significantly lower their risk of developing a
cardiac disease.

Cardiotoxicity of Cancer Therapy

CTX is one of the most severe complications of cancer treatment. Recent advances
in early detection and in antitumoral therapies led to a remarkable improvement in
longevity after cancer diagnosis in spite of a higher risk to develop cardiovascular
disease. CTX represents an adverse event difficult to manage by the oncologists: in
fact even minor cardiac damages may lead to a review of the anticancer therapy,
sometimes with dose reduction or with a change in the type of the administered
drug, possibly with a less aggressive one. This may impact on the outcome of the
patients, who need to be adequately cured for the malignancy. The most frequent
and recurrent cardiac complication of cardiotoxicity is the development of a late/
dilated hypokinetic cardiomyopathy, generally beginning with asymptomatic dia-
stolic or systolic dysfunction, which may progress until overt CHF, which may lead
to death (Yeh and Bickford 2009). A number of risk factors for the development of
CTX have been identified (Cardinale et al. 2013; Jones et al. 2007). Cumulative
dose and delivery schedule of the drug administered, patient’s age at the time of
therapy, treatment with a combination of chemotherapeutic agents, smoking,
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current or prior radiation therapy, preexisting cardiovascular disease (including
coronary artery disease, hypertension, peripheral vascular disease, and
dyslipidemia), and comorbidities (diabetes, obesity, renal dysfunction, sepsis,
endocrinopathies, etc.) are well-recognized risk factors. A large body of data
have demonstrated the relationship between AC exposure and CTX. For example,
in a study conducted on 3,941 patients treated with anthracyclines, 88 developed
symptomatic heart failure during follow-up with an incidence ranging from 0.14 %
in patients receiving <400 mg/m?, to 7 % and 18 % in patients who received
550 and 700 mg/m?, respectively (Bristow et al. 1981). Another report on 630 onco-
logical patients treated with doxorubicin found that 26 % of the patients receiving a
cumulative dose of 550 mg/m?® developed heart failure (Swain et al. 2003).
According to these evidences, it has been recommended to limit the cumulative
doses of doxorubicin to 450—500 mg/m? in adults. Although limiting the cumulative
dose of anthracyclines is an important approach to prevent CTX, the surveillance of
myocardial function during and after therapy, with early detection of adverse
cardiac effects, remains the cornerstone in preventing CTX.

Young patients, with a longer life expectancy, are more exposed to the risk of
developing CTX (Hershman et al. 2008), and on the other hand, the older age itself
is a notable risk, especially for cancer patients who receive anthracyclines and for
old women with breast cancer who receive trastuzumab in the adjuvant setting
(Tarantini et al. 2012; Du et al. 2009). An additional risk factor for CTX develop-
ment is prior or concomitant irradiation. RT may amplify and accelerate the
development of cardiovascular injury inducing endothelial cell damage and
compromising coronary artery blood flow (Shapiro et al. 1998). Moreover, the
concomitant administration of different agents may further increase the suscepti-
bility to CTX, resulting in a synergistic toxicity.

This phenomenon is expected to rise as a consequence of the increasing number
of patients undergoing cancer chemotherapy, the improved efficacy of anticancer
therapies, and therefore the prolonged survival of patients (Meinardi et al. 1999).
Data from the National Cancer Institute, the Centers for Disease Control and
Prevention, and the Eurocare studies estimate that in the developed countries,
there are currently more than 11 million cancer survivors, and many of them should
be considered to be at potential risk of long-term cardiovascular toxicity (American
Cancer Society 2010).

To date, there is still no single definition of drug-induced cardiotoxicity because
the development of adverse cardiac events, such as acute coronary syndromes,
hypertension, arrhythmias, decreased cardiac contractile function, episodes of ECG
changes, and thromboembolic events, is all regarded as an expression of CTX (Hull
et al. 2003). Even the time of onset of CTX induced by chemotherapy can be highly
variable: from the onset during or in the days immediately following the adminis-
tration of anticancer therapy to few weeks until several years after the end of the
entire chemotherapy treatment. The early form is rare, usually dose independent,
and reversible. It may present as asymptomatic electrocardiographic changes,
arrhythmias, heart block, or more rarely as an acute myocarditis and in the majority
of cases resolves after discontinuation of the therapy. The late-onset cardiotoxicity
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may present months or years after the end of the treatment and may evolve toward
an irreversible cardiomyopathy (Barrett-Lee et al. 2009; Lipshultz et al. 1995).

Currently, both American and European scientific societies define the CTX as a
decline of the LVEF greater than 10 % points with a final LVEF <50 % or as an LVEF
reduction greater than 15 % points with a final LVEF >50 % (Bird and Swain 2008).

Although many aspects of cardiotoxicity need to be better investigated, the
severity and the incidence of cardiovascular toxicities demand a more accurate
prediction of the risk in a preclinical and early clinical stage. This approach would
allow to avoid restrictions in prescription practice (indications and dose levels) and
drug withdrawal that are recommended when the cardiac damage is already clin-
ically evident and moreover to plan closer monitoring.

Summary Points

o This chapter focuses on CTX that represents a serious adverse effect of
antitumoral drugs.

e CTX can impact the quality of life and overall survival of cancer patients
limiting their therapeutic opportunities.

» The typical example of CTX from cancer treatment is the development of a late/
dilated hypokinetic cardiomyopathy, but different cardiovascular diseases (from
arrhythmias to thromboembolic events) can be an expression of CTX.

¢ The incidence of cardiotoxic event is expected to rise.

¢ A number of risk factors (age, smoking, prior or concomitant RT, etc.) can
increase the risk to develop cardiovascular toxicity.

« Although the term “cardiotoxicity” has been used to describe an adverse cardiac
event, now the definition of CTX is generally referred to an LVEF decline
greater than 10 % with a final LVEF <50 % or reduction greater than 15 %
with a final LVEF >50 %.

o Cardiovascular complications may be observed acutely or subacutely (anytime
from the initiation of the therapy) till several years after treatment.

o The early identification, prevention, and treatment of CTX induced by antican-
cer agents remain an important strategy to reduce morbidity and mortality of
cancer patients.

Key Facts of Cardiotoxicity

o If the event of acute toxicity has become rare as a consequence of improved
dosing practices, the risk to experience a chronic dilated cardiomyopathy
remains considerable (Gianni et al. 2008).

« Itisnotclear, in the older patients, if the increase in the susceptibility to anthracycline-
induced damage is due to a preexisting heart disease or whether it is due to a less
functional reserve which is unable to tolerate additional myocardial damage.

¢ A cumulative mediastinal radiation >30 Gy is a clear risk factor for CTX.
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Chemotherapeutic Agents

There is an extensive list of chemotherapeutic agents that have the potential to
induce CHF or predispose patients to CTX (Table 1). Traditional chemotherapeutic
agents, such as AC, have been known to cause cardiovascular morbidities months to
years after administration; however, new targeted drugs such as monoclonal anti-
bodies, TKI, and several others have been recently evaluated in the context of their
impact on clinical presentation of cardiovascular disease.

Anthracycline

Anthracycline antibiotics, such as doxorubicin, daunorubicin, and epirubicin, are one
of the most effective and widespread chemotherapeutic agents used for the treatment
of both hematological and solid malignancies (i.e., breast carcinomas and sarcomas).
Isolated in the 1960s from the Streptomyces bacterium, this class of drugs acts
preventing DNA and RNA synthesis by insertion into the DNA of the replicating
cells and inhibition of topoisomerase II enzyme. Their introduction in the clinical
practice consistently improved the management of certain malignancies, but unfortu-
nately, their toxic effects were soon revealed. In particular, it was evident that chronic
treatment with anthracyclines could often be associated with the development of an
irreversible form of dilated cardiomyopathy and dose-dependent CTX (Yeh and
Bickford 2009). Even if the exact mechanism by which these agents cause cardiac
injury is not still well understood, data from extensive myocardial biopsy and
observations of elevated troponin levels after anthracycline administration have
established that anthracyclines destroy myocytes causing a permanent damage. The
therapeutic activity of anthracycline is mediated by their insertion into the DNA of
replicating cells, causing DNA fragmentation, inhibition of polymerases, and
decreased DNA, RNA, and protein synthesis. However, the pathophysiological
mechanism implicated in the myocardial damage involves probably different path-
ways, since myocytes are not actively replicating. Myocardial changes following
anthracycline treatment include (i) vacuolar degeneration of the sarcoplasmic retic-
ulum, (ii) swelling and disruption of the mitochondria, (iii) myofilament degenera-
tion, and (iv) myocardial cell loss by necrosis or apoptosis. The molecular
mechanisms of myocyte injury are likely to be multifactorial. A commonly men-
tioned pathway involves anthracycline-induced production of ROS with an increase
in oxidative stress, which causes irreversible damage in multiple cellular components
including lipids of the cell membranes, proteins, and nucleic acids. The myocytes,
more susceptible to ROS activity since terminally differentiated, are not able to
replace damaged cells, and this leads to myocyte cell death and myocardial replace-
ments by fibrous tissue (Kalyanaraman et al. 2002; Barry et al. 2007). Although the
ROS model, leading to direct oxidative damage to cellular components, remains a
common postulated mechanism for anthracycline cardiotoxicity, it is not sufficient to
fully explain the development of cardiac dysfunction. Other potentially cardiotoxic
actions of the anthracyclines include the production of toxic metabolites, inhibition of
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Table 1 Systemic cancer drugs with important cardiovascular side effects, selected indications

Selected Important CV side
Class/drug indications effects
Cytostatic Anthracyclines/analogs
chemotherapeutics Doxorubicin Lymphoma Cardiac dysfunction/
Daunorubicin Leukemia heart failure
Epirubicin Breast cancer
Ovarian cancer
Sarcoma
Mitoxantrone Leukemia
Multiple sclerosis
Pyrimidine analogs
Fluorouracil (5-FU) Colorectal cancer | Coronary spasms/
Capecitabine Breast cancer ischemia
Alkylating agents
Cyclophosphamide Breast cancer Myocarditis (rare)
Cisplatin Genitourinary Thrombosis
cancer
Anti-microtubule agents
Paditaxel Breast cancer Bradycardia
Colorectal cancer
Signalling Anti-HER2
inhibitors Trastuzumab Breast cancer Cardiac dysfunction
Lapatinib Gastric cancer

Angiogenesis inhibitors/
anti-VEGF

Bevacizumab Gastrointestinal Hypertension
cancer

Sunitinib Renal cell Endovascular damage
carcinoma

Sorafenib Hepatocellular
carcinoma

BCR-ABL inhibitors
Imatinib Leukemia Edema, cardiac

dysfunction (rare)

Dasatinib

Nilotinib

Gastric cancer

QTc prolongation

Data from Suter and Ewer (2013), with the permission from the publishers

nucleic acid and protein synthesis, release of vasoactive amines, decreased expres-
sion of specific genes, impairment of mitochondrial membrane binding, and distur-

bance in

intracellular calcium homeostasis.

Separate effects mediated by

cardiomyocyte topoisomerases and disruption of sarcomere preservation may also
be important (Fig. 1) (Zhang et al. 2012).
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| Mechanisms of AC Cardiotoxicity |
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Fig. 1 Mechanisms of anthracycline cardiotoxicity: overview

Targeted Therapy

Trastuzumab

Trastuzumab is a humanized monoclonal antibody directed against the human
epidermal growth factor receptor-2 (ErB2, also called EGFR2 or HER2) approved
by the FDA for the treatment of positive HER2 breast cancer. Approximately
20-25 % of breast cancer patients have tumors that overexpress the HER2 receptors
or with amplification of the HER2/neu gene, a maker that identifies aggressive
tumor with a worse prognosis. Trastuzumab therapy is important in the treatment of
early and advanced breast cancer overexpressing HER2: in monotherapy,
trastuzumab has been shown to induce a clinical response in 12-26 % of patients,
and if used concurrently with anthracycline (Vogel et al. 2002), it enhances the
effect of traditional chemotherapy leading to an increase of the response to the
therapy and an improvement in overall survival (Salmon et al. 2001). Its use,
however, results in a small to modest and initially unexpected risk for CTX, often
manifested by an asymptomatic decrease in LVEF and less often by clinical heart
failure. The reported incidence of cardiotoxicity varies due to differences in
definition of cardiac dysfunction, chemotherapy schedules, and eligibility criteria
for trial entry. In a phase 3 trastuzumab clinical trial in metastatic breast cancer
patients, the incidence of cardiac dysfunction raised among patients who received
trastuzumab plus anthracycline or trastuzumab plus paclitaxel (27 % and 13 % of
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adverse cardiac events, respectively) (Salmon et al. 2001). This would confirm the
hypothesis that trastuzumab favors the onset of cardiomyopathy supported by
anthracycline, although it seems that some cardiac dysfunction can also occur
when trastuzumab is used alone with incidence rates of around 3-7 % (Seidman
et al. 2002).

In contrast to anthracycline-induced cardiotoxicity, the cardiac injury due to
trastuzumab is not related to the cumulative dose, is not associated with severe
ultrastructural changes on myocardial biopsy, is often reversible after treatment
discontinuation, and can be administered once again, if indicated, after recovery
(Ewer and Lippman 2005). However if the anthracycline cardiomyopathy has been
reasonably characterized, the features of trastuzumab CTX, such as the precise
pathophysiological mechanism, capacity of recovery, long-term implications, and
overall clinical importance, are not fully understood. Some of the uncertainties are
due to the fact that HER2-positive breast cancer patients are concomitantly
treated with both trastuzumab and anthracycline, making difficult the identification
of the effects of each agent from a synergistic interaction between them. Evidences
from both in vivo and in vitro studies indicate the importance of epidermal
growth signal pathway (HER2) also in the heart, suggesting that trastuzumab’s
CTX is related to HER2 blockade which causes a subsequent impairment of
cell-protective, growth-promoting, antiapoptotic pathways in the myocardium
(Hayes and Picard 2006).

Inhibitors of Angiogenesis

The VEGF inhibitors are a group of targeted therapies used to treat a variety of solid
organ malignancies, including renal cell cancer, hepatocellular carcinoma, and
gastrointestinal stromal tumor. This class of angiogenesis inhibitors are monoclonal
antibodies against VEGF receptor (bevacizumab) and “multi-targeted” tyrosine
kinase inhibitors (sunitinib and sorafenib), which block downstream signalling in
VEGF and other tumor growth pathways. Extensive data indicate that these
drugs are associated with cardiovascular adverse events, such as hypertension,
thromboembolic episode, myocardial ischemia, asymptomatic LV dysfunction,
and CHF (Criscitello et al. 2012). The mechanism of LV dysfunction is
likely related to both hypertensive cardiomyopathy and direct myocardial toxicity.
Different studies have been performed looking at the cardiac adverse events during
or after the administration of these drugs (Richards et al. 2011; Choueiri et al. 2010,
2011). One review focusing on thromboembolic events indicated that incidence of
these events associated with sorafenib and sunitinib treatment was 1.4 % with a
relative risk 3.03 compared with control patients (Choueiri et al. 2010). As far as
CHEF is concerned, a large analysis of 6,935 patients, with a variety of malignancies,
treated with sunitinib found that the incidence of high-grade CHF in the
sunitinib arm versus placebo was 2.6 %, with a relative risk of 3.3
(Richards et al. 2011). A meta-analysis of five randomized trials of bevacizumab
in patients with metastatic breast cancer demonstrated an overall incidence of 1.6 %
of high-grade CHF and a relative risk of 4.74 versus control/placebo group
(Choueiri et al. 2011).
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Summary Points

« This chapter focuses on the description of the pathophysiological mechanisms
through which anthracycline, the most cardiotoxic drug commonly used in the
conventional therapy, and the new targeted therapies (monoclonal antibodies
and tyrosine kinase inhibitors) induce myocardial dysfunction.

¢ The therapeutic activity of anthracycline is mediated by their insertion into the
DNA of replicating cells, inhibition of polymerases, and decrease of DNA,
RNA, and protein synthesis.

e The mechanism of anthracycline-induced cardiotoxicity is not fully understood
but it is probably multifactorial. The leading pathway is the increase of ROS
within the cardiac myocyte mitochondria; adult myocytes are more susceptible
to ROS activity because they are terminally differentiated and cannot replace
cells damage during treatment.

e Trastuzumab is a monoclonal antibody approved for the treatment of HER2-
overexpressing breast cancer. The early trials of evaluating trastuzumab in
metastatic breast cancer point out an unexpected CTX, most evident when
trastuzumab was coadministered with doxorubicin.

¢ The mechanism of trastuzumab-induced cardiotoxicity is probably due to the
blockade of HER2 receptor on myocyte.

¢ Contrary to the irreversible cardiomyocyte damage caused by anthracyclines,
trastuzumab-mediated toxicity seems to be reversible.

¢ An increasing number of antiangiogenesis therapies is broadening the therapeu-
tic opportunities for cancer patients. Nevertheless, these agents are associated
with cardiovascular adverse events, such as hypertension, thromboembolic epi-
sode, myocardial ischemia, asymptomatic LV dysfunction, and CHF.

Key Facts of Chemotherapeutic Agents

» Anthracyclines disrupt DNA by poisoning topoisomerase, a critical enzyme for
unwinding of the DNA for replication and synthesis, causing thereby growth
arrest and programmed cell death.

» Anthracycline can induce the generation of oxygen-derived free radicals through
two main pathways: a nonenzymatic pathway that utilizes iron and an enzymatic
one that use the mitochondrial respiratory chain through a link between
anthracycline and cardiolipin.

e The difference between cardiotoxicity from anthracycline and trastuzumab led
to the terms “type I’ and “type II” chemotherapy-related cardiac dysfunction.
Type 1 is associated with the anthracyclines and results in myocyte destruction
and clinical heart failure; it is dose related and in most cases may trigger an
irreversible cardiac damage. Type II is a form of CTX that is not unique to
trastuzumab, more often associated with a loss of contractility without severe
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ultrastructural damage of heart tissue. It is not dose dependent and in most cases
reversible after drug withdrawal (Ewer and Lippman 2005).

¢ ErB2 function seems to be necessary for the repair of the oxidative damage
caused by AC and its inactivation increases heart vulnerability. In ErB2 knock-
out mice, trastuzumab causes ventricular swelling, cardiac wall thinning, and a
decline in the muscle contractility

* Opverlapping mechanisms have been proposed to explain the high incidence of
thromboembolic events in patients treated with antiangiogenic targeted thera-
pies. VEGF inhibition causes endothelial dysfunction blocking the capability of
endothelial cells to regenerate, decreases the production of vasodilator and
triggers the procoagulant pathways, and increases hematocrit and blood viscos-
ity. The prothrombotic activity mediated by the antiangiogenic therapy com-
bined with the oncological patient’s predisposition to thrombosis explains the
increased incidence in these patients.

Monitoring of Drug-Induced Cardiotoxicity

The potential cardiotoxicity of chemotherapeutic agents is becoming increasingly
manifest and prevalent thanks to a close clinical monitoring by the use of serolog-
ical makers and cardiac imaging techniques, which include echocardiograms,
MUGA, and MRI. This approach as part of routine evaluation of patients receiving
cardiotoxic therapies allows the identification of both patients at risk, prior to
becoming symptomatic, and of subjects which may develop cardiotoxicity that
may limit the use of potentially lifesaving chemotherapy agents. Early identifica-
tion of patients who are at risk for chemotherapy-induced CTX should be a primary
goal to plan and to develop individualized therapeutic strategies and intervention in
cancer patients (Wouters et al. 2005).

Cardiac Imaging

Given that many anticancer compounds induce some degree of CTX, a proper
management of subsequent cardiac dysfunction after the oncological therapy is
becoming increasingly important, especially as the number of patients at risk
continues to grow. However, even if cardiac function after the chemotherapeutic
treatment can be monitored in several ways, evidence-based guidelines have yet to
be established. At present, the most recommended modality for detecting CTX is a
regular monitoring of cardiac function by means of LVEF measurements through
either echocardiography or MUGA (Jones et al. 2009; Bovelli et al. 2010;
Eschenhagen et al. 2011). However, the current standard for monitoring cardiac
function, based on periodic assessment of LVEF, detects CTX only when a func-
tional impairment has already occurred, precluding any chance of preventing its
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Table 2 Cardiac imaging modalities in the detection of CTX: advantages and drawbacks

Echocardiography MUGA MRI biopsy
Advantages Noninvasive Noninvasive Noninvasive No radiation
No radiation Lack of the No radiation Histological
need for evidence of CTX
geometric
remodeling
Complete cardiac Low Accurate and
assessment interobserver | reproducible
(including valvular, | variability assessment of
diastolic, and LVEF
pericardial Gold standard
assessment and for the
chamber size) evaluation of
LV volumes,
mass, and
function
Disadvantages | Low reproducibility | Exposure to Low Invasive
radioactivity availability
High interobserver Incomplete Expensive Low availability
variability cardiac Long Less sensitive
assessment processing
(focusing time
only on

LVEF value)

Not applicable
in patients

Endomyocardial

High variability
in interpretation

with metal
devices and
renal
dysfunction

development. This approach, in fact, represents a relatively insensitive tool for
identifying CTX at an early stage because no considerable change in LVEF occurs
until a severe myocardial damage is present. Furthermore, the conventional
two-dimensional transthoracic echocardiography has a low reproducibility, and
the image quality is related to the assumption of LV geometry, dependency on
acoustic windows, and expertise (Table 2).

Serological Markers

Due to the relative low sensitivity of imaging techniques in the prediction of
myocardial dysfunction, recently, there has been a significant interest in looking
for alternative diagnostic tools that are noninvasive, sensitive, specific, and repro-
ducible as well as low cost. In this light, assessment of biochemical markers of
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myocardial injury and ventricular dysfunction (troponin and natriuretic peptide) has
emerged as probably a very useful strategy.

Summary Points

¢ This chapter focuses on the most recognized methods used in clinical practice
for detecting and monitoring CTX.

¢ Even if no consensus guidelines exist for the monitoring of cardiac function in
adults undergoing chemotherapy, cardiac assessment by periodic evaluation of
LVEF function is recommended.

e CTX is traditionally monitored serially during the treatment by echocardiography
or radionuclide angiography. Although both methods detect significant changes in
LV function, they show a low diagnostic accuracy and a poor predictive power.

* Many studies have investigated the utility of cardiac biomarkers that may predict
and monitor cardiac injury (troponin) or volume changes (natriuretic peptide)
during anticancer therapy cycles.

« Biomarker assessment seems a cost-effective diagnostic tool for an early and
real-time identification, assessment, and monitoring of cancer CTX.

Key Facts of Monitoring of Drug-Induced Cardiotoxicity

» To date, there are no evidence-based guidelines for CTX monitoring during and
after anticancer therapies in adult, and guidelines in pediatric oncology are
subject to debate. Although several guidelines are available, none specify how
often, by what means, or how long cardiac function should be monitored during
and after cancer treatment (Eschenhagen et al. 2011).

« However, the American Heart Association recommends in both pediatric and
adult patients receiving potentially cardiotoxic chemotherapy several evalua-
tions of LVEF (Cheitlin et al. 2003).

« MUGA scan could reduce interobserver variability with the disadvantages of
including the exposure to radioactivity.

* MRIis considered the gold standard for the evaluation of LV volumes, mass, and
function. However, its lack of availability and high cost limit its routine use.

¢ On the other hand, endomyocardial biopsy, which provides histological evidence
of cardiotoxicity, is not routinely used in clinical practice and has not gained
clinical acceptance due to its invasiveness and for the considerable expertise
requests to interpret biopsy samples.

Troponins

Troponins constitute a regulatory complex composed of three protein subunits,
troponin C (TnC), troponin T (TnT), and troponin I (Tnl), localized in all types of
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Fig. 2 Schematic of cardiac muscle showing location of cardiac troponin I (Tnl), cardiac troponin
T (TnT), and cardiac troponin C (TrC) in relation to actin and tropomyosin. Figure illustration by
Craig Skaggs (Data from Shave et al. (2010), with the permission from the publishers)

striated (cardiac and skeletal) muscle. Each unit performs a specific function in the
process of contraction by mediating actin-myosin interaction. TnC binds Ca®*
released from the sarcoplasmic reticulum, Tnl inhibits the ATPase activity of
actomyosin, and TnT provides for the binding of the troponin complex to tropo-
myosin. Whereas TnC is common to all muscle types, rendering this protein
unsuitable for diagnostic use, three human isoforms have been described for TnT
and Tnl: one of the cardiac muscle and one of the fast- and the slow-twitch skeletal
muscle, respectively (Fig. 2). Cardiac troponin (cTn) is complexed with actin in
cardiac myofibrils with an incompletely clarified fraction (about 3-8 %) soluble in
the cytoplasm. When ischemia occurs, a modification of myocyte membrane
integrity happens, causing rapid depletion of the soluble cytoplasmic pool, followed
by larger and more sustained release of troponin into the circulation as the contrac-
tile apparatus breaks down. Useful markers for diagnosing myocardial injury and
acute coronary syndromes, troponins have been also evaluated in the oncological
setting for the early detection and monitoring of the cardiac damage induced by
chemotherapy (Lipshultz et al. 1997, 2004; Cardinale et al. 2000, 2002, 2004;
Auner et al. 2003; Sandri et al. 2003; Kilickap et al. 2005). In an animal model,
troponin T was released from doxorubicin-damaged myocytes, and the serum
concentrations of cTnT correlated with the dose of drug received as well as the
degree of myocardial damage (Herman et al. 1999). A fairly large number of studies
suggest that elevations of cTnT and/or cTnl may be useful in the assessment of
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cardiac function degree in patients receiving potentially cardiotoxic therapy. The
first information that emerges from these studies is that in about one-third of
patients undergoing chemotherapy, an increase in the plasma concentration of
troponin occurs, confirming the presence of a myocardial damage due to chemo-
therapy treatment in cancer patients. Different studies pointed out that the troponin
measurements would be able to predict an LV dysfunction, months before its
development (Lipshultz et al. 1997, 2004). In a population of children with acute
lymphoblastic leukemia treated with doxorubicin, ¢TnT increases in about 30 % of
cases predicting a myocardial injury manifested by an LV dilatation and wall
thickening. This increase, sometimes persisting for months, was evocative of a
cardiac damage educed by AC that may last for a long time (Lipshultz et al. 1997).
Longer monitoring of the cardiac outcome, on the same population followed up for
5 years after treatment, showed that the presence of at least one increase in cTnT
during CT identified children who would later manifest cardiac abnormalities at
echocardiography (Lipshultz et al. 2004). Similarly, in 41 adults with various
hematological malignancies in whom serum troponin T and LVEF were serially
measured after AC-containing chemotherapy, patients with an elevated cTnT level
had a significantly greater posttreatment decrease in LVEF than those without an
elevation in the marker (10 % vs. 2 %; P = 0.17) (Auner et al. 2003). Further studies
employing cTnl measurements have found results comparable to cTnT (Cardinale
et al. 2000, 2002; Sandri et al. 2003). In patients undergoing high-dose chemother-
apy (HDC) for a variety of malignancies, a raise of ¢Tnl plasma levels during
chemotherapy predicts a significantly lower LVEF at 7 months as compared to
baseline and also provides information on the severity of the dysfunction. In
contrast for patients who did not have elevated cTnl levels, LVEF returned to
baseline at 7 months following a transient reduction at 3 months (Cardinale
et al. 2000). Therefore cTnl gave both qualitative and quantitative information,
identifying patients at greater risk of developing cardiac dysfunction over time and
suggesting an estimate of the future functional impairment (Cardinale et al. 2000,
2002). A correlation between persistently elevated levels of post-chemotherapy Tnl
and CTX was demonstrated in a large study on 703 patients with cancer undergoing
high-dose chemotherapy (Cardinale et al. 2004). Tnl was measured before treat-
ment, during 3 days after the end of chemotherapy infusion (early evaluation), and
after 1 month (late evaluation). Patients without Tnl elevation after HDC had a
good cardiac prognosis: no significant reduction in LVEF was observed and a low
incidence (1 %) of cardiac events occurred during the follow-up. In contrast, the
presence of persistently elevated Tnl levels 1 month after the last administration of
the chemotherapy infusion was correlated with a worst prognosis identified as the
occurrence of major adverse cardiac events in the first year of follow-up. The result
of this study highlighted the high negative predictive value of Tnl (99 %) and its
capability to identify patients at low risk of experiencing cardiac complications
after chemotherapy, who do not require very close cardiac monitoring, directing
clinicians to implement a more stringent surveillance in patients showing a persis-
tent Tnl increase. In addition, these data emphasize the need to collect blood sample
at several time periods to document a potential increase of this marker.
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Troponin measurements have proved to be useful not only for the early identi-
fication of CTX induced by high-dose chemotherapy but also its determination gave
important information on the prediction and monitoring of cardiac dysfunction in
patients treated with standard dose of chemotherapy (Auner et al. 2003; Specchia
et al. 2005; Kilickap et al. 2005) and newer targeted cancer drugs (Cardinale
et al. 2010). In 78 hematological patients receiving standard doses of AC, cTnT
serially measured revealed a delayed subclinical myocardial damage even after
minor anthracycline exposure and identified patients at risk for subsequent myo-
cardial dysfunction (Auner et al. 2003). Follow-up echocardiography showed a
greater absolute decrease in LVEF in ¢TnT-positive patients compared to the cTnT-
negative ones (10 % vs. 7 %, P = 0.017). This result has also confirmed that a
prolonged monitoring by troponin measurements allows to disclose delayed
decrease in LVEF. In addition, increased serum cTnT level detected in patients
treated with standard doses of AC, in the first 3—5 days following the administration
of chemotherapy, was associated with diastolic dysfunction of the left ventricle
(Kilickap et al. 2005). Although the measurement of the different isoforms of
troponin has proven to be able to detect the early cardiac damage produced by
anthracyclines, much less is known about the usefulness of biomarkers in the setting
of the newer targeted therapy. In 251 breast cancer patients treated with
trastuzumab, the elevation in serum cTnl identified a subgroup of patients that
were more likely to develop trastuzumab-induced cardiotoxicity and less likely to
recover, even when treated for cardiac dysfunction (Cardinale et al. 2010). Further-
more, patients showing an increase of Tnl during the treatment had a 25-fold
increase in risk for major adverse cardiac events. An important indication emerges
from this study: the elevation of troponin I in addition to its prognostic capability
allows to distinguish between reversible and irreversible cardiac injury. In an
observational study on 86 patients with metastatic renal cancer treated with either
sunitinib or sorafenib, cTnT assessed serially (at baseline, bimonthly, and at the
occurrence of clinical symptoms) was found elevated in 10 % of patients
(Schmidinger et al. 2008). Ninety percent of them experienced a decrease of
LVEF or regional contraction abnormalities following the increase in TnT. These
data confirm that troponin measurement may be a useful marker designed for CTX
testing in patients under both conventional and newer cancer therapy. It seems that
a release of troponins reflects a final common event for multiple cardiotoxic
mechanisms. Following all these evidences, the ESMO Clinical Practice Guide-
lines, published a clinical practice guideline in which the determination of troponin
I at baseline and periodically during therapy may help in the identification of
patients who may need a strict cardiologic follow-up (level of evidence III, grade
of recommendation B) (Curigliano et al. 2012).

It must be said that, contrary to the previous findings, others have failed to detect
any change in cTn during or after antineoplastic treatments (Soker and
Kervancioglu 2005; Kismet et al. 2004). This discrepancy may be due to many
factors: (i) the cumulative dose of CT and treatment protocols employed;
(ii) different time of sampling for troponin measurement relative to the CT
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Fig. 3 Timing for sampling troponins in different studies (Data are from Cardinale and Sandri
(2010), with the permission from the publishers)

administration (Fig. 3); (iii) the poor harmonization and the lack of standardization
of the immunoassays currently used that present different formulation and cutoff
levels, compromising the interchangeability of troponin measurements; (iv) the
cardiologic end point and follow-up considered; and (v) the imprecision in LVEF
estimates. A new generation of highly sensitive troponin assay, able to detect a very
low amount of troponin, has been recently released on different platforms. These
tests could be of particular relevance and could offer some advantages in a context
of cardiotoxicity compared to previous assays, as often troponin concentrations
found in cancer patients are just slightly above the cutoff. In a multicenter study,
32 breast cancer patients treated with anthracyclines and trastuzumab were studied
prior to in addition to 3 and 6 months post-CT in order to assess whether early
increases in biomarkers could predict the development of chemotherapy-induced
cardiotoxicity (Sawaya et al. 2011). Elevation of hs-cTnl at 3 months posttreatment
was able to detect a decrease in LVEF in six of the nine patients who met the criteria
for cardiotoxicity. Decreases in peak longitudinal strain and increases in hs-cTnl
concentrations at the completion of the chemotherapy were also observed in a
similar study on 81 women with newly diagnosed human epidermal growth factor
receptor-2-positive breast cancer treated with anthracyclines followed by
trastuzumab and taxane. Changes in hs-Tnl levels were predictive of subsequent
cardiac side effects (Sawaya et al. 2012). This confirms the evidence that even a
small increase in troponin is an independent risk factor for the development of CTX
in the follow-up.
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Summary Points

e This chapter focuses on structure, physiologic function, and applications of
troponin in the oncological setting.

e Cardiac troponin I and T are structural proteins of the heart, involved in the heart
muscle contraction and relaxation. These proteins are found mostly in the
sarcomere of myocardial cells and in smaller quantities in the cytoplasm of the
same cells. Accordingly, their measurements in peripheral blood indicate
cardiomyocyte necrosis.

» Troponins have an absolute cardiac tissue specificity and a high sensitivity for
detecting small amounts of myocardial necrosis.

e These markers are useful in the cardiac risk stratification as their elevation
correlates with clinical severity of the disease and cardiac outcome.

* Recent data have revealed that the evaluation of troponin serum levels could be
an efficient and alternative tool for the early cardiotoxic detection.

» Troponin elevation during chemotherapy treatment allows:

(i) Detection of myocardial damage and the identification of patients at risk of
cardiac event in an early preclinical phase

(i) Prediction of the severity of cardiac dysfunction and the stratification of the
cardiac risk after CT (since its maximal elevation and the number of
positive cTn are tightly correlated with LVEF reduction)

(iii) Opportunity to schedule a strength surveillance monitoring of cardiac
function in selected high-risk patients for whom preventive therapy can
be planned

* More recently, increases in troponin levels have been also observed in patients
who received newer antitumor agents.

¢ Guidelines exist suggesting the use of troponins for the early detection/predic-
tion of cardiac dysfunction.

Key Facts of Troponin

¢ The dominant forms of ¢Tnl detectable in serum following the ischemic insult
are non-covalent ternary complexed cTnT-I-C (TIC complex) and binary
complexed c¢Tnl-C (IC complex) although complexed cTnl-T (IT complex)
and free forms are also present.

e There is only one cTnT assay (available from Roche Diagnostics); a number of
cTnl assays are available.

¢ In the last decade, cardiac troponins have become the biomarkers of choice for
the diagnosis of acute myocardial infarction. In addition to acute coronary
syndromes, the employment of cTn has been extended to a wide range of cardiac
pathological conditions such as LV hypertrophy, CHF, stroke, pulmonary embo-
lism, sepsis, chronic kidney disease, and cardiotoxicity (Mahajan and Jarolim
2011).
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» A recent expert consensus document about the clinical use of cTn recognizes the
utility of this biomarker in detecting cardiotoxicity and stratifying risk of the
severity of left ventricular dysfunction (Newby et al. 2012).

e Comparison between cTnl platforms is difficult due to a lack of common
standard, variability in antibodies in the commercial assays, and choice of
epitopes.

« However, differences on cTnl manufactures exist, and there are those due to a
variation in immunoassay detection methodology as well as to various cTnl
forms which may alter epitope-binding sites when cTnl is phosphorylated or
posttranslationally modified (oxidized, reduced, or partially digested by
proteases).

» Since different antibodies used in the commercial assays may have different
sensitivities to the modified forms of cTnl, these methods do not produce
numerically similar results.

« The high negative predictive value of cTn allows to safely identify patients at
low risk of cardiotoxicity and to reserve resources necessary for a tight cardiac
monitoring of cTn-positive patients. The exclusion of troponin-negative subjects
from the programs of long-term cardiac monitoring with the use of expensive
imaging methods would result in an improvement in the cost-effectiveness of the
management of cancer patients.

Natriuretic Peptides

Natriuretic peptides (NPs) are hormones produced by the myocardium and released
into the circulation in response to wall strain and pressure overload. The more
widely investigated members of the NP family (Fig. 4) are ANP and BNP and their
co-secreted and biologically inactive N-terminal amino acid fragment (NT-proANP
and NT-proBNP). The recognition that CHF and left ventricular systolic dysfunc-
tion are pathophysiologically related to profound changes in a variety of neurohor-
monal substances led to the hypothesis that such mediators could act as biomarkers
of systolic dysfunction, hemodynamic upset, and myocyte injury. In effect, several
studies have assessed the potential clinical utility of ANP, BNP, and their related
fragment measurement, as biomarkers in diagnosis and risk stratification of patients
with CHF. In particular, BNP has become a very valuable tool for the diagnosis,
estimation of prognosis, and treatment efficacy of CHF, so that it has been incor-
porated in guidelines for diagnosis and management of CHF (Clerico and Emdin
2006). In the last decade, a great interest has grown about the use of BNP and
NT-proBNP in patients with chemotherapy-induced cardiac impairment. In a very
early study (Suzuki et al. 1998) on 27 patients with hematological malignancy
treated with AC, persistent elevations of BNP were associated with reduced cardiac
tolerance to cardiotoxic agents. After this report, multiple articles were published
(Soker and Kervancioglu 2005; Ekstein et al. 2007; Dodos et al. 2008; Dolci
et al. 2008; Roziakova et al. 2012) and some of these have evaluated the possible
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Fig.4 Peptide chain of natriuretic peptide hormones ANP, BNP, CNP, and DNP. The CNH shares
the same structure characterized by a cysteine bridge (Data are from Clerico and Emdin (2006),
with the permission from the publishers)

employment of NP in the prediction of late CTX and in the early stratification of
patients at high risk of cardiac dysfunction (Sandri et al. 2005; Romano et al. 2011).
With few exceptions (Dodos et al. 2008; Ekstein et al. 2007), persistently elevated
levels of posttreatment BNP and/or NT-proBNP correlate with echocardiographic
indexes of myocardial dysfunction in most studies (Soker and Kervancioglu 2005;
Sandri et al. 2005; Romano et al. 2011; Roziakova et al. 2012). Data from a
retrospective study on 52 patients treated with HDC for aggressive malignancies,
in whom a regularly monitoring of diastolic and systolic function was performed,
showed the possible predictive role of NT-proBNP (Sandri et al. 2005). Cardiac
function was assessed by echo at baseline and at 4 and 12 months after the end of
the treatment, while NT-proBNP concentrations were measured in six different
times of sampling during and after the CT administration (at baseline, at the end of
the infusion, and 12, 24, 36, and 72 h after the end of each CT cycle). According to
the changes of NT-proBNP levels, patients were divided into three groups:
(i) group A, 32 % of the patients, in which NT-proBNP increased significantly
immediately after the end of the infusion, with high concentrations still present at
72 h; (ii) group B, 36 % of the patients, in which NT-proBNP transiently increased
after 12-36 h from the end of the treatment but decreased from the baseline to 72 h;
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and (iii) group C, 32 % of the patients, in which low levels of NT-proBNP were
maintained in all the samplings. Patients of group A and of group B did not manifest
significant echocardiographic changes during the following months of observation.
On the contrary, both diastolic (mitral deceleration time, isovolumetric relaxation
time, and mitral E:A ratio) and systolic (LVEF) indexes decreased significantly
over time in patients with persistently elevated level of NT-proBNP. In particular,
in this group, LVEF was significantly decreased reaching a mean value below 50 %
after 12 months. A strong relationship was also found between NT-proBNP value at
72 h and LVEF changes at 12 months versus baseline evaluation (Fig. 5) (Cardinale
and Sandri 2010). Another study evaluated the role of NT-proBNP determination in
women with breast cancer treated with standard dose of AC (Romano et al. 2011).
These patients were followed for 1 year, and in 38 % of them, persistently elevated
levels of the marker were found. This finding was associated with a significant
decrease of LVEF at 1 year. On the other hand, in a study of 100 adults receiving
AC-based chemotherapy and monitored over a period of 1 years (Dodos
et al. 2008), 15 patients develop a cardiac event, but among these, none exhibited
an alteration of NT-proBNP. Moreover, none of the patients with early NT-proBNP
increase developed a systolic dysfunction, and only four patients presented a
reduction of E:A ratio during follow-up.

The role of NPs in the patients treated with new targeted agents is less under-
stood. Few studies on small populations, mainly breast cancer patients treated with
trastuzumab, have analyzed the information of NP assay in the setting, leading to
conflicting results (Perik et al. 2006; Knobloch et al. 2008; Sawaya et al. 2011,
2012; Onitilo et al. 2012). In fact, if some studies have defined NT-proBNP
measurement as a promising tool in the management of the patients treated with
new therapy (Perik et al. 2006; Knobloch et al. 2008), others have failed to reveal
any predictive role of the NT-proBNP (Sawaya et al. 2012; Onitilo et al. 2012).
Therefore, further investigation and prospective studies on larger populations are
needed to better understand if BNP determination may be a useful approach in the
prediction and detection of new treatment-related CTX (Perik et al. 2006; Knobloch
et al. 2008). Data available in the literature do not allow to propose a definite
conclusion on the possible information provided by natriuretic peptide in the
assessment of CT-induced CTX. Different timing of biomarker assessment and
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specimen collection, insufficient sample size, heterogeneity of the studied popula-
tion, variability of the treatments and schedules adopted, and different cardiological
outcome measured make the comparison of the results of the different study quite
difficult. Moreover, important methodological aspects, linked to the diagnostic
assays available, need to be clarified too. Although BNP and NT-proBNP originate
from a common precursor protein (proBNP), these two molecules show completely
different biochemical structure, molecular weight, biological activity, and degra-
dation pathways, making impossible the commutability of the clinical information
provided. Furthermore, among BNP methods, there are systematic and wide dif-
ferences in both analytical performances and the methods are not interchangeable.
This highlights that caution must be adopted when NPs are determined with
different assays during patient follow-up.

Summary Points

« This chapter focuses on structure, physiologic function, and applications of
natriuretic peptides in the oncological setting.

¢ Natriuretic peptides are hormones secreted from the heart in response to a wall
stretch and pressure overload and involved in the maintenance of cardiovascular
homeostasis.

¢ ANP and BNP and their N-terminal counterparts (NT-proANP and NT-proBNP)
constitute the system of the cardiac natriuretic peptides.

¢ The recognition that heart failure and left ventricular dysfunction are pathophy-
siologically related to changes in a variety of neurohormonal substances led to
the hypothesis that NPs evaluation may be useful in the detection of many
conditions related to cardiovascular diseases.

¢ The measurement of circulating BNP and its related peptides is now considered
to be a useful marker of myocardial function. Recent international guidelines
recommend its use for the diagnosis, risk stratification, and follow-up of patients
with chronic or acute heart failure.

 In the last decade, several studies have focused on the survey of the information
provided to the measurement of NPs in the detection and, less frequently, in the
prediction of cardiotoxicity induced by anticancer drugs.

» With few exceptions, changes in plasma BNP and/or NT-proBNP levels were
associated with echocardiographic indices of myocardial dysfunction in most
studies.

¢ To date, few studies are available on the role of NPs in the setting of the
targeted therapies; therefore, consistent information on their employment is
not possible.

¢ The development of common definitions of cardiac outcomes, larger sample size
with longer follow-up time, and standardization both of sampling time for
biomarker measurements and of the commercial diagnostic assays need to be
reached to validate the use of NPs in cardioncology.



4 Cancer Cardiotoxicity and Cardiac Biomarkers 97

Key Facts of Natriuretic Peptide

¢ The natriuretic peptide family includes four principal peptides: ANP, BNP,
CNP, and urodilatin. Even though structurally related to the ANP/BNP family,
CNP and urodilatin are produced and secreted not by a cardiomyocyte but by
other tissues and do not have natriuretic proprieties (Clerico and Emdin 2006).

¢ Cardiac natriuretic hormones (ANP and BNP) constitute a complex of related
peptide with similar peptide chains and analogous degradation pathways as well
as physiological effects (Clerico and Emdin 2006).

e Cardiac natriuretic peptides carry out several and important physiological
actions. They play an important role in the regulation of electrolytes and water
balance through their diuretic and natriuretic effects. They also inhibit the renin-
angiotensin-aldosterone system and regulate the permeability of systemic vas-
culature. In addition, they inhibit the activity of the sympathetic nervous system
(Clerico and Emdin 2006).

¢ The prohormones (proANP and proBNP) produced by cardiomyocytes are split
into a biologically active peptide (ANP and BNP) and a longer amino-terminal
fragment (NT-proANP and NT-proBNP), which are secreted in the blood in
equimolar amounts. However, owing to their longer half-lives, the inactive
forms are more stable in the blood and consequently have higher plasma
concentrations than the respective free hormones (Clerico and Emdin 2006).

» Recent studies have found significant differences in the analytical characteristics
and measured values among the commercially available immonoassays for BNP
and NT-proBNP, especially among the immunoassays for BNP measurement.
These differences are probably due to (i) cross-reactions against the precursor
proBNP and other related peptide share by the immunoassay and (ii) different
analytical characteristics and material used by most used commercial platforms.

Potential Application to Prognosis and Other Disease Conditions

Although the evolution of cancer treatments and the prophylactic therapy has
changed the prevalence and spectrum of manifesting an adverse event after CT in
cancer patients, the prognosis of these patients still remains critical. Cardiopulmo-
nary diseases are the third leading cause of death in children cancer survivors, next
only to the development of recurrence and second malignancies, with a death rate of
cardiac causes eight to ten times higher than those of age-matched control (Mertens
et al. 2001). In adult patients previously treated with CT and RT, the rates of
cardiovascular disease and mortality are respectively 15-fold and 7-fold higher than
the general population (Cardinale et al. 2002).

In patients with CT-induced cardiotoxicity, the prevention of cardiac damage is
strategically more important than any therapeutic interventions aimed at
counteracting an already existing damage, which can be frequently progressive
and irreversible (Yeh and Bickford 2009; Bird and Swain 2008). According to the
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American College of Cardiology and American Heart Association Guidelines,
patients receiving CT may be considered a stage A CHF group, namely, those
with an increased risk of developing cardiac dysfunction (Bonow et al. 2005).

Therefore, a proper management of the patient undergoing a potentially
cardiotoxic chemotherapy treatment should include before starting CT a careful
cardiological evaluation by (i) a comprehensive medical history and physical exam-
ination to find current signs or history of cardiac CHF, hypertension, diabetes,
hyperlipidemia, smoking, obesity, coronary artery disease, valvular heart disease,
and prior exposure to AC and to mediastinal radiation and (ii) a standard 12-lead
ECG and assessment of LVEF. Cardiovascular risk reduction interventions, treatment
optimization of preexistent heart disease, and lifestyle modifications (i.e., smoking
cessation, regular exercise, and weight loss) are recommended. If appropriate, treat-
ment of hypertension, diabetes, and hyperlipidemia, by the use of BB and ACEIs,
should be started. Optimization of medical therapy for patients with coronary artery
disease is essential, and in selected cases, a coronary revascularization could be taken
into account. The evaluation of baseline cardiological status may influence the choice
of cytotoxic regimen; therefore, a multidisciplinary consultation (oncologist/cardiol-
ogist) is always recommended before starting CT (Jones et al. 2009).

Several approaches to reduce the risk of cardiac event due to cardiotoxicity have
been proposed, and these include limiting the lifetime cumulative dose, slowing
down CT administration, using infusional rather than bolus administration sched-
ule, and using less cardiotoxic structural analogs such as liposomal formulation.
However, the use of adjunctive cardioprotective agents and detection of early signs
of cardiotoxicity by biomarkers remain the two most promising strategies (Wouters
et al. 2005; Cardinale et al. 2008). The benefit of the addition of cardioprotectants
(e.g., beta blockers such as carvedilol) to AC treatment was confirmed first in an
in vitro study (Spallarossa et al. 2004) and then in a randomized study in which its
prophylactic use prevented LV dysfunction and reduced mortality in a small
population of patients treated with AC (Kalay et al. 2006). Also the protective
effect of nebivolol has been recently demonstrated (Kaya et al. 2013); in 27 patients
receiving nebivolol during AC therapy, LVEF and NT-proBNP remained
unchanged after 6 months from baseline, conversely, in the placebo group, and
significantly lower LVEF and higher NT-proBNP values were observed.
Dexrazoxane is an iron-chelating agent that significantly reduces AC-related
cardiotoxicity in adults with different solid tumors and in children with acute
lymphoblastic leukemia and Ewing’s sarcoma (Jones et al. 2007; Lipshultz
et al. 2004; Huh et al. 2010). Nevertheless, dexrazoxane is not routinely used in
clinical practice, and according to the ASCO guidelines, its use, as a
cardioprotectant, is recommended only in patients with metastatic breast cancer
who have already received more than 300 mg/m2 of doxorubicin, because of
concerns about potential impact on antitumor efficacy. However, the results of a
meta-analysis found no significant difference, in terms of antitumor efficacy or
occurrence of secondary malignancies, between patients who were treated with and
without dexrazoxane (Wouters et al. 2005; Van Dalen et al. 2011; Tebbi
et al. 2007).
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A pharmacological preventive approach extended to all cancer patients treated
with cardiotoxic chemotherapy has a high cost/benefit ratio and exposes patients to
possible adverse effects, including a potential antagonist effect to antitumor
activity.

Biomarkers used in cardiology are clearly an important adjunct also in oncology.
In a study looking at BNP-guided therapy over the course of treatment for heart
failure, cardiologists were assessing the patients so they should be able to figure out
symptoms or physical findings (Troughton et al. 2000). Even with this knowledge,
the group that had BNP-guided treatment had fewer cardiac events and a better
reduction in either heart failure or death during the course of the study.

The employment of cardiac biomarkers as rationale for identifying patients at
high risk of developing cardiotoxicity and also the development of tailored preven-
tive strategies directed at reducing the clinical impact of cardiotoxicity are of great
interest.

Increasing knowledge about the trend of serum levels of biomarkers during the
therapy and in the follow-up could also increase opportunities to begin or to guide a
cardioprotective treatment and to improve the prognosis of these patients. Several
evidences (Lipshultz et al. 2012; Cardinale et al. 2006; Ederhy et al. 2012) have
supported the utility of an associated biomarker-guided clinical decision in patients
receiving potentially cardiotoxic therapy.

Specific cardiological treatments could be performed according to two different
approaches: (i) in selected cancer patients identified by an increase in these
markers during the treatment and (ii) at same time of the CT administration to
prevent or blunt the rise of these markers or interfere with their persistence after first
increase.

A larger randomized placebo-controlled study compared patients who received
doxorubicin alone versus children who receive doxorubicin in association with
dexrazoxane (Lipshultz et al. 2004). Serial measurements of cTnT have showed,
in the dexrazoxane group, fewer elevation of the marker compared with the control
group (50 % vs. 21 %, respectively; P < 0.001), even if no difference in cardiac
function by means of echocardiography at time of therapy completion was regis-
tered. In a small randomized study including 49 patients free of cardiovascular
diseases and affected by a variety of solid cancers, the possible role of telmisartan in
preventing myocardial damage induced by epirubicin was investigated (Cadeddu
et al. 2010). The 25 patients treated with telmisartan 1 week before CT compared to
the 24 patients receiving only epirubicin showed no significant reductions in
myocardial deformation parameters (peak strain rate) as evaluated by using tissue
Doppler echocardiogram or any significant increase in reactive oxygen species or in
interleukin-6.

The usefulness of biomarkers in the screening setting for the selection of patients
requiring prophylactic cardioprotective therapy was investigated in a randomized,
controlled trial on 473 patients treated with HDC (Cardinale et al. 2006). The
cardioprotective effects of enalapril were evaluated. In 58 of 114 patients
with an early Tnl increase, enalapril was initiated 1 month after the completion
of CT, titrated at the maximal tolerated dose, and continued for 1 year. In the
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enalapril-treated group, significant reduction in cardiotoxicity was observed with-
out any change of LVEF during the follow-up period. Conversely, 25 of 58 patients
in the placebo control group had a progressive reduction in LVEF and an increase in
end-diastolic and end-systolic volumes. Moreover, a significantly lower incidence
of adverse cardiac events at a 1-year follow-up was found in enalapril-treated
patients than in controls (2 % vs. 52 %; P < 0.001).

Although the use of ACEIs and BB have proven to be effective in the managing
of CTX and in the prevention of the LVEF reduction and late cardiac event, the
limited data and the concern in using these medications in cancer patients influence
their employment as first-line therapy only in symptomatic patients.

Summary Points

« This chapter focuses on approaches to reduce the risk of a CT-induced cardiac
damage.

e The best treatment of CTX is prevention. A proper management of cancer
patients receiving cardiotoxic therapy should provide before starting CT a
careful cardiological evaluation and the treatment of existing comorbidities.

* A cooperative working group (between cardiologists and oncologists) should be
recommended.

¢ Limiting the lifetime cumulative dose, administering CT via infusion rather than
as a bolus dose, and using structural analogs are all possible strategies to
maximize the beneficial effects of CT decreasing or preventing their cardiotoxic
effects.

* Another approach is the use of cardioprotective agents in conjunction with
cancer treatment. A number of different classes of agents have been evaluated
for their cardioprotective activity with varying degrees of success.

e The most promising and commonly used agents are ACE inhibitors, beta
blockers, and dexrazoxane. However, owing to the fear of interference with
the antitumor efficacy of AC and facilitation of the occurrence of
secondary malignancies (as well as by its possible myelosuppressive effect),
the ASCO recommends the use dexrazoxane only in patients treated
from metastatic disease who have received a cumulative dose of doxorubicin
>300 mg/m”>.

« Extending a pharmacological preventive approach to all cancer patients
treated with cardiotoxic CT has a high cost/benefit ratio. There are
growing evidences that support the employment of cardiac biomarkers as ratio-
nale for the beginning of a preventive strategy and for reducing the clinical
impact of CTX.

* A cardioprotectant treatment could be performed (a) in addition to the CT
administration to prevent or blunt the rise of these markers or interfere with
their persistence after first increase (b) only in selected patients identified by an
increase of the marker during CT.
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Key Facts of Potential Application to Prognosis and Other
Disease Conditions

e Although restraining the dose has been one primary strategy to decrease
cardiotoxic effects, this approach is limited by the eventual reduction in treat-
ment efficacy. In addition, this strategy does not consider patients still at risk
after receiving limiting doses or patients at increased risk as a result of their
cardiac history.

» Carvedilol is a beta blocker with al1-blocking vasodilatory properties. It has also
shown strong antioxidant activity that gives it a cardioprotective effect against
doxorubicin (Wouters et al. 2005).

¢ Other chemical agents, such as coenzyme Q10, carnitine, N-acetylcysteine, the
antioxidant vitamins E and C, erythropoietin, the endothelin-1 receptor antago-
nist bosentan, the lipid-lowering agents probucol and statins, and iron-chelating
agents (deferoxamine and ethylenediaminetetraacetic acid), have been evaluated
as cardioprotectants with promising results. However, although preliminary
findings found that all these agents may have cardioprotective effects, their
utility in preventing CTX needs to be confirmed by further investigation
(Wouters et al. 2005; Van Dalen et al. 2011).
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Abstract

DNA methylation alteration is one of the most prominent epigenetic changes in
cancer. Because DNA originated from cancer cells is a stable molecule that is easily
detectable in clinical specimens such as blood, sputum, urine, and stool, DNA
methylation alterations in tumorigeneses have become one of the promising can-
didate biomarkers for early detection, prognosis, therapeutic response prediction,
and recurrence monitoring in cancer patients. Recent development of technologies
has allowed global genome-wide DNA methylation analysis in normal as well as in
cancer cells and has provided extensive information for candidate biomarkers.
Herein we summarize the features of DNA methylation in cancer, their suitability
as DNA methylation biomarkers in comparison with others, and their status in
applications of DNA methylation biomarkers in cancer. The research field of DNA
methylation biomarking is evolving rapidly with promising results that have the
potential to confer enormous benefits for cancer patients in the future.
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* About 70 % of the CpG dinucleotides in the human genome are chemically
modified by the covalent attachment of a methyl group to the C5 position of the

cytosine ring.
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* DNMTs are responsible for DNA methylation reaction.

e The de novo methyltransferases DNMT3A and DNMT3B are mainly responsi-
ble for introducing cytosine methylation at previously unmethylated CpG
dinucleotides.

e On the other hand, the maintenance methyltransferase DNMT1 copies the
parental-strand methylation patterns onto the progeny DNA strand.

¢ DNA methylation is essential for normal mouse development, because targeted
disruption of Dnmtl or Dnmt3b results in embryonic lethality in mice, and
homozygous Dnmt3a knockout mice die at about 4 weeks of age.

e Mutations of human DNMT3B gene cause immunodeficiency, centromeric
instability, and facial anomalies (ICF) syndrome.

Key Facts of CGls: CpG Islands

e The human genome is punctuated by non-methylated DNA sequences that
contain a high density of CpG dinucleotides termed CpG islands (CGIs).

¢ CGIs are approximately 1-kb in length and overlap the promoter regions of
6070 % of human genes.

» CGIs were first identified by digestion of genomic DNA using the methyl-CpG-
sensitive restriction enzyme Hpall, and thus it was called HTF (Hpall tiny
fragment) islands.

¢ CGI was initially defined as a region with greater than 50 % G + C content, a
length of greater than 200-bp, and greater than 0.6 CpG frequency (observed/
expected).

» Then the stringency has been increased to 55 % or more of the G + C content, a
length of 500 bp or more, and 0.65 or higher CpG frequency to exclude the vast
majority of contaminating Alu elements.

» Hypermethylation of CGIs is a common event in carcinogenesis, and the tran-
scriptional ~ silencing of tumor-suppressor genes by promoter CGI
hypermethylation can contribute to oncogenesis.

Key Facts of MBD Proteins: Methyl-CpG-Binding-Domain Proteins

e MBD proteins specifically recognize methyl-CpG sequences through the
methyl-CpG-binding domain (MBD) consisting of about 80 amino acid residues.

e The mammalian MBD proteins consist of five members named MBD1, MBD?2,
MBD3, MBD4, and MeCP2.

« MBD proteins recruit transcriptional corepressors through transcriptional repres-
sion domain (TRD) to silence transcription.

¢ MBD2 and MeCP2 are involved in histone deacetylase-dependent repression,
whereas MBD1 interacts with the histone H3 lysine 9 (H3K9) methyltransferase
SETDB1 and provides a link between DNA methylation and chromatin
remodeling and modification.
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¢ Mutations in the human MECP2 gene cause Rett syndrome, a debilitating
neurological disease that affects ~1 in 10,000 female live births.

¢ MBD4 contains a C-terminal DNA glycosylase catalytic domain in addition
to an N-terminal MBD, and thus, it has been thought to be involved in DNA
repair.

Definitions of Words and Terms

CpG Islands (CGIs) A region that contains a high density of CpG dinucleotides in
the genome and is located at the promoters of many genes.

CpG Island Methylator Phenotype (CIMP) A distinct trait exhibiting concor-
dant tumor-specific DNA methylation.

CpG Island Shore (CGI Shore) The region up to 2 kb from the CpG island and
the location of most cancer-specific and tissue-specific differentially methylated
regions.

DNA Demethylating Agents Drugs that induce DNA demethylation by inhibiting
DNA methyltransferases. Cytidine analogs such as 5-azacytidine and 5-aza-2-
'-deoxycytidine are the most commonly used demethylating agents. They are
used in the treatment of myelodysplastic syndrome (MDS).

DNA Hypermethylation An increased level of DNA methylation in a DNA
sample relative to a reference DNA sample.

DNA Hypomethylation A decreased level of DNA methylation in a DNA sample
relative to a reference DNA sample.

DNA Methylation Biomarker A molecular target that undergoes DNA methyla-
tion changes in tumorigenesis. It is useful for early detection, prognosis, therapeutic
response prediction, and recurrence monitoring in cancer patients.

Driver Gene Mutation A mutation that confers a selective growth advantage to
the cell.

Epigenetic Alteration Changes in gene expression or cellular phenotype caused
by mechanisms other than changes in the DNA sequence.

Lamin-Associated Domains (LADs) Large genomic regions that specifically
associate with lamina, an inner nuclear membrane-associated protein. They are
often positioned at the nuclear periphery and are usually linked to transcriptional
repression.
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Large Organized Chromatin Lysine Modifications (LOCKs) Large genomic
regions that are enriched for heterochromatin posttranslational modifications, such
as histone H3 lysine 9 dimethylation (H3K9me2). They expand during differenti-
ation and are lost in cancer.

Long-Range Epigenetic Silencing (LRES) Transcriptional lockdown spanning
large chromosomal domains and resulting in the coordinate silencing of numerous
genes.

Loss of Imprinting (LOI) Loss of the parental allele-specific expression in cancer
of imprinted genes, first observed for insulin-like growth factor 2 (/GF2) in
embryonal tumors of childhood, such as Wilms’ tumor.

Methyl-CpG-Binding Domain (MBD) A conserved domain consisting of about
80 amino acid residues that recognizes and binds to methylated DNAs.

Methylation-Specific PCR (MSP) A method for analysis of DNA methylation
status in CpG islands. The assay requires initial DNA modification by sodium
bisulfite, converting unmethylated, but not methylated, cytosines to uracil, and
subsequent amplification with primers specific for methylated versus
unmethylated DNA.

Tissue-Specific Differentially Methylated Regions (tDMRs) Differentially
methylated regions that distinguish normal tissues from each other.

Introduction

Cancer is caused by the accumulation of a series of alterations of relevant genes that
drive a selective growth advantage. Driver genes can be classified into 12 signaling
pathways that regulate three core cellular processes: cell fate, cell survival, and
genome maintenance (Vogelstein et al. 2013). Genomic alterations that include
single-base substitution, insertion, deletion, amplification, and translocation are
particularly well suited to be vehicles of persistent phenotypic change. For this
reason, cancer has traditionally been viewed as a set of diseases based principally
on genetics (Hanahan and Weinberg 2011). For example, colorectal cancers have
been thought to evolve from normal cells to premalignant foci, to localized lesions,
to invasive tumors, and to metastatic lesions by acquiring a series of mutations over
time. The indirect support for the requirement of multiple mutations for clinically
detectable cancers is the age dependency of most adult human cancers. Notably, the
incidence of some adult cancers increases with the sixth power of age, suggesting
that human cancers require six sequential rate-limiting events to produce a clini-
cally apparent tumor (Armitage and Doll 1954). Recent comprehensive sequencing
efforts have revealed that the number of mutated driver genes is often three to six in
common adult tumors such as pancreatic, colorectal, breast, and brain cancers,
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although some tumors have only one or two driver gene mutations (Vogelstein
et al. 2013). This obvious difference in numbers of driver gene mutations may be
explained by epigenetic alterations, including DNA methylation and histone mod-
ification. In fact, loss of proper gene function in human cancer can occur through
both genetic and epigenetic mechanisms (Herman and Baylin 2003). A recent study
of colorectal cancers showed that more than 10 % of the protein-coding genes were
differentially methylated when compared with normal colorectal epithelial cells
(Beggs et al. 2013). Some of these epigenetic changes in driver genes are likely to
provide a selective growth advantage (Feinberg and Tycko 2004). For example,
DNA methylation in gene promoter regions of cyclin-dependent kinase inhibitor
2A (CDKNZ2A, also known as p/6) and mutL homologue 1 (MLHI) is much
more common than mutational inactivation of either of these two driver genes
(Beggs et al. 2013).

In addition to the above information, we now know that it takes decades to
develop cancer and that the incurable stage, metastasis, occurs only a few years
before death (Jones et al. 2008). That means that the vast majority of cancer patients
would not die if their cancers were detected in the first 90 % of the cancers’
lifetimes and were removed by proper surgical therapies. This knowledge encour-
ages us to detect genetic and epigenetic changes as early as possible in relevant
body fluids such as urine for genitourinary cancers, sputum for lung cancers, stool
for gastrointestinal cancers, and plasma/serum for all types of cancers. Of these
genetic and epigenetic changes, DNA methylation changes in cancer have great
potential for early detection and prevention, as well as for prediction in prognosis
and drug sensitivity to therapy (Fukushige and Horii 2013). We believe that cancer
deaths can be extensively reduced if greater efforts are made in DNA methylation
biomarker research. Thus, we introduce DNA methylation biomarkers in this
chapter.

DNA Methylation in Normal Cells

DNA methylation in the mammalian genome occurs after DNA synthesis by
enzymatic transfer of a methyl group from the universal methyl donor, S-adenosyl-
methionine (SAM), to the 5 position of cytosine residues (Fig. 1). This modification
is imposed only on cytosines that precede a guanosine in the DNA sequence (CpG
dinucleotide). DNA methyltransferases (DNMTs) are responsible for this enzy-
matic reaction and are essential for mammalian development. DNA methylation is
established by the activity of the de novo DNMTs, DNMT3A and DNMT3B, and is
subsequently inherited after DNA replication and primarily owing to the activity of
the maintenance DNMT, DNMT 1, with the help of both DNMT3A and DNMT3B
(Jones and Liang 2009). The CpG dinucleotide varies greatly in methylation status
throughout the genome, but little is known about the mechanisms that underlie this
methylation pattern. A recent study indicated that DNA methylation patterns are
guided in part by primary DNA sequence context and that transcription factors play
important roles in this process (Lienert et al. 2011). In the human genome, 70-80 %
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Fig. 1 DNA methylation and demethylation. The process of DNA methylation is carried out by
DNA methyltransferases (DNMTs). These enzymes catalyze the covalent addition of a methyl
group from a donor S-adenosylmethionine to the 5’ position of the cytosine ring, predominantly
within the CpG dinucleotide. TET family proteins catalyze SmC oxidation to ShmC. ShmC can be
further oxidized by TET proteins to produce 5fC and 5caC, and the latter may be recognized and
excised by thymine DNA glycosylase (TDG) to generate cytosine. Alternatively, ShmC may be
further deaminated to become ShmU by activation-induced cytidine deaminase (AID). ShmU in
turn can be converted to cytosine following base excision repair (BER) pathway-mediated
demethylation. It remains unknown whether there are decarboxylases or deformylases that can
remove the modification directly. SmC and its oxidative derivatives may undergo passive demeth-
ylation during DNA replication. SmC is also spontaneously deaminated to thymine (T), resulting
in a G/T mismatch which, in turn, is processed by the BER pathway. If this mismatch is not
repaired, a C to T change remains.
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of all CpG dinucleotides are heavily methylated. As a result, the overall frequency
of CpGs is substantially less than what would be expected, because spontaneous
hydrolytic deamination of 5-methylcytosine (SmC) residues gives rise to T residues
(Fig. 1) (Bird 2002). The globally methylated, CpG-poor genomic landscape is
punctuated, however, by short regions with unmethylated CpGs occurring at higher
density, forming distinct islands in the genome (Fig. 2) (Bird et al. 1985). These
so-called CpG islands (CGIs) are protected from DNA methylation in part by
guanine-cytosine (GC) strand asymmetry and accompanying R-loop formation
and possibly by active demethylation mediated by the ten-eleven translocation
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Fig.2 Normal versus cancer epigenomes. Boxes with a number indicate exons and lines indicate
introns as well as the regions outside the genes. Short stretches of CpG-rich sequences, usually
around 1 kb in size, are termed CpG islands (CGlIs). CpG island shores are regions of comparatively
low CpG density located approximately 2 kb from CGIs. In normal cells, most CpG sites outside of
CGIs and shores, including gene bodies, repeat elements (indicated by boxes with arrows), and
pericentromeric regions, are methylated and are packaged as closed chromatin (the inset above
methylated CpGs shows multiple nucleosomes with higher-order, tight compaction) unfavorable for
transcription, whereas most CGIs and shores are unmethylated and reside in regions of open
chromatin (inset, upstream of transcription start site shows three nucleosomes with wide spacing),
or euchromatic states, favorable for gene transcription (arrow in upper panel). In cancer cells, on the
other hand, many CpG sites outside of CGIs and shores are unmethylated, but most CGIs and shores
are methylated. Aberrant promoter methylation serves to turn off the gene (lower panel). Filled and
open circles represent methylated and unmethylated CpG sites, respectively.

(TET) family enzymes. Many CGIs are approximately 1 kb in length and reside at
the 5" ends of genes, where they function as promoter elements (Illingworth and
Bird 2009). Approximately 70 % of annotated gene promoters are associated with a
CGI, making this the most common promoter type in the vertebrate genome. On the
other hand, most tissue-specific differentially methylated regions (tDMRs) do not
occur in promoters or in CpG islands; they are instead found in regions located
within 2 kb of islands with comparatively low CpG densities, termed “CpG island
shores” (Fig. 2; Irizarry et al. 2009). The functional role of these tDMRs has been
proposed to regulate alternative transcription during differentiation.

Relationship Between CGI DNA Methylation and Transcriptional
Repression

Methylated DNA is recognized by proteins containing a methyl-CpG-binding domain
(MBD) or a C,H, zinc finger. The mammalian MBD proteins consist of five
members: MBD1, MBD2, MBD3, MBD4, and MeCP2 (Hendrich and Bird 1998).
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Among these, MBD1, MBD2, MBD4, and MeCP2 all specifically recognize methyl-
CpG sequences: MBD3 contains amino acid substitutions that prevent binding to
methylated DNA. On the other hand, Kaiso (ZBTB33), ZBTB4, and ZBTB38
proteins use zinc finger domains to bind methylated DNA (Prokhortchouk
et al. 2001).

MBD proteins and Kaiso are believed to participate in DNA methylation-
mediated transcriptional repression of tumor-suppressor genes (Fig. 3). DNA meth-
ylation is thought to cause CGI promoter silencing principally by the following two
mechanisms: First, DNA methylation inhibits the binding of transcription factors to
their cognate DNA sequences. Second, transcriptional silencing is mediated by
MBD proteins that recruit chromatin-modifying activities to methylated DNA
(Klose and Bird 2006). It seems that CGI methylation is not the initiating event
in gene silencing; it is seen as a stabilizing permanent mark important for long-term
maintenance of the silent state. For example, during X chromosome inactivation in
the female, X-linked CGIs do not become methylated until after gene silencing and
the acquisition of several silencing chromatin modifications such as H3K27me3
(Payer and Lee 2008). DNA methylation is, however, required for stable mainte-
nance of X chromosome inactivation, because inhibition of DNA methylation leads
to gene reactivation in a fraction of cells (Sado et al. 2000).

DNA Methylation in Cancer Cells

Most studies of cancer epigenetics have focused on DNA methylation as the
epigenetic mark, because this modification is able to survive various forms of
sample processing, including DNA extraction, formalin fixation, and paraffin
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embedding (Laird 2010). There are two seemingly contradictory findings in the
altered DNA methylation pattern seen in cancer: global hypomethylation and
promoter hypermethylation (Fig. 2). Genome-wide DNA hypomethylation was
first reported in HeLa cells (Diala and Hoffman 1982), and reduced levels of
DNA methylation were found in specific genes of primary human tumors compared
to adjacent normal tissues (Feinberg and Vogelstein 1983a). Many laboratories
have identified cancer-related genes activated by DNA hypomethylation, including
oncogenes, such as the Harvey rat sarcoma viral oncogene homologue (HRAS)
(Feinberg and Vogelstein 1983b), and the family of genes expressed normally in
testis and aberrantly activated in tumors, such as the melanoma-associated antigen
(MAGE) family in melanoma (De Smet et al. 1996). DNA hypomethylation
involves unwanted transcription of transposable elements, abnormal activation of
cancer-related genes, and predisposition to genomic instability through disruption
of chromosome replication control. In addition to DNA hypomethylation, promoter
DNA hypermethylation is another major altered DNA methylation pattern observed
in cancer. Aberrant silencing of genes by promoter hypermethylation was first
identified in a CGI upstream of the retinoblastoma 1 (RBI) gene (Greger
et al. 1989) and is important in the initiation and progression of tumors. Many
tumor-suppressor genes have since been associated with hypermethylated CGIs
(Baylin and Jones 2011).

The causal relevance of epigenetic changes in cancer was initially questioned,
but it is now apparent that cancer is also driven by epigenetic changes that are
mediated by mechanisms that do not affect the primary DNA sequence. Many
tumor-suppressor genes have been shown to be silenced by promoter CGI
hypermethylation. Importantly, these silencing events are mutually exclusive to
structural or mutational inactivation of the same gene, such as the case for breast
cancer 1 (BRCAI) in ovarian cancer (The Cancer Genome Atlas Research Network
2011) and for CDKN2A in squamous cell lung cancer (The Cancer Genome Atlas
Research Network 2012). These observations reinforce the concept that epigenetic
silencing can serve as an alternative mechanism in Knudson’s two-hit hypothesis
(Jones and Laird 1999). Furthermore, DNA methylation contributes substantially to
tumor development in mouse models of cancer (Laird et al. 1995). Finally, a recent
study indicated that some DNA methylation changes appear to be essential for the
survival of cancer cells, suggesting an acquired addiction to epigenetic alterations
(De Carvalho et al. 2012).

5-Hydroxymethylcytosine and Its Derivatives in Cancer

The variety of epigenetic modifications in mammalian DNA has recently increased
further with the discovery of 5-hydroxymethylcytosine (ShmC) in mammalian
neurons and embryonic stem cells (Tahiliani et al. 2009). Ten-eleven translocation
(TET) proteins are Fe(I)- and a-ketoglutarate (a-KG)-dependent dioxygenases that
successively oxidize 5-methylcytosine (SmC) to ShmC, 5-formylcytosine (5fC),
and 5S-carboxylcytosine (5caC) (Fig. 1). These oxidized methylcytosines are
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believed to be intermediates in the process of 5SmC demethylation (Pastor
et al. 2013). TET proteins play an important role in regulating DNA methylation
fidelity, and their inactivation contributes to the CpG island methylator phenotype
(CIMP) in cancer. Due to their structural similarity, SmC and ShmC are experi-
mentally indistinguishable using established SmC mapping techniques such as
differential enzymatic digestion and bisulfite sequencing (Nestor et al. 2010).
Therefore, the existing SmC data sets will require careful re-evaluation in the
context of the possible presence of ShmC. Single-molecule real-time sequencing
(SMRT-seq), as well as the oxidative bisulfite sequencing (oxBS-seq) and
TET-assisted bisulfite sequencing (TAB-seq) methods, has been developed for
quantitative mapping of ShmC in genomic DNA at single-nucleotide resolution
(Pastor et al. 2013). 5ShmC has been found in nearly all mouse embryonic tissues,
but, with the exception of brain tissue and bone marrow, only very low levels
(0.05-0.2 % of all cytosines) are detectable in adult tissue (Ruzov et al. 2011).
Given that ShmC is most abundant in brain tissue, it is important to unravel the
function of this modified base in the brain.

The levels of ShmC in cancer are strongly reduced relative to the corresponding
normal tissue surrounding the tumor (Jin et al. 2011). Furthermore, Lian
et al. reported that the reintroduction of TET?2 restored ShmC levels and decreased
metastatic potential of melanoma cells (Lian et al. 2012). The immunostaining of
tissue sections with antibodies against ShmC and against the Ki67 antigen indicated
that ShmC and Ki67 are almost never present simultaneously in a single cell,
suggesting that the combined analysis of ShmC and Ki67 may become a potential
biomarker for cancer diagnosis (Jin et al. 2011). In addition, mutations in the TET2
gene are commonly observed in human myeloid malignancies and are associated
with decreased ShmC levels (Delhommeau et al. 2009). The TET family is directly
responsible for the generation of ShmC, and the catalytic reaction requires cofactor
a-KG (Tahiliani et al. 2009), which is mainly controlled by isocitrate dehydroge-
nases (IDHs) (Xu et al. 2011). Heterozygous mutations in catalytic arginine resi-
dues of IDHI or IDH2 are also common in glioma, acute myeloid leukemia,
chondrosarcoma, cholangiocarcinoma, and angioimmunoblastic T-cell lymphomas
(Cairns and Mak 2013). These studies suggest the important roles of ShmC, TET,
and IDH in cancer; however, it is still unclear how this epigenetic marker and these
related enzymes are associated with cancer initiation and progression and whether
they are suitable for use as biomarkers.

Long-Range Coordinated Disruptions in DNA Methylation

Although alterations in nuclear shape are often used for cancer diagnosis, we are
now beginning to understand the molecular basis of these altered structures. The
human genome is partitioned into both euchromatic and heterochromatic domains.
The euchromatic domain is more open to transcription due to posttranslational
histone modifications and lower nucleosome density, whereas the heterochromatic
domain is not. Large organized chromatin lysine modifications (LOCKs) and
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Fig. 4 Model of a higher-order chromatin structure mediated by LOCKs and LADs. In
normal cells, large organized lysine modifications (LOCKSs) and lamin-associated domains
(LADs) are associated with the nuclear membrane and are generally heterochromatic, with a
high level of DNA methylation. In cancer cells, there are reductions of LOCKs and LADs, as well
as general disorganization of the nuclear membrane and hypomethylation of large blocks of DNA
corresponding approximately to the LOCKs and LADs.

lamin-associated domains (LADs) are associated with the nuclear membrane and
are generally heterochromatic, with a high level of DNA methylation (Fig. 4: Wen
et al. 2009; Zullo et al. 2012). In cancer, there is a reduction of LOCKs and general
disorganization of the nuclear membrane. Furthermore, large blocks of
hypomethylated DNA ranging from 28 to 10 Mb in size have been identified in
cancer by comparing colorectal cancer to matched normal mucosa from same
patients, and these hypomethylated blocks mostly correspond to LOCKs and
LADs (Hansen et al. 2011). CGI hypermethylation is enriched in the
hypomethylated blocks, suggesting that these two events may be mechanistically
linked but confined to distinct areas of the genome near the nuclear periphery
(Berman et al. 2012). These large blocks of DNA hypomethylation and inactive
histone modifications, along with promoter CGI methylation, are also consistent
with a phenomenon called long-range epigenetic silencing (LRES) (Coolen
et al. 2010). In addition, abnormal hypomethylation in the genomic regions in
cancer often coordinates with DNA breakpoint hotspots and may therefore contrib-
ute to copy number alterations (De and Michor 2011).

CpG Island Methylator Phenotype

Aberrant DNA methylation was initially viewed as a rare and random process that
is selected for in neoplastic cells. However, the discovery of colorectal cancers with
concordant tumor-specific DNA methylation throughout the genome suggested the
existence of a systemic methylation defect in the cell. This phenomenon was
referred to as a “CpG island methylator phenotype” (CIMP) (Toyota et al. 1999),
analogous to the mutator phenotypes in cancer, mostly resulting from defects in
DNA mismatch repair. The concept of CIMP was initially met with considerable
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argument, but it has since been adopted owing to the substantial accumulated
supporting evidence, including more recent genome-scale DNA methylation ana-
lyses in colorectal cancer (Hinoue et al. 2012) and glioblastoma (Noushmehr
et al. 2010). As an example, colorectal cancer was classified into four distinct
subtypes, and each subtype showed characteristic genetic and clinical features.
A CIMP-high (CIMP-H) subtype, which exhibits an exceptionally high frequency
of cancer-specific DNA hypermethylation, is tightly associated with MLHI
hypermethylation and the activating mutation of BRAF oncogene (BRAF"°"’F).
A CIMP-low (CIMP-L) subtype is enriched for KRAS mutations. Non-CIMP
tumors can be separated into two distinct subsets. One non-CIMP subtype is
distinguished by a significantly high frequency of TP53 mutations and frequent
occurrence in the distal colon, whereas the other non-CIMP subtype exhibits a low
frequency of both cancer-specific DNA hypermethylation and gene mutations and
is significantly enriched for rectal tumors. In the case of glioblastoma CIMP
(G-CIMP), the IDHI mutation appears to be a causal contributor to the phenotype
(Turcan et al. 2012), but the BRAF mutation does not appear to be directly
implicated in colorectal cancer CIMP (C-CIMP) (Hinoue et al. 2009). Although
there are some overlaps with respect to genes targeted by C-CIMP and G-CIMP,
and although IDH] and genes that affect the same metabolic pathway, such as IDH?2
and TET2, have been shown to be causally involved in the generation of CIMP in
glioma and leukemia, cancer-specific differences still exist, and the cause of CIMP
in the majority of cancer types remains to be identified. In addition, CIMP is
associated with a favorable prognosis for colorectal cancer and gliomas. Extensive
research has been conducted in these two cancer types with respect to identifying
genes that are associated with clinical and molecular features of the tumors. These
findings suggest that the hypermethylation of specific gene panels associated with
the CIMP phenotype in a specific tumor type could be of potential prognostic or
predictive value.

Methods of Isolating DNA Methylation Biomarkers in Cancer

A number of techniques have been used to identify aberrant DNA methylation in
cancer. DNA methylation analysis previously restricted to specific loci can now be
performed on a genome scale. The most direct method is whole-genome bisulfite
sequencing, which allows for an unbiased assessment of the profile of DNA
methylomes. This method utilizes bisulfite-induced modification of genomic
DNA under conditions whereby cytosine is converted into uracil, but SmC remains
unchanged (Fig. 5; Frommer et al. 1992). After bisulfite conversion, next-
generation sequencing technology is used to obtain a complete overview of CpG
methylation level at a single-base resolution. Although whole-genome bisulfite
sequencing has been successfully employed, more indirect methods have been
preferentially utilized. In one such indirect method, methylated DNA fragments
are first purified and then coupled with microarrays to map them at specific genomic
loci or to sequence them extensively. Two approaches have been used to purify
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Fig. 5 Bisulfite treatment of DNA. DNA is denatured and then treated with sodium bisulfite to
convert unmethylated cytosine to uracil, which is then converted to thymine by PCR. Bisulfite
conversion of genomic DNA and subsequent PCR amplification give rise to two PCR products for
any given locus. PCR primers are designed to assay the methylation status of a specific strand by
bisulfite sequencing or methylation-specific PCR (MSP).

methylated DNA fragments. In one approach, unmethylated and methylated DNA
fractions are enriched using a series of methylation-sensitive restriction enzymes
(Fig. 6a; Irizarry et al. 2008). In the other approach, strategies based on the use of
either a monoclonal antibody raised against SmC (methyl-DNA immunoprecipita-
tion; MeDIP) (Weber et al. 2007) or an MBD domain (methyl-binding domain
affinity purification; MAP) (Cross et al. 1994) are exploited to purify methylated
DNA (Fig. 6b). CpG-specific array technology is an alternative option for deter-
mining a genome-wide DNA methylation profile. Multiplexed methylation-specific
primer extension of bisulfite-converted DNA at different CpG sites is performed
using primers that are specific for methylated and unmethylated sequences at each
site (Fig. 6¢). The primers for the two different methylation states are labeled with
different fluorescent dyes, and the products are hybridized to bead arrays. The
Infinium HumanMethylation 450 K BeadChip Kit (Illumina Inc., CA) allows the
high-resolution, genome-wide DNA methylation profiling of human samples, cov-
ering 99 % of all RefSeq genes and more than 480,000 CpGs. All of these methods
have proven to be useful for identifying hypermethylated CGI sites, but we still do
not know which methylated CGIs are involved in transcriptional repression. There-
fore, global changes in the gene expression profiles of cancer cell lines have been
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Fig. 6 Three approaches to DNA methylation microarray analysis. (a) Detection of methyl-
ated DNA fragments with methylation-sensitive restriction digestion using McrBC. Filled circles
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McrBC-treated samples. (b) Affinity enrichment of methylated DNA. Genomic DNA is denatured
and then affinity purified with either an anti-5SmC antibody (green, methylated DNA immunopre-
cipitation; MeDIP) or a methyl-CpG-binding domain (orange, methyl-binding domain affinity
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analyzed after treatment with DNA demethylating agents such as 5-aza-2'-
deoxycytidine (5-Aza-CdR; decitabine) or 5-azacytidine (5-Aza-CR; azacitidine)
(Suzuki et al. 2002). Candidate genes targeted for aberrant DNA methylation in
cancer cells are identified, and then a number of clinical samples are examined for
DNA methylation and gene expression. Although this strategy is useful for identi-
fying a substantial number of candidate genes, it also identifies genes whose pro-
moters seem to be unmethylated (Suzuki et al. 2002), thus leading to the
development of more specific and sensitive methods.

As mentioned before, MBD proteins directly bind to hypermethylated promoters
of human genes and are associated with transcriptional silencing through histone
modifications. That means that it would be very easy to detect hypermethylated
genes if the genes occupied by MBD proteins were specifically reactivated. There-
fore, a method termed “methyl-CpG targeted transcriptional activation (MeTA),”
which uses a fusion gene comprised of the MBD from MBD?2 protein and the NFkB
transcriptional activation domain, has been developed (Fukushige et al. 2008).
Microarray coupled with MeTA (MeTA-array) has successfully identified tumor-
specific methylated genes (Shimizu et al. 2011). These results suggest that it is more
advantageous to use this technique to identify methylated genes involved in tran-
scriptional repression than to use strategies such as MeDIP, MAP, or DNA
demethylating agents coupled with microarray.

DNA Methylation Changes in Early Tumorigenesis

A number of studies have shown that although the abnormal epigenetic silencing of
genes associated with DNA hypermethylation may arise at any time during tumor
progression, it is increasingly apparent that it occurs well before invasive cancer,
sometimes during the early stages of tumor development and possibly during the
abnormal expansion of stem and progenitor cells (Baylin and Ohm 2006). This
silencing event may predispose the stem cells to abnormal clonal expansion. This
information offered us a new point of view: all tumors can begin not only with
genetic mutations but also with epigenetic alterations. The silenced genes may
allow cells to abnormally survive the hostile environments that are risk factors for
cancer development: for example, chronic inflammation with the concomitant

<
Y

Fig. 6 (continued) purification; MAP) that can be attached to a column. (¢) Illumina’s bisulfite
treatment-based approach. Genomic DNA is treated with sodium bisulfite to convert the
unmethylated cytosine into uracil. The bisulfite-treated DNA is subjected to whole-genome
amplification, and the products are then applied to the chip. Hybridization is followed by single-
nucleotide primer extension with labeled dideoxynucleotides. The Infinium Human Methylation
450 K BeadChip allows the simultaneous quantitative monitoring of more than 480,000 CpG
positions.
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generation of DNA damaging agents such as reactive oxygen species (ROS). Cells
involved in injury repair might normally undergo apoptosis from such DNA
damage, but if they are able to survive and expand, they may select for gene
mutations and/or epigenetic alterations, which may favor subsequent tumor
progression.

There are several key examples of an early role for DNA hypermethylation and
gene silencing in tumor progression. One of the most common tumor-suppressor
genes affected in many tumor types is CDKN2A, whose loss of function leads to cell
cycle abnormalities and uncontrolled growth. CDKN2A mutations in most cancer
types are rare, but the hypermethylation of this gene is observed during progression
of tumors such as breast cancer and non-small cell lung cancer (NSCLC) as early as
in preneoplastic lesions (Belinsky et al. 1998). A role for this loss of function in
early tumorigenesis can be predicted from the data from CDKN2A knockout mice
indicating that germ line loss of this gene can increase the stem cell life span
(Janzen et al. 2006). Experimental loss of CDKN2A appears to facilitate early
tumorigenesis by permitting subsequent emergence of genomic instability and
may cause a sequential process, polycomb group protein (PcG)-mediated silencing,
and DNA hypermethylation, in other genes.

Another excellent example for early epigenetic abnormalities involves the Wnt
developmental pathway, which is essential for stem/progenitor cell function,
expansion, and maintenance in the normal intestine and elsewhere during embryo-
genesis and adult cell renewal (Fig. 7). The risk of colon cancer can begin with the
appearance of aberrant crypt foci (ACF) in the colon epithelium; these harbor
preadenomatous, premalignant hyperplastic cells that are derived from individual
colon epithelial villi. The evolution of colon cancer is highly dependent on abnor-
mal activation of the Wnt pathway, which is driven by mutations in downstream
pathway genes such as adenomatous polyposis coli (APC) and f-catenin. Most
ACF cells do not contain such mutations; instead they have frequent promoter
hypermethylation and gene silencing of the genes encoding secreted frizzled-
related proteins (SFRPs) that antagonize Wnt activation at the cell membrane
(Suzuki et al. 2004). This hypermethylation of SFRPs occurs in early tumorigen-
esis, persists throughout colon tumor progression, and can later collaborate with
downstream mutations in driving the Wnt pathway (Baylin and Ohm 2006; Suzuki
et al. 2004). There are two pieces of evidence that loss of SFRP expression is
required for clonal expansion of colon cancer cells by using one extensively studied
human colon cancer cell line, HCT116, which originally has SFRP
hypermethylation (Suzuki et al. 2004). First, the DNMTI and DNMT3B double
knockout (DKO) cells derived from HCT116 show SFRP promoter demethylation
and re-expression, resulting in the downregulation of Wnt signaling and induction
of apoptosis, despite the fact that these cells express activated forms of p-catenin.
Second, exogenous re-expression of SFRP genes in HCT116 cells and in another
cell line, SW480 with APC mutation, similarly blocks Wnt signaling and results in
induction of apoptosis. These examples highlight the importance of epigenetic
events in driving tumorigenesis; reversal of these events may have prevention or
therapeutic potential.
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Fig. 7 Epigenetic inactivation of SFRPs occurs in the early stages of colon tumorigenesis. (a)
In normal colon epithelial cells, secreted frizzled-related proteins (SFRPs) function as antagonists
of Wnt signaling by competing with the Frizzled receptors to bind Wnt ligands. When Wnt
signaling is inactive, a degradation complex that comprises glycogen synthase kinase 3 (GSK3),
casein kinase la (CKla), Axin, and adenomatous polyposis coli (APC) promotes the phosphor-
ylation of f-catenin, which leads to its ubiquitylation by SKP1-cullin 1-F-box (SCF* ™) E3
ligase and to its degradation by the 26S proteasome. This prevents the accumulation of nuclear
p-catenin and its ability to engage its transcription factor partners, which results in the differen-
tiation and homeostasis of colon epithelial cells. (b) When epigenetic silencing of the SFRP genes
occurs, Wnt signaling becomes activated through the Frizzled receptors. This Wnt signaling
inhibits the degradation complex, thereby blocking the degradation of B-catenin. B-catenin then
accumulates in the nucleus, binds to lymphoid enhancer-binding factor (LEF) and T-cell factor
(TCF) proteins, and acts as a transcriptional co-activator to modulate the expression of target genes
such as MYC, cyclin D, and other genes whose products promote cell proliferation and survival.
This sequence results in the expansion of the colon epithelial stem and progenitor cells and
formation of atypical crypt foci (ACF). (¢) Persistent activation of the Wnt pathway allows
mutations to occur in other pathway components, such as those that permanently disable the
degradation complex and promote nuclear accumulation of B-catenin. These cells are selected for
because of their survival and proliferative advantages. This combination of epigenetic and genetic
events fully activates the Wnt pathway to promote tumor progression.
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The Suitability of DNA Methylation Changes as Biomarkers

The use of promoter-hypermethylation sequences as a molecular signature is provid-
ing one of the most promising biomarker strategies for cancer (Herman and Baylin
2003; Laird 2003). One of the most striking features of DNA methylation biomarkers
is the relative stability of DNA as compared with many proteins and RNA;
methylated sequences can be detected even in paraffin-embedded clinical samples.
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Using sensitive polymerase chain reaction (PCR)-based assays such as methylation-
specific PCR (MSP), abnormally methylated genes have been detected in sources as
diverse as DNA extracted from tumors, lymph nodes, serum, sputum, bronchial
lavage fluid, ductal lavage fluid, and urine from patients with all varieties of cancer
types (Herman and Baylin 2003; Laird 2003). In comparison with genetic
approaches such as mutational analysis, DNA methylation-based approaches have
several advantages with regard to their clinical application. First, DNA methylation
alterations generally occur at higher percentages of tumors than genetic variations,
resulting in a higher sensitivity, even in single-gene DNA methylation studies.
Second, aberrant DNA methylation can be sensitively detected in cancer cells,
even when it is embedded in substantial amounts of contaminating normal DNA.
Third, detection of aberrant DNA methylation is technically simple. DNA
hypermethylation only occurs at a rather small promoter region called CGIs; it can
be detected using only one set of PCR primers. On the other hand, genetic mutations
occur throughout the length of the gene, and it is necessary to use many primers for
complete analysis of the gene. Fourth, aberrant DNA methylation can occur in
early-stage tumors, as described above, causing loss and/or gain of function of key
processes and signaling properties. Although DNA methylation biomarkers have
several advantages over genetic markers as previously noted, most importantly, a
combination of DNA methylation and genetic analyses could exploit the advantages
of both techniques, as has been shown for the diagnosis of colorectal cancers
(Ahlquist et al. 2012).

Although DNA hypomethylation is also another major epigenetic alteration in
cancer and has been proposed as a valid biomarker for cancer, its diagnostic use is
limited, because it is technically more difficult and challenging to detect a loss of
DNA methylation than a gain of DNA methylation. However, it has been suggested
that DNA hypomethylation of the repetitive element, long interspersed nuclear
element-1 (LINE-1), has frequently been observed and is a potential biomarker
for the prediction of a response to oral fluoropyrimidines in colorectal cancer
patients (Kawakami et al. 2011). Furthermore, loss of imprinting (LOI) at the
insulin-like growth factor 2 (/GF2) gene, which results in the activation of the
normally silent allele of the /GF2 gene, is associated with various types of cancer
and has diagnostic potential for colon cancer (Cui et al. 2002).

DNA Methylation as Early Detection Biomarkers

DNA methylation alterations have been reported to occur early in tumorigenesis;
they are therefore potentially good early indicators of existing cancer. Early
detection of cancer using DNA methylation biomarkers can result in an improved
clinical outcome. Using minimally invasive methods such as the analysis of blood,
stool, sputum, or urine samples has clear advantages over invasive ones such as the
analysis of biopsy specimens. Tumors release a substantial amount of genomic
DNA into biological fluids. Tumor cells can directly be released from the tissue of
origin, whereas necrotic and apoptotic tumor cells are engulfed by phagocytes and
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subsequently the free tumor DNA directly reaches the fluids by cell lysis. Analysis
of epigenetic alterations can then be carried out by examining these noninvasive
samples. The most promising candidate for a biomarker for noninvasive diagnosis
is GSTPI hypermethylation in prostate cancer. GSTP! encodes the only member of
the human pi class of glutathione S-transferase superfamily and is involved in
cellular detoxification of xenobiotics and carcinogens. The GSTPI promoter is
unmethylated in all normal human cells and tissues, but it has frequently been
found to be hypermethylated in prostate cancer (Lee et al. 1994). GSTPI
hypermethylation was consistently validated in more than 30 independent studies,
and a meta-analysis pooling almost 3,500 subjects, composed of 2,389 prostate
cancer patients and 1,082 normal controls, established GSTPI as a promising
biomarker of prostate cancer with a sensitivity of 82 % and a specificity of 95 %
(Van Neste et al. 2011). GSTPI hypermethylation has also been investigated in
different stages of prostatic carcinogenesis using 27 laser-capture microdissected
samples (Nakayama et al. 2003). Normal prostate epithelium, benign prostatic
hyperplasia, proliferative inflammatory atrophy, high-grade prostatic intraepithelial
neoplasia, and prostate cancer show GSTPI hypermethylation frequencies of 0 %,
0 %, 6.3 %, 68.8 %, and 90.9 % respectively. These results indicate that GSTP1
hypermethylation is an early event in tumorigenesis, underlining its importance for
diagnosis. Meta-analysis of 22 studies that analyzed the value of GSTP! as a
biomarker for prostate cancer in biological fluids, including plasma, serum, and
urine, revealed a high specificity of 89 % but a modest sensitivity of 52 %
(Wu et al. 2011). Measuring GSTP1 hypermethylation in biological fluids presents
a promising alternative to conventional methods of detection of prostate cancer. In
particular, the combination of GSTP! with additional biomarker genes and
prostate-specific antigen (PSA) testing could highly improve the sensitivity of
diagnosis.

DNA Methylation Biomarkers for Prediction of Drug Sensitivity

One of the most promising uses for DNA methylation biomarkers is for prediction
of drug sensitivity. Hypermethylation of the promoter of O%-methylguanine-DNA
methyltransferase (MGMT) is one of the very few DNA methylation biomarkers
that is already in widespread clinical use, especially for the prediction of chemosen-
sitivity to temozolomide in gliomas. MGMT encodes for a protein that removes
alkylation adducts from the O° position of guanines in DNA, and the absence of
MGMT can thus promote tumorigenesis through an increased mutation rate (Her-
man and Baylin 2003). Epigenetic silencing of MGMT due to promoter
hypermethylation frequently occurs in many types of tumor, including gliomas,
and the constituent cells have a diminished capacity to repair alkylation damage,
rendering them sensitive to alkylating agents such as temozolomide (Hegi
et al. 2005). Thus, multiple studies have revealed that determination of MGMT
promoter methylation status may allow the selection of patients most likely to
benefit from temozolomide treatment. Recently, Ebert et al. published the specific
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association of a particular promoter methylation status with therapy response in
colorectal cancer (Ebert et al. 2012). Hypermethylation of transcription factor AP-2
epsilon (TFAP2E) in primary as well as metastatic colorectal cancers was shown to
be associated with decreased expression of this gene and with nonresponsiveness to
5-fluorouracil (5-FU). The fact that hypermethylation of TFAP2E was observed in
51 % of the patients in this cohort indicates the possible impact this knowledge
could have on future colorectal cancer treatment. In addition, if this gene was not
methylated, it would result in a six times higher response rate than in the total
colorectal cancer population (Ebert et al. 2012).

Future Perspectives

Although we now know that DNA methylation is one of the biomarkers with a great
potential for assessing cancer risk, early detection, prognosis, and predicting ther-
apeutic responses (see Table 1), their use in clinical settings is still very limited,
partly due to the insufficient sensitivity and specificity in noninvasively obtained
clinical samples. For example, genes that are specifically methylated in cancer cells
but not in the normal epithelial cells might be excellent biomarkers in biopsies but
may not be as promising in noninvasive clinical specimens, if they are found to be
methylated in normal lymphocytes. In order to discover biomarkers with high
sensitivity and high specificity, reference DNA methylation data sets obtained
from the profiles of different healthy individuals and tissue types are used to
estimate the variance of a particular CpG site or of regions such as promoters.
Using high-resolution technologies, these reference data sets have been created in
consortia such as Blueprint, the International Human Epigenome Consortium
(IHEC), and Roadmap. Genomic loci that are unstable in DNA methylation

Table 1 A selected list of potential DNA-based biomarkers in cancer. A selected list of DNA
biomarkers described in this chapter are shown in this table:

Gene
name Gene function | Application Cancer type Tissue examined
SFRP Wnt pathway Early detection | Colon ACF
CDKN2A | Cell cycle Early detection | NSCLC, breast Tumor, mediastinal
control Prognosis lymph node biopsy
MGMT DNA repair Predicting drug | Glioma, colon, Tumor
sensitivity lung, lymphoma
GSTP1 Detoxification | Predicting drug | Prostate, breast, Tumor, urine
sensitivity kidney
PYCARD | Apoptosis Prognosis NSCLC Sputum
TFAP2E | Transcription | Predicting drug | Colon Tumor
factor sensitivity
LINE-1 Transposition | Predicting drug | Colon Tumor
sensitivity
IGF2 Cell growth Prognosis Colon Tumor
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between individuals are excluded as unsuitable CpG sites before biomarker candi-
date selection starts. Further reference cancer genomes and DNA methylomes are
required to increase the sensitivity and specificity of DNA methylation biomarkers;
consortia such as the 1,000 Genomes Project for genome sequencing and
the Blueprint, IHEC, and Roadmap projects for methylome mapping currently
aim to generate such reference data sets. The data obtained from genomics,
transcriptomics, and epigenomics are combined and integrated to determine profiles
predicting disease outcome in terms of patient prognosis and treatment response.
All of these efforts will contribute to finding useful DNA methylation biomarkers
for cancer patients, and these specific and sensitive DNA methylation biomarkers
will allow diagnosis and prediction of disease prognosis to be more accurate than is
possible at present.

Potential Applications to Prognosis, Other Diseases, or
Conditions

The presence of tumor-specific methylation markers in biological fluids such as
serum, plasma, sputum, or urine of patients has also been reported to be of
prognostic significance. For example, the concomitant methylation of three or
more of six genes (CDKN2A, MGMT, DAPK, RASSFIA, PAX5, and GATAS) in
sputum collected within 18 months of diagnosis was associated with a 6.5-fold
increase in the risk for lung cancer (Belinsky et al. 2006). In addition,
hypermethylation of the proapoptotic gene PYCARD (also known as ASC/TMS]I)
in sputum may be useful for predicting which patients with surgically resected
early-stage lung cancers may recur (Machida et al. 2006). NSCLC accounts for
80 % of all lung cancer, and the absence of validated prognostic biomarkers could
be relevant; even patients with stage I NSCLC who undergo potentially curative
surgical resection are at high risk of dying from recurrent disease, with a 5-year
relapse rate of 35-50 %. A DNA methylation microarray that analyzes 450,000
CpG sites was applied to study tumor DNA obtained from 444 patients with
NSCLC that included 237 stage I tumors (Sandoval et al. 2013). Unsupervised
clustering of the 10,000 most variable DNA methylation sites in the discovery
cohort identified patients with high-risk stage I NSCLC who had shorter relapse-
free survival (RFS; hazard ratio [HR], 2.35; 95 % CI, 1.29-4.28; P = 0.004). The
study in the validation cohort of the significant methylated sites from the discovery
cohort found that hypermethylation of five genes, including histone cluster 1, H4f
(HISTIHA4F), protocadherin gamma subfamily B, 6 (PCDHGB6), neuropeptides
B/W receptor 1 (NPBWRI), ALX homeobox 1 (ALXI), and homeobox A9
(HOXA9), was significantly associated with shorter RFS in stage I NSCLC
(Sandoval et al. 2013). A signature based on the number of hypermethylated events
distinguished patients with high- and low-risk stage I NSCLC (HR, 3.24; 95 % CI,
1.61-6.54; P = 0.001). These DNA methylation biomarkers indicate which patients
should receive adjuvant chemotherapy and could be useful for generating treatment
guidelines for early-stage NSCLC.
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Summary Points

1. Aberrant DNA methylation is the most well-defined epigenetic change in cancer.

2. DNA methylation profiles represent a more stable source of molecular diagnos-
tic information than RNA or most proteins.

3. DNA methylation can occur during the early stages of human tumor progression
and involves disruption or over-activation of key developmental pathways and
cell-signaling properties.

4. Recent genome-wide DNA methylation analysis in normal as well as cancer
cells has provided extensive information for candidate biomarkers.

5. Tumor-specific DNA methylation can be detected in noninvasive biological
fluids such as blood, stool, sputum, or urine and offers a promising approach
to the early detection of cancer.
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Abstract

The human tissue kallikrein and kallikrein-related peptidases are secreted serine
proteases, which are expressed in a broad spectrum of tissues, fulfilling a plethora
of physiological functions. During the past few years, the KLK family members
have drawn a constantly increasing attention regarding their
biomarker capabilities. The frequently observed deregulated KLK expression
patterns in human malignancies, along with their active involvement in
cancer pathobiology and the successful utilization of PSA/KLK3 in routine
clinical practice, prompted researchers to evaluate the clinical significance of
KLKs. KLK members have been proposed as tissue and/or serological biomarkers
for early diagnosis, effective prognosis, and treatment monitoring of cancer
patients. This chapter presents an overview of the current knowledge concerning
the immense potential of KLLKs as biomarkers in human malignancies.

List of Abbreviations

9%0fPSA Ratio of fPSA to Total PSA

AD Alzheimer’s Disease

ALL Acute Lymphoblastic Leukemia

BC Breast Cancer

BPH Benign Prostate Hyperplasia

CA125 Cancer Antigen 125

CaP Prostate Cancer

CAP18 Cationic Antimicrobial Protein 18

CC Cervical Cancer

CNS Central Nervous System

CRC Colorectal Cancer

DEFS Disease-Free Survival

ECM Extracellular Matrix

EMT Epithelial-to-Mesenchymal Transition
ER Estrogen Receptor

fPSA Free PSA

GC Gastric Cancer

IGFBPs Insulin-like Growth Factor-Binding Proteins
IGFs Insulin-like Growth Factors

[HC Immunohistochemistry

KLKs Kallikreins

LEKTI Lymphoepithelial Kazal-Type-Related Inhibitor
MMPs Matrix Metalloproteinases

MS Multiple Sclerosis

NAF Nipple Aspirate Fluid

NS Netherton Syndrome

NSCLC Non-small Cell Lung Cancer

ocC Ovarian Cancer

oS Overall Survival
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PARs Proteinase-Activated Receptors

PCR Polymerase Chain Reaction

PD Parkinson’s Disease

PR Progesterone Receptor

PSA/KLK3 Prostate-Specific Antigen

RCC Renal Cell Carcinoma

REG4 Regenerating Islet-Derived Family, Member 4

SNPs Single-Nucleotide Polymorphisms

SPINKS Serine Peptidase Inhibitor Kazal-Type 5

TC Testicular Cancer

tPSA Total PSA

uPA-uPAR  Urokinase-Type Plasminogen Activator and Its Receptor
UPSC Uterine Papillary Serous Carcinoma

UTR Untranslated Region

VTCNI1 V-Set Domain-Containing T-Cell Activation Inhibitor 1

Key Facts on Kallikrein Family

» The first member of the kallikrein family (KLK1) was identified in the 1930s, by
Kraut, Frey, and Werle, as a proteolytic enzyme with high concentrations in the
pancreas (kallikreas in Greek).

e The group of “classical” members, namely, KLKI, KLK2, and KLK3, were
discovered during the late 1980s, while the “novel” members, KLK4-KLK15,
were subsequently identified in mid- to late 1990s.

¢ KLKs are characterized by several common features, in terms of structure and
function. For example, KLK genes are composed of five coding exons and have
the same exon/intron organization, while KLKs are synthesized as
pre-proenzymes that require sequential cleavage, in order to produce mature
and active enzyme forms.

» KLKs exert their actions in highly regulated proteolytic networks, with other
KLKSs and/or proteases.

e The two most well-studied interaction networks between several KLK members
are the semen liquefaction (KLK2, KLK3, KLKS5, and KLK14) and skin des-
quamation (KLKS, KLK7, and KLK14) cascades.

» Aberrations of KLK gene expression, as well as synthesis, secretion, and acti-
vation, have been linked with disease development.

» Notably, KLK expression is associated with clinicopathological characteristics
of cancer patients, as well as with disease outcome, and therefore, these family
members represent promising molecular tumor markers.

» Prostate-specific antigen (PSA/KLK3), the most well-known kallikrein, was
approved by the FDA for prostate cancer patients’ treatment monitoring and
screening, in 1986 and 1994, respectively.
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Definitions of Words and Terms

Serine Proteases Serine proteases represent one of the five main mechanistic
classes of proteases and are named after the active serine residue in the catalytic
site of the molecule. The other known classes of proteolytic enzymes are
metalloproteinases, aspartic proteases, cysteine proteases, and threonine proteases.

KLK Activome The term “KLK activome” describes the activation of pro-KLKs,
(inactive zymogens) by other mature KLKs.

A Cancer Biomarker A cancer biomarker can be a biological molecule (e.g.,
DNA, mRNA, miRNA, protein) or even a process (e.g., apoptosis) that are
either produced by cancer cells or by the body as a response to the presence
of the tumor. An ideal molecular marker should be cancer specific, easily and
reliably measured, and able to provide diagnostic, prognostic, and predictive
information.

Types of biomarkers: (a) screening biomarkers can detect and identify a
certain type of cancer in asymptomatic population. (b) Prognostic markers are
used to evaluate the course of disease and patients’ outcome and therefore provide
valuable information for disease surveillance. (c) A predictive marker can be used
to segregate patients according to their ability to respond to a certain anticancer
treatment and thereby guides treatment choice.

Specificity and Sensitivity The terms specificity and sensitivity are used to
describe the accuracy of a diagnostic test. Specificity describes the capacity of a
marker to correctly recognize healthy individuals [i.e., true-negative/(true-negative +
false-positive)]. Sensitivity refers to the ability of a marker to identify patients
[i.e., true-positive/(true-positive + false-negative)].

Total PSA (tPSA) In blood circulation, PSA/KLK3 occurs in two forms:
complexed with endogenous protease inhibitors (~80 %) and free PSA/KLK3
(~5-40 %). The ratio of fPSA to tPSA improves the diagnostic specificity of
PSA/KLK3 testing.

DNA Methylation DNA methylation is a common epigenetic event that refers to
the addition of a methyl group at 5’ position of the cytosine ring within CpG
dinucleotides. In cancer, aberrant DNA hypermethylation is involved in transcrip-
tional silencing of tumor suppressor genes.

Multiparametric In multiparametric panels, cancer-related molecules, including
KLKs, are combined in order to achieve superior sensitivity and specificity com-
pared to each biomarker alone.

IGFs IGFs are mitogenic peptides that regulate cell proliferation, differentiation,
and apoptosis, by their attachment to the transmembrane receptor (IGFR).
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The bioavailability of IGFs and their interaction with the corresponding receptor is
regulated by a family of six IGF-binding proteins (IGFBPs).

Proteinase-Activated Receptors (PAR1-4) Proteinase-activated receptors
(PAR1-4) are members of the G-protein-coupled receptor superfamily, and through
signaling, they can regulate several processes such as inflammation and cell
proliferation.

Extracellular Matrix (ECM) The extracellular matrix (ECM) is composed by a
well-organized network of macromolecules and is a physical barrier against cell
migration. In terms of cancer, abnormal ECM degradation contributes in tumor
progression, angiogenesis, and metastasis.

Epithelial-to-Mesenchymal Transition (EMT) Epithelial-to-mesenchymal tran-
sition (EMT) confers morphological changes in cancer cells toward a mesenchymal
phenotype, loss of cell polarity, and detachment from the basement membrane,
inducing in this way the migratory capacity and invasiveness of tumor cells.

Introduction

The human tissue kallikrein (KLK/) and kallikrein-related peptidase (KLK2-15)
genes encode for a subfamily of 15 homologous, secreted trypsin- and
chymotrypsin-like serine endopeptidases, which belong to the S1 protease family
of clan PA. All 15 KLK genes are tightly and uninterruptedly clustered on human
chromosomal region 19q13.3-19q13.4, forming the largest contiguous family of
protease genes. Notably, KLK family members share multiple common structural
and functional features, at the gene and protein levels (Yousef et al. 2000, 2005).
For instance, all KLKs are subjected to alternative splicing, and multiple mRNA
transcript variants for the same gene have been detected so far. The expression of
KLK genes is controlled by steroid hormones such as androgens and estrogens.
Additionally, KLKs encode for single-chain pre-proenzymes, which are activated
by sequential proteolytic cleavage by KLKs (“KLK activome”) or other proteases
(Lawrence et al. 2010; Paliouras and Diamandis 2006; Sotiropoulou et al. 2009).
KLKs are predominantly expressed by glandular epithelial cells of the prostate,
breast, skin, salivary glands, brain, colon, and pancreas and are subsequently
secreted directly into biofluids such as serum, seminal plasma, and cerebrospinal
fluid. Several members of the KLK family are often co-expressed within a specific
tissue, a fact that militates in favor of their functional collaboration and/or partic-
ipation in proteolytic cascades (Shaw and Diamandis 2007; Sotiropoulou
et al. 2009). The normal functional properties of KLKs are extremely broad and
include, among others, blood pressure control (e.g., KLK1), skin desquamation
(e.g., KLKS, KLK7, KLK14), semen liquefaction (e.g., PSA/KLK3), regulation of
neural plasticity (e.g., KLK6, KLKS), innate immunity (e.g., KLKS5, KLK7), and
inflammatory responses (e.g., KLK14) (Fig. 1a) (Emami and Diamandis 2007;
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a Role of KLKs in physiological processes b Role of KLKs in non-malignant diseases
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Fig. 1 The diverse roles of KLKs in multiple physiological processes and pathological
conditions. (a) KLKs participate in skin desquamation through cleavage of adhesive proteins of
the extracellular part of corneodesmosomes at the epidermis surface. This procedure is mediated
by LEKT1-KLK interaction which is regulated by pH gradient through the epidermis. In brain
physiology, both KLK8 and KLK6 regulate neurite outgrowth by cleavage of distinct ECM
molecules. KLKG6 is also involved in de- and remyelination processes of neurite axons. In innate
immunity, KLKs have major functions, through the generation of antimicrobial peptides and in
inflammatory responses via activation of PAR-signaling pathways. (b) In Netherton syndrome,
mutations of the SPINK5 gene which result in LEKT1 deficiency and thus in excessive KLK
proteolytic activity in stratum corneum. Increased KLK6 expression and activation contributes in
demyelination events in multiple sclerosis. KLK activation of PAR-signaling pathways plays a
prominent role in diverse inflammatory disorders in the CNS and skin. SPINKS5 serine peptidase
inhibitor Kazal-type 5, LEKTI lymphoepithelial Kazal-type-related inhibitor, PARs proteinase-
activated receptors

Oikonomopoulou et al. 2010; Sotiropoulou et al. 2009; Pampalakis and
Sotiropoulou 2007). It is currently apparent that the regulation of KLK gene
expression, as well as synthesis, secretion, and activity, requires a robust and
fine-tuned control system of many levels, including transcriptional (e.g., steroid
hormones, epigenetic modifications), posttranscriptional (e.g., miRNAs), and post-
translational (e.g., internal auto-fragmentation) modifications (Emami and
Diamandis 2007; Lawrence et al. 2010; Yousef 2008).

Nonetheless, a variety of abnormalities in KLK regulation machinery are
documented to be strongly linked with disease development, including cancer.



6 Kallikreins as Biomarkers in Human Malignancies 141

Indeed, abnormal KLK-mediated activities facilitate several hallmarks of cancer,
such as tumor cell growth, angiogenesis, invasion, and metastasis (Avgeris
et al. 2012; Borgono and Diamandis 2004; Borgono et al. 2004; Pampalakis and
Sotiropoulou 2007). In particular, several KLKs are involved in early events of
neoplastic progression by regulating tumor cell proliferation, mainly through
cleavage of IGF-binding proteins (IGFBPs) and/or via proteolytic activation of
proteinase-activated receptors (PARs). Several data indicate that KLLKs are able to
provoke invasion and angiogenesis directly through cleavage of extracellular
matrix (ECM) proteins, e.g., fibronectin, laminin, collagens, and proteoglycans,
and/or indirectly via activation of signaling pathways that involve matrix
metalloproteinases (MMPs), urokinase-type plasminogen activator and its receptor
(uPA-uPAR), plasminogen, and kinin (Fig. 2). KLKs also induce epithelial-to-
mesenchymal transition (EMT)-like changes in cancer cells enhancing in this
way their migratory capacity. Finally, the role of KLKs in the establishment of
metastatic tumors has been documented, in particular regarding bone metastasis of
prostate cancer cells. Contrariwise, KLKs may exhibit inhibitory effects during
carcinogenesis, depending upon cancer type and tumor microenvironment. For
instance, PSA/KLK3 activity upon several ECM proteins can lead into generation
of products with antiangiogenic properties (Avgeris et al. 2012; Blaber et al. 2010;
Borgono and Diamandis 2004; Emami and Diamandis 2007; Mavridis et al. 2014;
Kryza et al. 2013).

KLK Family: A Rich Source of Cancer Biomarkers

An emerging field of contemporary cancer research is the identification of novel
biomarkers. The exploitation of reliable tumor markers, alone or in combinational
panels with other biomarkers in clinical practice, will facilitate early diagnosis,
effective prognosis, and treatment management of cancer patients.

There are many good reasons to search for such cancer biomarkers in the KLK
family. Firstly, PSA/KLK3 is an already established tumor marker, extensively
used in prostate cancer screening, prognosis, and treatment monitoring. Secondly,
the vast majority of human malignancies display aberrant KLK gene expression, as
well as KLK synthesis, secretion, and/or activity, which is often associated with
patients’ prognosis. In addition, the fact that KLKs are secreted molecules makes
them ideal biomarker candidates since they can be easily detected in serum and
other bodily fluids. Not surprisingly, KLKs have been suggested as potential tumor
markers for at least one type of malignancy (Avgeris et al. 2010; Borgono
et al. 2004; Emami and Diamandis 2008; Kontos and Scorilas 2012; Mavridis
and Scorilas 2010).

Among the vast number of studies that highlight the diagnostic, prognostic, and
predictive value of KLKs, we have made an effort to summarize the most
prominent results regarding the role of this family in several human malignancies
(Fig. 3).
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Fig. 2 KLK implication in cancer initiation and progression. KLKs are involved in: (a) tumor
cell proliferation by proteolytic cleavage of IGFBPs and sequential release of IGFs as well as via
activation of PAR-signaling pathways and (b) invasive tumor growth through direct and/or
indirect ECM degradation. In the latter, KLKs are able to cleave pro-uPA to liberate uPA that
binds to its receptor uPAR, resulting in plasmin formation from plasminogen. Plasmin activates
MMP proteolytic pathways and both participate in cleavage of ECM components. (¢) Angiogen-
esis through degradation of many ECM proteins and activation of growth factors (e.g., VEGF-A).
In addition, KLK1 releases active kinin peptides with angiogenic role, whereas plasminogen
fragmentation by KLK3, KLK6, and KLK13 produces angiostatin-like peptides that act as
inhibitors of angiogenesis. IGFBPs insulin-like growth factor-binding proteins, /GF's insulin-like
growth factors, PARs proteinase-activated receptors, ECM extracellular matrix, MMPs matrix
metalloproteinases, uPA-uPAR urokinase-type plasminogen activator and its receptor, VEGF-A
vascular endothelial growth factor, PDGF-B platelet-derived growth factor B

Prostate Cancer

Prostate cancer (CaP) is the second most frequently diagnosed cancer in the male
population globally (Jemal et al. 2011). The principal clinical aim is the detection of
this disease at an early curable stage. Undoubtedly, PSA/KLK3 testing has drasti-
cally improved the detection and management of patients with prostatic carcinomas
and until to date, is the most broadly used cancer biomarker (Lilja et al. 2008;
Ulmert et al. 2009).
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Prostate-Specific Antigen (PSA/KLK3): A Long-Used yet Disputed
Biomarker for CaP Screening and Diagnosis

The prostate-specific antigen (PSA), encoded by the KLK3 gene, is the most
abundant KLK expressed in the prostate gland. Despite the fact that PSA/KLK3
levels are higher in normal compared to neoplastic prostate tissues (Magklara
et al. 2000), the cancer-related perturbation of prostate tissue architecture enables
its leakage into circulation, resulting in increased amounts of PSA/KLK3 in the
blood of CaP patients (Lilja et al. 2008). In 1994, the Food and Drug Administration
(FDA) approved serum PSA/KLK3 testing for asymptomatic male population
screening, and since then, it has been established as a valuable tool for CaP
detection at a preclinical stage. PSA/KLK3 serum concentrations usually increase
5-10 years before other CaP-related clinical symptoms appear, enabling physicians
to detect slow-growing and not palpable tumors that might otherwise have escaped
diagnosis (Stenman et al. 2005).

Nonetheless, the use of PSA/KLK3 test for screening remains debatable. The
foremost limitations of its use are its relatively low diagnostic specificity and its
inability to distinguish indolent from aggressive prostate tumors. PSA/KLK3 serum
levels increase during other noncancerous prostate disease conditions, including
benign prostate hyperplasia (BPH), and are significantly influenced by many
factors such as patients’ age. These variations may lead into false-positive results,
which in turn increase the risk for unnecessary biopsies. In order to improve
PSA/KLK3 diagnostic accuracy, several approaches have been introduced,
such as the measurement of free PSA (fPSA), PSA velocity (rate of PSA increase),
and PSA density (incorporating prostate volume). The ratio of fPSA to total PSA
(tPSA), generally expressed as “%fPSA,” is lower in CaP patients compared to
those with BPH. Therefore, %fPSA adds significant information and improves
tPSA diagnostic specificity for men with elevated serum PSA/KLK3, especially
for those who fall within the so-called tPSA gray zone (2.5-10 ng/ml) (Avgeris
et al. 2012; Lilja et al. 2008; Mavridis and Scorilas 2010; Ulmert et al. 2009).

PSA/KLK3: Applications in CaP Patients’ Treatment Monitoring

and Prediction of Clinical Outcome

Initially, PSA/KLK3 serum concentration measurement has been approved by the
FDA, for CaP patients’ treatment monitoring. Increased preoperative serum
PSA/KLK3 levels positively correlate with advanced clinical stages of disease
and high risk of recurrence after radical prostatectomy (Lilja et al. 2008).
Posttreatment PSA/KLK3 serum levels constitute an exceptional marker for the
effectiveness of the therapy given, either local or systemic. In this way, the
clinicians become aware early of any residual tumors, before other clinical mani-
festations of recurrence appear, resulting in early initiation of adjuvant treatment. In
particular, postoperatively, PSA/KLK3 serum concentration rapidly decreases to
reach undetectable levels. As a result, any subsequent increase above a certain
level, known as biochemical recurrence, is the first sign of treatment failure. After
radiation therapy, PSA levels decrease progressively, and lower nadir PSA levels
and a longer time to reach it are both favorable predictors of disease-free survival.
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In patients treated with androgen deprivation therapy, the percentage of PSA/KLK3
decrease and the time needed to reach PSA nadir are significant predictors of
patients’ outcome. Posttreatment increase of PSA/KLK3 nadir levels indicates
poor patient clinical outcome due to progression of hormonally resistant disease.
Finally, PSA/KLK3 changes are useful for the evaluation of the effectiveness of
chemotherapy in patients with metastatic CaP. However, a decline of PSA/KLK3
serum concentration may not always reflect clinical benefit for patients, since
several drug-based treatments may influence PSA/KLK3 levels (Avgeris
et al. 2012; Lilja et al. 2008; Shariat et al. 2011; Stephan et al. 2007).

Emerging Biomarkers in Prostate Cancer from the Kallikrein
Family: Can They Follow and/or Enrich the Success of PSA/KLK3?

Diagnostic Significance

In addition to PSA/KLK3, both KLK2 and KLK11 have been proposed as prospec-
tive diagnostic biomarkers in CaP. In fact, KLK?2 has attracted researchers’ atten-
tion, mainly because of its high expression in CaP and its significant sequence
similarity to PSA/KLK3. Several reports have documented that when used in
conjunction with PSA/KLK3, KLK?2 could enhance diagnostic specificity for CaP
detection. The ratio of KLK?2 to fPSA serum levels exhibits high specificity and
effectively discerns CaP cases among individuals with tPSA serum levels within the
PSA gray zone. Recently, a four-kallikrein panel consisting of KLLK2 and distinct
molecular forms of PSA (tPSA, fPSA, and intact PSA) has been shown to be a
powerful predictor of prostate biopsy results, in men with elevated PSA/KLK3
serum levels. The application of this panel could result in significant reduction of
CaP overdiagnosis, thereby decreasing the number of unnecessary biopsies (Carls-
son et al. 2013; Emami and Diamandis 2008; Mavridis and Scorilas 2010; Romero
Otero et al. 2014; Shariat et al. 2011).

Regarding KLK11, clinical research studies suggest that the KLK11/tPSA ratio
is decreased in men with CaP, compared to those with BPH. In addition, the
assessment of the KLK11/tPSA ratio in combination with %fPSA can also be
useful in the diagnosis of CaP (Table 1), and thus, rational clinical decisions
could be made in order to prevent unneeded biopsies (Mavridis and Scorilas
2010; Nakamura et al. 2003; Stephan et al. 2007). At the tissue level, KLK4 and
KLKI15 mRNA expression is upregulated in CaP compared to BPH specimens, a
fact that unravels their diagnostic potential (Avgeris et al. 2012; Romero Otero
et al. 2014).

Prostate Cancer Prognosis and Patients’ Treatment Monitoring

KLK?2 serum levels and KLK4, KLK5, KLK11, KLK14, and KLK15 tissue expres-
sion have been demonstrated to possess prognostic and/or predictive value for CaP
(Avgeris et al. 2010; Dorn et al. 2013). Specifically, increased KLK2 serum levels
combined with low % fPSA are associated with an adverse clinical outcome and are
predictors of biochemical relapse in treated CaP patients (Mavridis and Scorilas
2010). Moreover, increased KLK4 and KLK14 mRNA levels indicate unfavorable
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outcome, since they are associated with several established clinicopathological
parameters of poor prognosis in CaP, such as advanced stage and high Gleason
score. Additionally, elevated KLK 14 tissue expression is associated with high risk
of relapse and disease progression in patients treated with radical prostatectomy,
and KLK 14 protein expression was found to be an independent prognostic factor in
CaP (Avgeris et al. 2012; Rabien et al. 2008). Increased KLK 15 protein expression
levels are associated with poor patients’ outcome, and similarly, KLKIS5
overexpression is associated with more aggressive features of prostate tumors
(Avgeris et al. 2010). Furthermore, according to a recent study, high KLKI5
classical variant expression levels can independently predict an increased risk of
biochemical relapse in CaP patients (Mavridis et al. 2013). On the other hand,
higher KLK5 and KLK11 expression levels are found in less aggressive CaP and
thus are both considered as prognostic markers of favorable patients’ outcome
(Dorn et al. 2013).

Ovarian Cancer

Ovarian cancer (OC) is the most lethal of all common gynecologic neoplasms
worldwide. This is mostly owing to the absence of early detectable symptoms
and the lack of highly sensitive and effective screening and diagnostic methods
for this malignancy. Apart from that, the drug-resistant nature of OC hampers the
effectiveness of the available therapeutic strategies, enhancing disease lethality.
Unfortunately, serum cancer antigen 125 (CA125) measurements in combination
with imaging methods are deemed insufficient for optimal patients’ management,
making the identification of novel and more reliable blood-borne or tissue-based
tumor markers mandatory (Dorn et al. 2012, 2013).

KLK6, KLK10, and Other KLK Family Members as Promising Markers
in Ovarian Cancer Diagnosis
The expression profiles of a vast majority of KLK family members are abnormally
altered in OC. In fact, several KLKs (KLK3-KLKI1, KLKI13—-KLK15) are found to
be overexpressed in OC tissues, compared to noncancerous controls. At the protein
level, KLK3-11, KLK13, and KLLK14 are demonstrated to be increased in cancer-
ous versus normal ovarian tissues or other nonmalignant conditions (Schmitt
et al. 2013). More importantly, the levels of KLK5-8, KLK10, KLK11, KLK13,
and KLK14 are augmented in pleural effusion or ascites fluids of women with OC,
in comparison to patients with benign ovarian conditions, and KLK6-8 and KLK10
exhibit significant combinatorial diagnostic value. The above findings underline the
role of several KLKs as valuable biomarkers for OC diagnosis (Shih Ie et al. 2007).
Among the aforementioned family members, KLK6 and KLK10 exhibit the
most promising competence as serum biomarkers for OC diagnosis at an early
stage. Increased KLK6 and KLK10 levels are found in serum of OC patients
compared to healthy women. As far as KLK6 is concerned, KLK6 overexpression
appears to be an early event in neoplastic transformation in OC, highlighting its
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diagnostic value. Moreover, the combination of KLK6 serum measurements with
CA125 testing improves the sensitivity (21 % increase at 90 % specificity) and
enhances the diagnostic potential of CA125 (Diamandis et al. 2003; Rosen
et al. 2005). The assessment of KLK6, CAI25, and KLKI3 gene expression in a
combinational panel exhibits enhanced diagnostic sensitivity compared to the
determination of serum CA125 alone (White et al. 2009). In addition, the unique
KLK6 N-glycosylation pattern, identified in ascites fluid of patients with OC,
strengthens the diagnostic value of KLK6 for this malignancy (Kuzmanov
et al. 2009).

Similar results have been reported for KLK 10, underscoring its potential use as a
novel serological diagnostic biomarker of OC. KLK10 serum measurements can
successfully improve the diagnostic sensitivity of CA125 in OC. Interestingly,
KLK10 exhibits the highest diagnostic specificity compared to KLK6 and/or
CA125. Increased KLK10 serum levels are also found in a number of patients
that lack CA125 expression. This observation prompted the use of KLK10 (along
with KLK6) in a combinational panel with other serological biomarkers, in order to
improve diagnosis of those OC patients with no or low CA125 expression (Avgeris
et al. 2012; Dorn et al. 2012; Kontos and Scorilas 2012).

KLKS can represent a promising marker for differential diagnosis, since KLKS5
concentration is significantly higher in serum samples from OC patients, relatively
to those with nonmalignant or borderline ovarian tumors. A similar upward expres-
sion trend for KLK5 was observed in ascites fluids of OC patients compared to
those harboring benign lesions or other cancer types (Avgeris et al. 2012; Dorn
et al. 2013).

KLKs with Potential Prognostic and/or Predictive Value
in Ovarian Cancer
A number of studies suggest that KLK 4-7, KLK10, and KLK15 are indicators of
poor prognosis in OC patients, whereas KLKS-9 and KLK 14 can effectively predict
a favorable disease outcome. Particularly, KLK4 and KLK15 mRNA expression and
KLKS5 and KLK7 mRNA and protein levels are independent markers of unfavorable
prognosis in OC, since their expression positively correlates with advanced-stage
and higher-grade tumors as well as with limited DFS and OS. Interestingly, the
expression of alternative splice variants of both KLK5 and KLK7 is related to
aggressive phenotypes of the disease, suggesting the need for further evaluation
of their prognostic potential in OC (Dong et al. 2003). According to a recent study,
increased KLKS5 serum and ascites fluid levels are associated with shorter
progression-free survival and thus poor patients’ outcome (Dorn et al. 2011b).
KLK6 and KLK10 are the two of the most extensively studied members of the
KLK family in OC, which apart from their significant diagnostic potential, exhibit
substantial prognostic capabilities. Elevated KLK6 protein expression in OC
tumors was associated with aggressive disease phenotype as well as with limited
progression-free survival and OS periods. In addition, increased KLK6 serum
concentration correlates with late-stage tumors and along with CA125 are strong
predictors of short survival intervals of the patients. Similarly, KLK10 protein
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expression in tissues and serum samples obtained from patients with OC is associ-
ated with advanced stage, inadequate patients’ response to chemotherapy, and
adverse outcome (in terms of shorter DFS and OS). Besides, KLK6 and KLKI3
mRNA levels can predict disease recurrence in epithelial OC (Avgeris et al. 2012).

As opposed to the KLKs discussed above, KLK8, KLK9, and KLK 4 are markers
of favorable prognosis, as the increased transcription of these genes is associated
with less aggressive disease phenotypes, minimal residual tumor volume, and better
DFS and OS. In addition, KLK/4 mRNA levels are negatively correlated with
preoperative CA125 serum levels, reinforcing its value as a marker of favorable
prognosis (Kontos and Scorilas 2012). KLKS8 expression has been studied in OC
tissues, as well as in cytosolic extracts, effusion specimens, and the serum, leading
in opposite results. Specifically, KLKS8 expression in OC tissues is associated with
unfavorable disease outcome, whereas its protein concentration in cytosolic
extracts, effusion specimens, and the serum was found to be a predictor of favorable
prognosis (Avgeris et al. 2012). Recent data report that expression differences of
KLKS8, KLK5-7, KLK10-11, KLK13, and uPA and its inhibitor, between primary
and metastatic tumors, are significantly associated with disease progression and OC
patients’ outcome (Dorn et al. 201 1a). Finally, elevated KLK/1 and KLK13 mRNA
levels in OC tissues are indicative of aggressive disease, whereas increased KLK11
and KLK13 protein concentrations are favorable markers in terms of DFS and OS
(Dorn et al. 2013).

Apart from their prognostic value, many members of the KLK family have been
evaluated for their potential use as novel predictive tumor markers in OC. For
instance, KLLK4 gene and protein expression can distinguish paclitaxel-resistant
patients from the responder ones. Furthermore, measurement of KLKS, KLK7, and
CAI125 serum concentrations at baseline or after first chemotherapy cycle can
effectively predict response to carboplatin and/or paclitaxel, whereas KLK7 protein
overexpression in OC tissues is associated with resistance to carboplatin and/or
paclitaxel. High KLLK6 protein content in serum is indicative of reduced response to
platinum-based therapy. KLLK6, in conjunction with KLK8 and KLK13 protein
levels, cancer stage, and debulking status, can assist in recognizing OC patients
who will potentially benefit of platinum-based antineoplastic drugs. Moreover, the
comparison of pre- and posttreatment KLK6 serum levels revealed a significant
decline in KLK6 expression after tumor surgical removal. This observation is of
particular interest, since KLK6 serum levels in combination with CA125 can be
exploited not only for diagnostic purposes but for patients’ treatment monitoring as
well. Furthermore, KLK8 seems to be a promising predictive biomarker in a
proportion of OC patients with low or absent CA125 levels. Finally, higher
KLK11 and KLK13 protein levels and KLK/4 mRNA expression, in OC tissues,
are associated with better response to chemotherapy, whereas an increase of
KLK10 concentration in sera reflects platinum-based therapy resistance (Dorn
et al. 2012).

Currently, intensive research efforts focus on the design of multiparametric
models for identifying panels of biomarkers with greater diagnostic, prognostic,
and predictive potential (Table 1). Plenty of KLKs have been incorporated in
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biomarker panels along with other cancer-related molecules such as regenerating
islet-derived family, member 4 (REG4), V-set domain-containing T-cell activation
inhibitor 1 (VTCNI, also known as B7-H4), spondin 2, and CA125, with very
promising results. For example, a panel which includes KLK7, KLK10, VTCNI,
and spondin 2 constitutes a predictor of posttreatment patients’ survival. Addition-
ally, baseline values of KLK5-7, along with VTCN1, can predict patients’ response
to chemotherapy. Finally, assessment of CA125, KLK7, KLKS, and spondin
2 revealed their combinatorial prognostic value (Oikonomopoulou et al. 2008b).

Breast Cancer

Breast cancer (BC) is the most frequently diagnosed neoplasm and the leading
cause of cancer-related deaths in the female population worldwide. BC is an
extremely heterogeneous disease entity and remains until now a significant scien-
tific and clinical challenge in terms of disease management (Jemal et al. 2011). The
successful identification and use of BC-specific biomarkers is essential for diagno-
sis, prognosis, and treatment monitoring of patients.

KLKs with Diagnostic Significance for Breast Cancer

Several KLKs exhibit aberrant expression patterns in BC, and the majority of KLKs
are reported to be downregulated in BC, at mRNA and/or protein levels, compared
to noncancerous breast tissues. On the contrary, KLK4 and KLK15 mRNA expres-
sion levels appear to be elevated in BC specimens compared to benign or normal
ones (Schmitt et al. 2013). KLKS, KLK10, and KLK14 have been reported to
possess diagnostic value for BC. More precisely, serum KLK5, KLK10, and
KLK14 protein levels appear to be elevated in subset of patients with BC, compared
to healthy individuals (Avgeris et al. 2012). Recently, the quantification of KLKS
mRNA levels in breast tumors revealed its potential application in differential
diagnosis between BC and benign breast diseases (Avgeris et al. 2011). Further-
more, PSA/KLK3 may also have diagnostic application in BC, since fPSA is
accumulated in higher concentrations in the serum of BC, compared to healthy
women. However, its low diagnostic sensitivity is the major difficulty for its use in
BC diagnosis (Black and Diamandis 2000; Black et al. 2000).

Prognosis and Treatment Monitoring

Emerging evidence highlights the promising prognostic capabilities of KLK family
members in BC. Firstly, the increased mRNA expression of KLK4, KLK5, KLK7,
KLKI0, KLKI12, and KLKI4, is correlated with unfavorable clinical outcome for
BC patients (Kontos and Scorilas 2012). In particular, KLK4 overexpression seems
to be associated with advanced-stage and high-grade tumors, and thus, KLK4 may
be regarded as a potential marker of poor prognosis in BC. KLKS5 and KLK7 are
both downregulated in BC; however, high KLK5 or KLK7 expression levels are
significantly associated with shorter DFS and OS periods, pointing to their value as
biomarkers of unfavorable prognosis in BC (Avgeris et al. 2012). Regarding
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KLK]10, this member of the family has been thoroughly studied in BC and is
considered to function as a tumor suppressor gene. More specifically, expression
analysis of KLKI/0 by an in situ hybridization assay demonstrated the tumor-
specific loss of KLK10 expression during BC progression, which in the preponder-
ance of breast carcinomas is attributed to the hypermethylation of the third exon of
the gene. On the basis of these findings, a different study explored and uncovered
the prognostic value of KLK/0 methylation status in BC patients, as it was found to
be associated with limited DFS and OS survival periods (Kioulafa et al. 2009).
Additionally, high KLKI10 tissue protein levels are associated with shorter
progression-free survival after the start of tamoxifen-based treatment and therefore,
constitute important predictors of patients’ response to treatment (Luo et al. 2002).
KLKI?2 transcript variant expression levels are correlated with an adverse BC
patient outcome in terms of shorter DFS and OS. KLKI4 positivity was more
frequently found in advanced-stage mammary gland tumors and in patients with
decreased DFS and OS periods. The observation that higher KLK14 protein
expression is associated with dedifferentiated tumors and positive nodal status
strengthens its value as a biomarker of adverse prognosis in BC (Mavridis and
Scorilas 2010; Obiezu and Diamandis 2005).

On the other hand, several other KLKs such as PSA/KLK3, KLK9, KLKI3, and
KLKIS5 may hold clinical value as biomarkers of favorable prognosis for BC
patients’ outcome. PSA/KLK3 may be a valuable biomarker for BC, by the virtue
of its potential to indicate patients’ outcome and response to treatment. Several
studies measuring PSA/KLK3 levels in BC tissue extracts provide evidence that
PSA/KLK3 expression levels correlate with less aggressive tumors and with sig-
nificantly lower risk for relapse and death compared to patients with PSA/KLK3-
negative ones. Another important finding is that PSA/KLK3 levels are lower in
NAF obtained from patients with large-size and advanced-stage breast tumors plus
in patients with metastasis (Sauter et al. 2004). PSA/KLK3 may serve as an
important predictor of patients’ response to endocrine therapy, since increased
PSA/KLKS3 tissue levels in patients with recurrent disease are related to inadequate
clinical response to tamoxifen. Similarly, increased KLK 10 levels are significantly
associated with poor response to tamoxifen, and therefore, KLK10 along with
PSA/KLK3 can be taken into consideration for the selection of those patients
who will benefit from the antiestrogen treatment. Finally, mRNA expression ana-
lyses of KLK9, KLK13, and KLK15 in BC, using quantitative real-time PCR, have
revealed their capabilities as independent biomarkers of favorable prognosis, since
they are associated with superior DFS and OS intervals of BC patients (Avgeris
et al. 2012; Luo et al. 2002).

Endometrial and Cervical Cancer
Carcinomas of the uterine cervix and corpus are significant causes of mortality,

with high prevalence, especially in developing countries. Despite the widespread
use of the Pap smear test and improvements in early diagnosis, many unmet clinical



152 K. Michaelidou et al.

needs still persist for the management of these patients, and alternative approaches
of cytology screening are required, particularly in developing countries (Jemal
et al. 2011).

KLKs with Potential Clinical Utility in Endometrial Carcinomas

KLK4, KLK6, KLKS, and KLK10 are aberrantly expressed in endometrial cancer;
however, their potential clinical value has not been fully elucidated yet. In partic-
ular, the expression of KLLK4, as detected by immunohistochemistry (IHC), was
reported to be higher in cancerous compared to hyperplastic and/or normal endo-
metrial tissues. Likewise, increased KLK8 expression was more frequently found in
endometrial carcinomas, at both the mRNA and protein levels. Elevated KLKS8
protein expression was observed in early stage and low-grade tumors, indicating its
potential as biomarker of favorable prognosis in endometrial cancer. Patients
suffering from uterine papillary serous carcinoma (UPSC), a more aggressive
type of endometrial cancer, exhibit both upregulated KLK6 mRNA expression
and elevated KLK6 serum concentrations. Finally, KLK10 protein is also signifi-
cantly elevated in the serum of patients with UPSC (Dorn et al. 2013).

KLKs with Potential Clinical Utility in Cervical Cancer

In the case of cervical cancer (CC), only KLK?7 holds a significant value for patients
suffering from this type of malignancy. In fact, the IHC staining of KLK7 exhibits
an increasing trend with cervical disease severity, and thus, it could potentially be
used as a biomarker for the classification of different disease stages. Additionally, a
significant percentage of cervical adenocarcinomas were found with intense KLK7
IHC staining, suggesting that KLK7 could be a potential adjunct marker in Pap test
screening. Furthermore, KLLKS8 is highly expressed in CC, whereas its prognostic
relevance has not been demonstrated yet (Dorn et al. 2013).

Renal Cell Carcinoma and Urinary Bladder Cancer

Renal cell carcinoma (RCC) represents the most common type of kidney neo-
plasms, whereas bladder cancer exhibits high rates of tumor recurrence after
treatment (Jemal et al. 2011). Hence, the identification of novel biomarkers is
essential for improving patients’ prognosis and quality of life.

KLKs with Potential Clinical Utility in RCC and Bladder Cancer

In the view of the fact that until to date there are no clinically established diagnostic
markers for RCC triggered the study of several KLK family members, in order to
unravel their capabilities as biomarkers for this malignancy. In particular, the
expression of KLKS, KLK6, KLK10, and KLK11, as detected by IHC, is signifi-
cantly decreased in RCC compared to normal kidney tissues. The same study
showed that a higher percentage of more aggressive tumors expressed KLK6 and
KLK10, compared to less aggressive ones, while KLK6 and KLK 11 expression was
positively correlated with disease stage. Additionally, KLK6 expression was found
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to be a predictor of shorter DFS, supporting its value as prognosticator of unfavor-
able outcome (Petraki et al. 2006). According to a different study, KLK7 expression
may have a potential use in distinguishing between oncocytoma (benign) and
chromophobe RCC (malignant), which are histologically similar and difficult to
differentiate. KLK6 and KLK?7 exhibited strong IHC staining in low-grade tumors
compared to high-grade kidney ones, whereas KLK1 expression was found to be
increased in high-grade clear cell RCC (Gabril et al. 2010). Finally, KLKI, KLK3,
KLK6, and KLK7 mRNA expression is downregulated in RCC, compared to normal
kidney tissues, revealing a potential diagnostic utility for these KLKs (White
et al. 2010).

In the case of urinary bladder cancer, an increase in KLK5, KLK6, KLKS, and
KLK9 mRNA expression and KLK5, KLK6, KLK10, and KLK11 protein expres-
sion was observed in cancerous compared to normal bladder tissues. However, the
expression profiles of KLKs and their potential clinical applications have not been
fully elucidated yet in bladder cancer (Dorn et al. 2013).

Gastric and Colon Cancer

Gastric cancer (GC) represents one of the most lethal malignancies globally, mainly
due to the asymptomatic nature of the disease which leads to late-stage diagnosis.
Colorectal cancer (CRC) remains one of the three most frequently diagnosed
malignancies in both genders, despite the recent achievements in resection pro-
cedures and chemotherapy (Kontos et al. 2013). As a consequence, the identifica-
tion and establishment of novel biomarkers for GC and CRC is necessary for
optimal clinical management of these patients.

KLKs with Potential Clinical Utility in Gastric Cancer
Several recent findings suggest that certain KLK family members are capable of
providing prognostic information for patients suffering from GC. In particular,
KLK6 and KLKI0 mRNA as well as KLK6 and KLK12 protein expression is
associated with unfavorable prognosis, whereas KLK11 and KLK/3 seem to be
prognosticators of favorable patients’ outcome. KLK6 protein expression is an
independent prognostic indicator of tumor recurrence and decreased OS intervals
in GC patients. Elevated KLK6 serum levels have been observed in GC patients
compared to healthy controls, highlighting its potential use as a serological marker
for this malignancy. Moreover, increased KLK6 and KLK/0 mRNA expression is
positively correlated with lymphatic invasion and more advanced clinical stages. In
addition to this, the KLK6 mRNA expression status appears to be a significant
prognostic marker of shorter OS. Likewise, KLK12 is overexpressed in GC and is
associated with aggressive disease phenotypes and shorter OS periods (Kontos
et al. 2013).

On the other hand, KLK/] and KLKI3 possess a potential clinical value as
predictors of favorable GC patients’ outcome. KLKI11 is significantly
downregulated at both mRNA and protein levels in GC tissues and appears to be
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an independent marker of superior DFS and OS (Unal et al. 2013). Regarding
KLK13, is downregulated in GC tissues compared to their normal counterparts and
its expression is associated with less GC aggressive features and improved DFS and
OS (Kontos et al. 2013). Recent results revealed that KLK/3 expression is modu-
lated in cultivated GC cell lines, after their exposure to different antineoplastic
agents, suggesting that KLK /3 may be employed as a treatment-response predictor
for GC (Florou et al. 2012).

KLKs with Potential Clinical Utility in Colon Cancer

In the case of CRC, KLK4, KLK6, KLK7, KLKS8, KLK10, KLK11, KLK13, and
KLK15 are found to be overexpressed in cancerous tissue parts compared to
adjacent normal mucosa. Moreover, KLK5-7, KLK11, KLK13, and KLK14 pro-
tein content was associated with inferior OS, revealing their potential as markers of
unfavorable patients’ prognosis. In low rectal cancer, increased KLK11 expression
is associated with late-stage disease and shorter OS (Kontos et al. 2013). At mRNA
level, KLK4 is upregulated in advanced-stage and/or poorly differentiated tumors
and correlates with tumor size. KLK4 overexpression is an independent marker of
increased risk of relapse (Kontos et al. 2012). KLK6 and KLK/0 mRNA expression
is correlated with disease aggressiveness and limited survival intervals, supporting
their role as predictors of unfavorable outcome in CRC patients (Alexopoulou
et al. 2013; Ogawa et al. 2005). KLK7 and KLKI14 have not only prognostic but
also discriminatory value. Their prognostic potential stems from the fact that KLK7
and KLK14 mRNA expression is indicative of shorter DFS, while KLKI4 is also
associated with limited OS. Additionally, the significant increase in KLK7 and
KLKI4 transcripts in cancer tissues compared to adenoma specimens can be
exploited for the discrimination between these conditions (Kontos et al. 2013).

Other Types of Human Cancer

Although KLKs are long known for their biomarker capabilities in CaP, OC, and
BC, a steadily increasing number of studies suggest that members of the family are
of clinical value for other types of human cancer as well, such as those of the brain,
pancreas, head and neck, and blood. The research is still ongoing and is expected to
uncover the clinical relevance of KLKs in these malignancies in the near future.

Intracranial tumors: in brain malignancies, a promising prognostic value has
been suggested only for KLK6 and KLK7. A recent study demonstrated that KLK6
expression is more frequently found in histological types of high malignancy,
compared to low malignancy ones, and patients harboring KLK6-positive tumors
displayed shorter DFS and high risk for relapse (Talieri et al. 2012). Regarding
KILK7, its expression was found to be associated with shorter OS in patients and
with increased invasive potential in cultivated brain tumor cells, highlighting its
value in predicting adverse clinical outcome (Prezas et al. 2006).

Pancreatic cancer: co-expression of KLK6 and KLK10 in pancreatic ductal
adenocarcinoma is significantly associated with shorter OS intervals and
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unfavorable patient prognosis, suggesting a potential interaction between these two
KLKs that contributes to cancer progression. Additionally, KLLK7 constitutes an
indicator of unfavorable prognosis for patients with unresectable pancreatic ductal
adenocarcinoma, given that KLK7 positivity is significantly associated with
reduced OS intervals. Finally, three members of the family, namely, KLKO,
KLKS, and KLKI10, are upregulated in pancreatic cancer compared to normal
tissues, whereas KLK1 is downregulated at mRNA level, as revealed by an in silico
analysis (Avgeris et al. 2010; Kontos et al. 2013).

Head and neck cancers: KLK4, KLK7, and KLKI] seem to have diagnostic
and/or prognostic potential in head and neck cancers. In particular, IHC staining of
primary oral cancers revealed a strongest staining intensity for both KLK4 and
KLK?7 in poor differentiated tumors; the corresponding patients exhibited signifi-
cantly shorter OS. These observations suggest that these KLKs may be used as
markers of unfavorable prognosis in the disease. Regarding laryngeal squamous
cell carcinoma, KLK7! mRNA expression analysis could contribute to both differ-
ential diagnosis and disease prognosis. KLK/1 expression was significantly lower
in cancerous specimens compared to nonmalignant ones, while KLK/1 positivity
was related to prolonged OS intervals, disclosing its value as a biomarker of
favorable patients’ prognosis (Kontos and Scorilas 2012).

Lymphoblastic leukemia: in a manner similar to BC, a significant downregulation
of KLK10 mRNA expression via epigenetic mechanisms has been demonstrated in acute
lymphoblastic leukemia (ALL) patients as well. In particular, KLK10 gene silencing in
ALL occurs through hypermethylation of either the gene promoter, 5'-UTR, or the coding
region. Notably, the methylation status of the KLK10 gene provides important prognostic
information in ALL patients and is significantly associated with shorter DFS intervals and
inferior patients’ prognosis (Paliouras et al. 2007; Roman-Gomez et al. 2004).

Lung cancer: a serum-based panel of KLKs, namely, KLK4, KLKS8, and
KLK10-14, appears to have a relatively good accuracy for the differential diagnosis
of non-small cell lung cancer (NSCLC) from healthy individuals (Table 1). Fur-
thermore, the serum levels of KLLK5, KLLK7, KLKS8, KLK10, and KLK12 are
significantly decreased, whereas KLK11, KLK13, and KLK14 are increased in
NSCLC patients in relation to healthy individuals. KLK6, KLKS8, and KLKI?2
mRNA levels are upregulated in NSCLC tissues compared to nonmalignant coun-
terparts, whereas both KLK7 and KLK10 expression is significantly downregulated,
suggesting a possible clinical value for these KLKs in diagnosis (Planque
et al. 2008). In terms of prognostic significance, increased KLK8 mRNA and
protein expression is associated with longer DFS, and thus, KLK8 may constitute
a potential indicator of favorable patients’ outcome. On the other hand, elevated
protein and mRNA levels of KLK6 and KLKS type 4 splice variant appear to be
independent markers of poor disease outcome (Heuzé-Vourc’H and Courty 2012).
Similarly, KLK11I is upregulated in a subgroup of neuroendocrine tumors with
adverse outcome. A strong correlation has been reported for KLK11 and KLK12
with disease stage, while KLK5 and KLK10 overexpression is associated with lung
cancer histotype. Finally, KLK13 expression is an indicator of poor outcome as it is
related to lower OS probabilities (Mavridis and Scorilas 2010).
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Testicular cancer: According to preliminary data, KLK5, KLK10, KLKI3, and
KILK14 are downregulated at the mRNA level in TC compared to normal tissues.
Moreover, IHC staining of KLK10 protein in testicular tissues confirmed that
malignant germ cells lack KLK10 expression. Additionally, expression analysis
of KLKI3 transcript variants revealed that all alternative transcripts, except the
classical form, are restricted in normal testicular tissues compared to adjacent
tumors, suggesting their plausible use as biomarkers in TC. Finally, quantification
of KLK5 mRNA expression in TC tissues revealed that late-stage (II/III) tumors
exhibited significantly lower KLK5 expression compared to early stage ones,
suggesting a clinical value as a biomarker of favorable prognosis (Dorn
et al. 2013; Emami and Diamandis 2008; Paliouras et al. 2007).

KLK-Targeting MicroRNAs: A New Era in Cancer Research
Has Just Begun

The discovery of microRNAs (miRNAs), a class of small, noncoding RNA mole-
cules, has attracted great attention in scientific communities, while the observation
that miRNA expression is deregulated in human malignancies has opened up new
horizons in cancer research.

Accumulating evidence supports that miRNAs act as posttranscriptional regula-
tors of KLK gene expression (Pasic et al. 2012; Yousef 2008). Interestingly, a study
using a bioinformatics approach reported that 96 miRNAs are predicted to target
one or more KLKs (Chow et al. 2008). Several KLK-targeting miRNAs have been
experimentally validated. For instance, a more recent study demonstrated that
transfection of CaP cell lines, with miR-99a, miR-99b, or miR-100, resulted in
both decreased expression of PSA/KLK3 and significant inhibition of cancer cell
growth, suggesting a possible mechanism for regulating PSA/KLK3 in vivo (Sun
et al. 2011). Other experimentally validated miRNA regulators of KLK expression
include miR-224 for KLK1 and KLLK 10, let-7f for KLK6 and KLLK 10, miR-516a for
KLK10, miR-143 for KLK10, and miR-331-3p for KLK4 (Pasic et al. 2012; White
et al. 2012). Nonetheless, further understanding of the miRNA-KLK axis of inter-
action will provide new insights into the mechanisms that control KLK deregula-
tion in cancer and will ultimately lay the foundation for the development of novel
anticancer therapeutic strategies.

Single-Nucleotide Polymorphisms (SNPs) in the Human
KLK Locus

SNPs represent the most common type of sequence variation in the human genome,
and numerous SNPs have been identified within the KLK family locus until to date.
Interestingly, certain SNPs in KLK2, KLK3, and KLK15 are found to be associated
with an elevated risk for CaP, BC, or OC and thereby may represent valuable tools
for individualized risk stratification and treatment planning. In particular, an SNP
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located at exon 5 of KLK2 is found to be associated with CaP risk, whereas SNPs
located in KLK2 may also be useful in BC risk prediction. Additionally, certain
SNPs at KLK2, when used in combinatorial models with other clinicopathological
variables, can significantly improve the prediction of biochemical recurrence after
primary cancer treatment in CaP patients. Regarding KLK3, two SNPs located
within the gene and the KLK2-KLK3 intergenic region are strongly associated
with CaP patients’ survival; also, a functional SNP located at one of the androgen
response elements of KLK3 was found to be associated with increased serum PSA
levels. Finally, two individual SNPs at KLK3 and KLK15 are strongly related to
poorer OC patients’ survival (Batra et al. 2013; Kontos and Scorilas 2012; Mavridis
et al. 2012).

Methodologies and Analytical Techniques

So far, several techniques have been developed and employed for the detection and
quantification of KLK expression levels in different biological sources. In partic-
ular, real-time PCR (qPCR) is used for the quantification of KLK mRNA levels in
different tissues or conditions. ELISA immunoassays, radioimmunoassay (RIA),
and immunofluorescence-based methods are usually employed for evaluating KLK
expression in several biofluids such as serum, CFS, and ascites fluid, as well as in
tissue extracts. For instance, sandwich-type ELISA was employed in order to study
the protein levels of KLK5-8, KLK 10, and KLK11, as well as CA125, VTCNI1, and
spondin 2, in OC patients’ serum. Immunofluorometric methods are used for the
determination of tPSA and fPSA in serum samples of CaP and BPH patients. In
order to monitor the proportion of enzymatically active KLKSs, in biological fluids
or supernatants of cell cultures, a serine proteinase-targeted activity-based probe
(ABP) coupled to antibody capture assay can be employed. Interestingly, a recent
study developed and used this method in order to quantify the proportion of
enzymatically active KLK6 in ascites fluid and OC cancer cell culture supernatant.
The findings revealed that KLLK6 exists in these fluids, mainly in its inactive form.
Furthermore, IHC confirms the cellular and subcellular localization of the KLK
proteins, providing a clue about their potential function in various tissues (Kontos
and Scorilas 2012; Oikonomopoulou et al. 2008a; Paliouras and Diamandis 2006).

Potential Applications of KLK Family Members to Prognosis,
Nonmalignant Diseases, or Conditions

A considerable amount of studies have focused on the elucidation of the putative
roles of KLKs in a number of human diseases, apart from cancer, in order to unravel
their clinical value and therapeutic potential. Many experimental data implicate the
aberrations of KLK expression and proteolytic activity in the pathogenesis of
nonmalignant disease states in the central nervous system (CNS) and skin
(Fig. 1b). Notably, altered KLK levels are found in CNS lesions, serum, and/or
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cerebrospinal fluid (CSF) of patients with neurological disorders such as multiple
sclerosis (MS), Alzheimer’s disease (AD), and Parkinson’s disease (PD). In addi-
tion, KLKs play important roles in inflammatory skin diseases such as psoriasis,
Netherton syndrome, and atopic dermatitis. Finally, KLK1 is involved in hyper-
tension, inflammation, renal nephritis, and diabetic renal disease (Bayani and
Diamandis 2011; Emami and Diamandis 2007; Goettig et al. 2010; Sotiropoulou
and Pampalakis 2012).

KLKs and CNS Disorders

Several KLK family members are expressed and are essential in numerous physi-
ological and pathological processes in the human brain. Among the KLKs
expressed in CNS, KLK6 and KLKS8 are the two most widely studied members of
the family. The former appears to be involved in demyelination events and hence in
CNS diseases, in which the myelin sheath is damaged, such as MS. The expression
of numerous KLKs, including KLK6, is upregulated in activated immune cells, and
recently, it has been postulated that KLKs may contribute to neurodegenerative
disorders, through PAR activation which in turn triggers inflammation. KLK6 is
also implicated in AD through its amyloidogenic activity which results in accumu-
lation of amyloid plaques in patients’ brain, while it is also involved in a-synuclein
cleavage and thereby prevents its polymerization in Lewy bodies that represent a
typical characteristic of PD (Bayani and Diamandis 2011; Oikonomopoulou
et al. 2010; Scarisbrick et al. 2008; Sotiropoulou and Pampalakis 2012). Focusing
on KLKS, its expression is induced in CNS by injury processes and it is believed
that it regulates pathogenic procedures in the hippocampus/CNS (Sotiropoulou and
Pampalakis 2012).

Multiple sclerosis: MS is a common demyelinating disorder, in which KLKs
may have an important clinical value. In particular, increased KLK6 expression is
reported in CSF of MS patients with advanced disease compared to controls, as well
as in demyelinating MS lesions. A recent study revealed that KL.LK1 and KLK6
serum levels are significantly elevated in MS patients and are found to be associated
with secondary progressive disease, suggesting that these KLKs may serve as
serological markers for patients. Elevated KLK1 was also correlated with concur-
rent disability and KLK6 with future disease worsening (Bayani and Diamandis
2011; Scarisbrick et al. 2008).

Alzheimer’s and Parkinson’s disease: AD is a neurodegenerative disease and
the main cause of dementia in the elderly. KLK6 expression is significantly reduced
in AD plaques compared to controls. Similarly, decreased KLK6 expression levels
were found in serum as well as in CSF and brain extracts of AD patients over
controls. Ashby et al. determined KLLK6 protein and mRNA levels in patients
suffering from AD and vascular dementia and normal controls and found anoma-
lous expression in both diseases. The authors suggested that altered KLK6 expres-
sion may play a role in vascular abnormalities in these disorders. A different study
using plasma samples from AD patients and healthy individuals reported that KLK6
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levels decrease with age in AD. KLK6 plasmatic levels differed significantly
between AD, vascular dementia, and pseudodementia patients and the control
group and therefore may be useful for the discrimination of AD patients from
subjects without neurodegenerative dementia. Notably, measurement of KLK6
plasma concentration in patients with mild cognitive impairment can be a valuable
test to predict disease progression and the risk of developing AD and dementia with
vascular component (Ashby et al. 2010; Bayani and Diamandis 201 1). Furthermore,
KLK10 CSF concentration is significantly elevated, whereas KLK7 CFS levels are
lower in AD patients compared to controls. Lower levels of KLK7 in CSF were
associated with the possession of ApoE4 alleles, which in turn are associated with
risk of AD. Finally, an increase of KLKS mRNA expression was reported in
hippocampal tissues from AD patients compared to normal tissues. In the case of
PD, KLK6 expression is found to be decreased and is localized in Lewy bodies in
the brain (Bayani and Diamandis 2011; Diamandis et al. 2004).

KLKs in Skin Disorders

In skin physiology, KLKS, KLK7, and KLK 14 facilitate cell shedding at late stages
of epidermal turnover through cleavage of corneodesmosomal adhesive proteins
(DSG1, DSCI1, and CDSN). Additionally, several KLKs play a critical role in skin
permeability and antimicrobial defense. KLKS5 and KLK7 can cleave human
cathelicidin inactive protein CAP18 (which is implicated in innate immunity) into
the major mature and active peptide as well as into other smaller peptides, with
enhanced antimicrobial activity. Recent experimental data suggest the implication
of KLK-PAR axis in inflammation and itching phenotype of skin disorders (Fig. 1).
Briot et al. reported that KLKS activates PAR2, which in turn results to
upregulation of molecules which are crucial mediators of inflammation, suggesting
an activator role of KLK5-PAR?2 signaling cascade in innate immunity (Emami and
Diamandis 2007; Oikonomopoulou et al. 2010; Sotiropoulou and Pampalakis
2012).

Netherton syndrome: the crucial role of KLKs in skin homeostasis has
been mainly elucidated by studies of Netherton syndrome (NS), a rare autosomal
recessive disease caused by mutations in SPINKS (serine peptidase inhibitor,
Kazal-type 5), which encodes for the inhibitor LEKTI (lymphoepithelial
Kazal-type-related inhibitor). Recent data suggest a possible pH-dependent inhib-
itory effect of LEKTI on KLKS5, KLLK7, and KLK 14, which regulates cell shedding.
These data are confirmed by studies in knockout mouse models of SPINK5 where
the absence of LEKTI leads into excessive proteolytic activity of KLKS5, KLK7,
and KLK14 in the skin, resulting in the severe symptoms of NS. Apart from the
abovementioned mechanism, KLKs are involved in NS through proteolytic
cascades which include PARs and another subgroup of proteases known as
matriptases (Deperthes and Kiindig 2012; Sotiropoulou and Pampalakis 2012).

Atopic dermatitis: this skin disorder is a chronic inflammatory disease,
characterized by increased KLK expression in stratum corneum and serum.
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Patients suffering from atopic dermatitis share common symptoms with NS
individuals. The disturbance of LEKTI-KLK?7 interaction plays crucial role in
deregulated skin desquamation. Moreover, atopic dermatitis patients exhibit
upregulation of PAR2 and co-localization with members of the KLK family. An
insertion in 3'UTR of KLK7 has been associated with atopic dermatitis, while
KLKS8 expression is significantly elevated in serum samples from patients
(Deperthes and Kiindig 2012).

Psoriasis: patients with psoriasis demonstrate aberrant KLK expression in the
stratum corneum and serum. In particular, KLK6, KLK10, KLLK13, and KLK14 are
significantly elevated in the stratum corneum of psoriatic patients compared to
normal tissues. In untreated patients, KLK6, KLK8, KLK10, and KLK13 serum
levels are correlated with disease severity. After therapy, serum KLKS and KLK11
levels decrease, whereas those of KLK14 increase in patients with psoriasis.
Moreover, high KLLK8 levels were found in serum of patients with psoriatic disease,
as well as in skin lesions and synovial fluid of patients with psoriatic arthritis.
Additionally, serum KLKS levels were independently associated with cutaneous
psoriasis severity (Deperthes and Kiindig 2012; Eissa et al. 2013).

Conclusions

This chapter outlines the enormous potential of KLLKs as tissue and/or serological
biomarkers in early diagnosis, effective prognosis, and treatment monitoring of
cancer patients. The successful utilization of PSA/KLK3, along with the
deregulated expression patterns of KLKs, in malignant tissues and the circulatory
system of cancer patients, as well as the active involvement of KLKs in cancer
pathobiology, underline their clinical importance as biomarkers. Enhanced under-
standing of the molecular mechanisms that lead in deregulated expression of KLKs
in cancer, as well as the identification of KLK substrates and functional properties,
may ultimately contribute to the development of innovative therapeutic agents.
Finally, the designation of multiparametric KLK panels will provide new insights to
the improved prediction of patients’ clinical outcome and selection of the optimal
therapeutic strategy.

Summary Points

» Kallikreins are found to be involved in hallmark processes of cancer progression,
such as tumor cell proliferation, angiogenesis, invasion, and metastasis.

» KLK aberrant expression is a common event in human neoplasias and is often
associated with various clinicopathological parameters of cancer patients.

e The KLK family members have drawn much research attention, by the virtue of
their potential as cancer biomarkers, with KLKS5, KLK6, KLK7, KLK11, and
KLK14 being the most encouraging members concerning cancer patients’
prognosis.



6 Kallikreins as Biomarkers in Human Malignancies 161

¢ PSA/KLK3, which is the most well-known KLK family member, is currently
used in routine clinical practice, for prostate cancer screening, diagnosis, and
patients’ treatment monitoring, despite ongoing debates.

« In ovarian cancer, the assessment of KLK6 and KLK 10 serum levels holds great
promises in diagnosis, prognosis, and therapeutic stratification.

« KLKS5, KLK10, and KLK14 are regarded as plausible serum biomarkers for
breast cancer diagnosis and prediction of unfavorable disease outcome.

» KLKs expression has been studied and evaluated in terms of diagnostic and
prognostic significance in many other cancer types (e.g., gastrointestinal cancer,
lung cancer, bladder cancer, and lymphoblastic leukemia) with auspicious
results.

* A current trend in KLK-related research is the integration of KLKs in
multiparametric models with markers from other cancer-related families
resulting in the identification of combined panels with improved diagnostic,
prognostic, and/or predictive value.

« KLKs represent attractive molecular targets for the development of innovative
targeted strategies for cancer, skin diseases, and other human pathologies.
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Abstract

MAPI17 is a small 17 kDa membrane-associated protein present in a high
proportion of tumors, not only carcinoma. It has been found that it is not present
in adenoma and benign tumors and highly expressed in metastatic carcinoma.
Therefore, the expression correlates with tumor stage and malignant status of the
tumor. The expression is mainly driven at transcriptional level either by pro-
moter activation or demethylation. Expression of MAP17 in primary cells
triggers senescence through p38, but in already tumoral cells, it enhances the
tumoral capabilities of these cells increasing proliferation, migration, resistance
to apoptosis, etc. MAP17 expression increases the levels of oxidative species,
ROS, in cells which may account for some of the increased tumoral properties.
In turn, a further increase of ROS might switch the balance toward apoptosis.
Thus, MAP17 may increase the efficacy of therapies increasing ROS and
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therefore constitute a biomarker for better prognosis of these tumors. In cervix
tumors, currently treated with cisplatin and radiotherapy, the presence of
MAP17 is a marker for good response to therapy and good survival of the
patients. Therefore, MAP17 is not only a marker for stage and malignant status
but also of a better response to drugs involving oxidative stress.

Key Facts

» Biomarkers are necessary to couple the cancer patient to the most suitable
therapy.

« MAPI17 is an oncogene capable to enhance the tumorigenic capability of mel-
anoma, breast, and cervix tumor cells.

* MAPI17 is overexpressed in a large proportion in human carcinomas, and its
levels correlate with malignant status and advanced stages of tumors.

* MAPI17 increases reactive oxygen species, ROS, and these seem to be necessary
for the tumorigenic activity of MAP17.

e Study of cohorts of cervix tumors treated with cisplatin and radiotherapy indi-
cates that the expression of MAP17 correlates with better response to these
therapies.

Definitions of Words and Terms

Biomarker Marker of biological origin (DNA, RNA, protein, lipid, etc.) that helps
classify the patient for diagnosis, prognosis, or response to therapy. It is the basis of
personalized medicine since the markers will define the specific treatment that a
patient should receive.

MAP17 Membrane-associated protein of 17 kDa, also called DD96 and
PDZK11IP1

Tumoral phenotype Tumoral cells have an altered physiology that confers them
some tumoral properties, sustained growth, resistance to apoptosis, immortality,
ability to invade the surrounding tissue, etc., which differentiate them from
non-tumoral cells. These properties can be easily measured experimentally.

ROS Reactive oxygen species are chemical products of the metabolism involving
oxygen; they are highly reactive with other structures (DNA, proteins, etc.) pro-
viding chemical modifications.

Immunohistochemistry Technique commonly used to study a tumor sample.
Consists in the processing of the tumor sample to identify either the structure or
the expression of one specific protein. It is routinely used in hospitals for diagnosis.
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Diagnosis Identification of the nature and cause of illness

Prognosis Evaluation of the evolution of the illness to predict the possible
outcome

Predictive response to therapy Evaluate and predict the possible outcome of a
disease in the presence of one specific therapy.

Chemotherapy Therapy given through the use of chemical compounds, to differ-
entiate from surgery or radiotherapy, for example. In cancer, it is commonly used
for drugs acting no specifically on targets, such as cisplatin, taxanes, 5FU,
doxorubicin, etc.

Gene overexpression Genes are regulated inside the cells, and their levels are
determined. Naturally occurring or artificially induced high increase of the levels of
the gene in the cells is considered overexpression.

Introduction

Initial cancer treatments were based on medical experience. Empirically tested
drugs were applied to tumors grouped by location, clinical features, or size. As
the understanding of the disease was increasing, anatomopathological analysis and
fine clinical phenotype were included as the initial markers for tumor treatment
selection. Different treatments were given to different tumor types, and both were
evolving together along with the discovery of new drugs. Nowadays, more than
200 types of tumors with many more subtypes can be identified, many more
drugs either cytotoxic or targeted have been developed, and a treatment is given
to a patient according to a combination of clinical features, pathological analysis,
and molecular markers. However, this assignment is far from clear. From some
time is known the complexity of assigning an adequate treatment or to predict
the individual response to a specific one, even if it is the indicated to that type of
tumor.

There is a clear need to predict the response of an individual tumor to any given
drug in order to select the more adequate therapy among the possible ones. There is
also a need to identify the response of the patient to predict the degree of toxicity
associated to the treatment proposed in order to adapt the dosage and obtain the best
benefit/quality of life ratio for the patient. Given the molecular variability among
the tumors of the different individuals discovered by recent whole genome
sequentiation projects, it seems that every tumor became a unique entity with its
unique treatment challenges. This is what has been called for some time as
personalized medicine.

Beyond anatomopathological analysis, which still provides important informa-
tion about diagnosis, every aspect of the biology has been used to provide putative
biomarkers, generating also large subfields highly specialized. Biomarkers have
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been searched in the genome (or its variations with nonstructural modifications,
epigenome), proteins, RNA, and metabolic products. Most of the markers usually
come from large data collections and exhaustive statistical analysis of whole
genome/cell/tissue information collection(s). Going from the general to the partic-
ular has been the more recurrent path to find differentiating profiles and, in some
cases, unique entities to diagnose or predict the behavior of one specific tumor.
Using genome-wide retroviral gain or loss of function screenings, new genes with
causal relevance in cancer have been identified, and therefore new possibilities of
find biomarkers for diagnosis, prognosis, or predictive of response in cancer therapy
(Vergel and Carnero 2010; Leal et al. 2007; Guijarro et al. 2007a; Bordogna
et al. 2005; Castro et al. 2008; Ferrer et al. 2011).

MAP17 (PDZK1IP1)

Tumorigenesis occurs when the mechanisms involved in the control of tissue
homeostasis are disrupted and cells stop responding to physiological signals.
Therefore, genes capable of desensitizing tumoral cells to physiological signals
may provide a selective advantage within the tumoral mass and influence the
outcome of the disease. We undertook a large-scale genetic screen to identify
genes capable of altering the cellular response to physiological signals that resulted
in a selective advantage during tumorigenesis (Carnero et al. 2000; Hannon
et al. 1999; Vergel and Carnero 2010). Out of this screen, MAP17 was identified
(Guijarro et al. 2007a), a small non-glycosylated membrane-associated protein that
localizes to the plasma membrane and the Golgi apparatus (Blasco et al. 2003). The
MAP17 protein sequence contains two transmembrane regions and a hydrophobic
amino-terminus encoding a PDZ-binding domain (Jaeger et al 2000; Fig. 1).
MAP17 binds several PDZ domain-containing proteins, including NHeRF proteins,
NaPi-Ila, and NHe3 (Carnero 2012). Overexpression of MAP17 in opossum kidney
cells participates in NaPi-Ila internalization to the trans-Golgi network (Lanaspa
et al. 2007). MAP17 acts as an atypical anchoring site for PDZK1 and other NHeRF
proteins and interacts with the NaPi-Ila/PDZK1 protein complex in renal proximal
tubular cells (Pribanic et al. 2003). The physiological role of MAP17 in proximal
tubules is not fully understood, but it does stimulate specific Na-dependent trans-
port of mannose and glucose in Xenopus oocytes (Blasco et al. 2003) and some
human cells (Guijarro et al. 2007a).

MAP17 in Human Tumors

MAP17 overexpression in carcinomas was first detected by using the technique of
differential display (Kocher et al. 1995). MAP17 overexpression in carcinomas
occurs mostly through mRNA amplification, but promoter activation has also been
observed by some oncogenes (Guijarro et al. 2007¢; Kocher et al. 1995). Immuno-
histochemical analysis of MAP17 during cancer progression shows that
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Fig. 2 Representative scheme indicating the relation between tumor stage and MAP17
expression. Normal cells and benign tumors usually do not show MAP17 protein. However,
levels of MAP17 increase along with the stage and malignant status of the tumor

overexpression of the protein strongly correlates with tumoral progression (Fig. 2).
Generalized MAP17 overexpression in human carcinomas indicates that MAP17
can be a good marker for tumorigenesis and especially for malignant progression.
In-depth analysis of MAP17 overexpression in carcinomas by immunohistochem-
istry showed that the MAP17 protein is overexpressed in a large percentage of the
tumors analyzed and is significantly correlated with the tumor grade in ovarian,
breast, and prostate carcinomas (Guijarro et al. 2007c, 2012). The analysis of
mRNA levels by Q-PCR or by hybridization comparing tumoral versus
non-tumoral tissues of the same patient demonstrated an even higher percentage
of tumor samples with MAP17 overexpression. In tumors such as ovary, colon,
stomach, cervix, and thyroid gland, the percentage of overexpression in tumor
samples is higher than 70 %, while in the lung, uterus, and rectum it is approxi-
mately 50 %. Although more samples need to be analyzed to confirm these high
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Fig. 3 Representative pictures of MAP17-positive tumors by immunohistochemistry and
cells by immunofluorescence. The figures show pictures of immunostained tumors using anti-
bodies anti-MAP17. (a) Colorectal adenocarcinoma. (b) Cervix tumor. (¢, d) Show pictures of
relative levels and distribution of MAP17 in different cell lines (¢ REF52; d HBL100). MAP17
proteins are represented in green by immunofluorescence

rates, the data suggest that MAP17 overexpression is the most common marker of
tumorigenesis in carcinomas. The relevance of MAP17 as a general marker for the
malignant stages of human tumors still needs to be confirmed in additional tumor
types and larger cohorts. However, all tissues explored thus far have shown similar
patterns of MAP17 expression (Fig. 3). Furthermore, MAP17 expression seems to
correlate with AKT phosphorylation at Ser473. These expression patterns provide a
mechanistic insight and a possible target for future therapies.

In a meta-analysis of public microarray databases for different skin diseases, it
was discovered (Noh et al. 2010) that MAP17 is commonly upregulated, suggesting
that it may be associated with abnormal keratinocyte differentiation. MAP17 was
significantly upregulated in response to interferon gamma, interleukin 4 (IL-4),
IL-6, IL-17A, or IL-22 in normal human epidermal keratinocytes. The Th cell
cytokine-induced upregulation of MAP17 expression may be linked to the abnor-
mal epidermal differentiation observed in the dermatological diseases through the
downregulation of filaggrin (Noh et al. 2010).

Human MAP17 maps to chromosome 1p33, a locus commonly found to be
involved in cancer; however, it is not the only interesting gene in this region.
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Genes coding for members of the cytochrome P450 family (CYP4B1, CYP4Al11),
putative oncogenes (SCL/Tall), MCPH7, CMPK1, and members of the fork head
family (FOXE3, FOXD?2) are its neighbors.

MAP17 overexpression in carcinomas occurs mostly through mRNA amplifica-
tion. MAP17 overexpression could be due to the ability of the MAP17 promoter to
be activated by oncogenes (Guijarro et al. 2007c; Kocher et al. 1995). Tumorigenic
progression involves progressive genetic alterations triggering oncogenic cascades
(Vogelstein and Kinzler 2004). In advanced stages, tumors might accumulate
oncogenic alterations that result in a high probability of MAP17 promoter activa-
tion and increased transcription. This hypothesis could explain the correlation
between the MAP17 overexpression and advanced tumor stages observed in
many tumor types. In a recent work, it was observed that upon tumor progression
there was some degree of demethylation of DNA promoters, resulting in expression
of other ways silenced genes. MAP17 was strongly induced by DNA demethylation
is these tumors (Rodriguez-Rodero et al. 2013).

Oncogenic Activity of MAP17

Tumor cells that overexpress MAP17 show an increased tumoral phenotype with
enhanced proliferative capabilities both in the presence or the absence of contact
inhibition, decreased apoptotic sensitivity, and increased migration (Guijarro
et al. 2007b, d; Perez et al. 2013). MAP17-expressing clones also grow better in
nude mice. The increased malignant cell behavior induced by MAP17 is associated
with an increase in reactive oxygen species, ROS, production (Fig. 4), and the
treatment of MAP17-expressing cells with antioxidants results in a reduction in the
tumorigenic properties of these cells. The MAP17-dependent increase in ROS and
tumorigenesis relies on its PDZ-binding domain because disruption of this
sequence by point mutations abolishes the ability of MAP17 to enhance ROS
production and tumorigenesis (Guijarro et al. 2012).

Fig. 4 Expression of ectopic MAP17 results in an increase of reactive oxygen species, ROS,
as measured by a ROS probe (green)
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Potential Applications to Prognosis, Diagnosis, or
Response to Therapy

Because the expression of MAP17 increases reactive oxygen species (ROS) gen-
eration in cancer cells, we investigated whether MAP17 might be a marker for the
activity of treatments involving oxidative stress, such as cisplatin or radiotherapy,
and treatments given in many tumors such as in cervix or larynx. First, the
transcriptional alterations in genes involved in the oxidative stress induced by
MAP17 expression in HelLa cervical tumor cells were confirmed, and it was
found that HeLa cells expressing MAP17 were more sensitive to therapies that
induce ROS than parental cells. MAP17 was expressed in approximately 70 % of
cervical tumors of different types, but they were not expressed in benign adenoma
tumors. High levels of MAP17 correlated with improved patient survival after
treatment. Furthermore, the patients with high levels of MAP17 present higher
survival rates. Therefore, high levels of MAP17 are a marker for good prognosis in
patients with cervical tumors after cisplatin plus radiotherapy treatment. These
results also suggest that the use of MAP17 as marker may identify patients who
are likely to exhibit a better response to treatments that boost oxidative stress in
other cancer types.

ROS may promote either proliferation or cell death depending on the intensity
and location of the oxidative burst and the activity of the antioxidant system
(Haulica et al. 2001; Manda et al. 2009). Considering the proliferative signals
delivered by ROS to cancer cells and the consequent resistance of cancer cells to
proapoptotic signals, ROS-induced tumor cell death is more likely to be induced by
ROS-generating antineoplastic therapies that increase the constitutive status above
the critical threshold required for cell death.

In experimental models, ROS generation in tumors and subsequent oxidative
stress are at sublethal levels; further ROS increases might lead tumor cells to death
(Behrend et al. 2003; Burdon et al. 1990; Guijarro et al. 2007b, 2012; Manda
et al. 2009). We hypothesized that MAP17 enhances the oxidative stress in tumor
cells close to the threshold separating growth from death and, therefore, might be
markers for tumors with high oxidative stress. Therapies increasing ROS might
help cells cross this threshold and be beneficial to patients whose tumors exhibit
increased levels of MAP17.

ROS are beneficially involved in many signaling pathways that control devel-
opment and maintain cellular homeostasis (Manda et al. 2009). Under physiological
conditions, a tightly regulated redox balance protects cells from injurious ROS
activity. However, if altered, ROS promote various pathological conditions includ-
ing cancer (Bae et al. 1999; Behrend et al. 2003; Burdon 1996; Droge 2002; Irani
et al. 1997; Klaunig et al. 1998; Sundaresan et al. 1995). Understanding the duality
of ROS as cytotoxic molecules and key mediators in signaling cascades may
provide novel opportunities to improve cancer therapeutic interventions.

MAP17 is overexpressed, primarily through increased mRNA levels, in a variety
of tumors. Because MAP17 expression increases ROS in cancer cells, we hypoth-
esized that MAP17 might be a marker for tumors with high oxidative stress, and
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therefore, a further increase in ROS might elevate the levels beyond the apoptotic
threshold.

The increased tumorigenic properties induced by MAP17 are associated with an
increase in ROS because MAP17 greatly alters the mRNA levels of genes involved
in oxidative stress and increases endogenous ROS, and the antioxidant treatment of
MAP17-expressing cells entails a reduction in the tumorigenic properties of these
cells (Guijarro et al. 2007b, d). Therefore, ROS is generated in a MAP17-dependent
manner as an intracellular signal and induces a growth-related genetic program.

A low level of ROS is indispensable for several physiologic cell processes
including proliferation, apoptosis, and cell death (Storz 2005). A mild increase in
ROS has been shown to activate signaling cascades that can strongly influence the
regulation of cell growth and tumorigenic processes (Bae et al. 1999; Burdon 1996;
Droge 2002; Finkel and Holbrook 2000; Guijarro et al. 2012; Irani et al. 1997,
Klaunig et al. 1998; Marra et al. 2011; Sundaresan et al. 1995). However, a further
increase in ROS levels raises oxidative stress and creates a potentially toxic cellular
environment. Under normal physiological conditions, a balance between ROS
generation and oxidative defenses exists in the cell. In these defenses, endogenous
antioxidant enzymes play a significant role. Enzymes such as superoxide dismutase
(SOD) and catalase (CAT), which act on O,  and H,0O,, respectively;
glutaredoxins; glutathione peroxidases (GPXs), which use glutathione as a
co-substrate; peroxiredoxins; and thioredoxins are in a delicate balance with oxi-
dative inputs (Marra et al. 2011). Although many cells can tolerate limited doses of
ROS, when the balance tips further in favor of ROS, programmed cell death is
initiated (Fruehauf and Meyskens 2007). Excessive ROS accumulates that cellular
detox enzymes cannot neutralize in the chemical cellular environment, especially
within the mitochondria, initiating the cell death program.

Therefore, it was hypothesized that tumors, not just cervical, expressing high
levels of ROS producing MAP17 protein can benefit from therapies that increase
oxidative stress, not only cisplatin and radiotherapy, even if they are not the first
therapeutic option. Various chemotherapeutic agents including platinum deriva-
tives, doxorubicin, or camptothecin have redox-mediated activity on tumor cells
(Simizu et al 1998a, b) without effects on healthy tissues (Yoshikawa et al. 1995).
Furthermore, patients could also benefit from combined therapies in which, along
with the cytotoxic chemotherapy that induces ROS (i.e., cisplatin and doxorubicin),
if boosting of the oxidative stress is induced by a specific pro-oxidative agent (not
necessarily the antitumor drug). These combinations of ROS-inducing chemother-
apy plus pro-oxidant therapies could result in good antitumor activity. The first
attempt to employ pro-oxidant agents in vivo was reported by Nathan and Cohn in
1981 using glucose oxidase as an H,O, precursor, obtaining a significant decrease
in tumor growth (Nathan and Cohn 1981).

Because cells can develop adaptive responses to ROS, mostly through increases
in detoxifying enzymes (Benhar et al. 2002), it was also hypothesized that the
inhibition of classic oxidative stress detoxification enzymes may increase the
efficacy of certain antitumor therapies that increase ROS (Nathan et al. 1981), at
least in tumors overexpressing MAP17. However, the delicate balance between



176 A. Carnero

oxidative stress, cancer, and cell death makes new experimental tests necessary to
acquire a deep understanding of these processes.

Summary Points

e There is an urgent need for new biomarkers on cancer, especially on markers
predictive of response to treatments.

» This chapter focuses on the identification of MAP17 as a predictive marker for
cancer treatment.

* MAPI17 is an oncogene capable to enhance the tumorigenic capability of tumor
cells.

* MAPI17 is overexpressed in a large proportion in human carcinomas, and its
levels correlate with malignant status and advanced stages of tumors.

* MAPI17 increases reactive oxygen species, ROS, therefore suggesting that treat-
ment which increases ROS might also be more active in cells overexpressing
MAP17.

* Study of human tumors treated with cisplatin and radiotherapy indicates that the
expression of MAP17 correlates with better response to these therapies.
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Abstract

Serum biomarkers in cancer diagnosis or prognosis continue to be part of an evolving
field and have been a promising noninvasive tool that may aid in the diagnosis and
monitoring of disease in a number of different cancers. Serum carbohydrate antigen
19-9 (CA 19-9) is a biomarker that found utility mainly in biliary tract and pancreatic
malignancies as a prognostic marker in monitoring response to treatment and as an
indication of disease recurrence. Unfortunately, CA 19-9 levels may lack specificity
given that other cancers originating from the ovaries, stomach, colon, and lung may
be associated with elevated levels. There are also many benign conditions that are
associated with higher levels of CA 19-9. The antigen was discovered in the 1970s
and has been studied extensively in various malignancies to validate its utility as a
screening, prognostic, or diagnostic tool. CA 19-9 has been used most commonly as
a biomarker in pancreatic cancer as a prognostic and predictive tool and less
commonly in other malignancies. This chapter will focus mainly on utility of CA
19-9 in pancreatic cancer and biliary tract cancers.

List of Abbreviations

AJCC American Joint Committee on Cancer
CA 19-9 Carbohydrate Antigen 19-9

CEA Carcinoembryonic Antigen

CI Confidence Interval

CRC Colorectal Cancer

CRT Chemoradiation

DFS Disease Free Survival

FIGO International Federation of Gynecology and Obstetrics
IPMN Intrapancreatic Mucosal Neoplasm
IU/mL International Units/Milliliter

Le antigen Lewis Antigen

mOS Median Overall Survival

mTTP Median Time to Progression

NCCN National Comprehensive Cancer Network
ng/mL Nanogram/Milliliter

NSCLC Non-small Cell Lung Cancer

PD Pancreaticoduodenectomy

RCT Randomized Controlled Trial

TNM Tumor Node Metastases

VS Versus

Definitions of Words and Terms

Prognostic Marker It is a marker or factor which, based on the patient or disease
characteristics, provides information on the likely outcome of the disease without
treatment. Prognostic markers are reflective of tumor or patient characteristics.
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Predictive Marker It is a marker or factor which, based on the patient or disease
characteristics, provides information on the likelihood of response to a particular
treatment.

Pancreatic Cancer This is a malignancy of the pancreas which typically has
adenocarcinoma histology and generally is considered to be very aggressive,
and incidence has been increasing over time. It is the fourth leading cause of
cancer-related death in the United States and Europe. Primary mode of treatment
is resection when the cancer is limited, followed by chemotherapy or
chemoradiotherapy based on well-studied guidelines for the benefit of adjuvant
therapy. When the disease is locally advanced or unresectable and metastatic,
primary treatment is systemic chemotherapy.

TNM Staging in Pancreatic Cancer

T1: tumor size <2 cm and limited to the pancreas

T2: tumor size is >2 cm and limited to the pancreas

T3: tumor extends beyond the pancreas but without involvement of celiac axis or
superior mesenteric artery

T4: tumor involves the celiac axis and or the superior mesenteric artery (unresectable
primary tumor)

N: Nodal Stage

NO: no lymph node involvement

N1: regional lymph nodes involved

M: Metastasis

MO: no distant metastases

M1: presence of distant metastases

Staging in Pancreatic Cancer Resectable There is no evidence of distant
metastases and no radiographic evidence of superior mesenteric vein (SMV) or
portal vein (PV) distortion, and there are clear fat planes around the major blood
vessels — including the celiac axis, superior mesenteric artery (SMA), and hepatic
artery.

Borderline Resectable There is no evidence of distant metastases and tumor
abutment of the SMA not to exceed 180° of circumference of the vessel wall.
There is venous involvement of the SMV or PV but with safe resection and
replacement being surgically plausible.

Locally Advanced There is no evidence of distant metastases and there is greater
than 180° SMA encasement, celiac abutment, IVC, or unreconstructible SMV/PV
occlusion or aortic invasion or metastases to lymph nodes beyond the field of
resection.



182 K. Krishna and T. Bekaii-Saab

Metastatic There is presence of distant metastases.

Resection Margins

RO: negative for tumor involvement at the margins

R1: positive for microscopic tumor involvement at the margins

R2: positive for macroscopic tumor involvement at the margins or incomplete
resection

Neoadjuvant Chemotherapy or Chemoradiotherapy Chemotherapy with or
without radiation therapy administered prior to surgical resection of the primary
tumor.

Intraductal Papillary Mucinous Neoplasm This is a recently recognized entity
and is a tumor arising from the larger ducts in the pancreas and could involve either
the main pancreatic duct or side branches or have a mixed pattern. Subsets of [IPMN
are considered to be premalignant lesions leading to the development of pancreatic
cancer.

Biliary Tract Cancers This group consists of intrahepatic and extrahepatic
cholangiocarcinoma as well as gall bladder cancer.

Occult Primary This is a relatively common entity and account for nearly
5 % of invasive cancers. Patients usually present with metastatic disease and
extensive evaluation for the primary site could be suggestive but not diagnostic.
They can present with different histologies including adenocarcinoma,
squamous cell carcinoma, poorly differentiated carcinomas, and neuroendocrine
carcinoma.

Introduction

CA 19-9 is a sialylated Lewis (Le) A group antigen and is secreted by exocrine
epithelial cells. Only patients with the Le (¢ — B+) or Le (a + B—) blood groups
will express the CA 19-9 antigen. Individuals with genetic absence of Le enzyme
(Le a—B), which would include about 5—10 % of the general population (Tempero
et al. 1987), cannot test positive for CA 19-9 irrespective of the tumor burden. It
was first discovered in the 1970s when various hybridoma-secreted monoclonal
anti-colorectal antibodies that bind to cells of various gastrointestinal malignan-
cies in tissue culture were identified (Herlyn et al. 1982; Koprowski et al. 1979).
CA 19-9 can be elevated in several conditions other than pancreatic cancer
including, but not limited to, benign neoplasms of the pancreas, acute and chronic
pancreatitis, pseudocyst, cystic neoplasms of the pancreas especially in the
presence of jaundice (Duraker et al. 2007) as well as tumors of upper gastroin-
testinal tract, biliary tract cancers, ovarian tumors, hepatocellular carcinoma, and
colorectal cancer. It may be elevated in inflammatory conditions of the
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hepatobiliary system, in many benign conditions such as thyroid disease as well as
benign and malignant causes of biliary obstruction.

CA 19-9 Measurement Methodology

Quantification of CA 19-9 is performed using a solid-phase radioimmunometric
assay for the monoclonal antibody defined sialylated Lewis A group antigen (Del
Villano et al. 1983). In patients with malignancy, CA 19-9 is frequently bound to
high-molecular-weight mucin proteins.

CA 19-9 and Its Utility in Pancreatic Cancer
Epidemiology of Pancreas Cancer

Incidence of pancreatic cancer is increasing in the United States with an estimated
45,220 people to be diagnosed in 2013 and with approximately 38,460 people to
die of the disease (Siegel et al. 2013). It is the fourth leading cause of cancer-
associated mortality in the United States. Surgical resection is the only curative
option for patients with pancreas cancer. Unfortunately, only 10-15 % of all
patients present with early-stage disease and the majority present at a more
advanced stage.

CA 19-9 Level as a Diagnostic Marker/Screening Tool
in Pancreatic Cancer

In the last few decades, CA 19-9 serum levels have been evaluated as a potential
screening tool for pancreatic cancer. The most notable was a large cross-sectional
study which performed mass screening of patients between 1984-1985 and
1987-1988 where 4,506 and 4,250 symptomatic patients were screened and
found to have elevated CA 19-9 levels with evidence of pancreatic cancer in
1.9 % and 1.3 % of the patients, respectively. Among the diagnosed patients,
28 out of 85 (32.9 %) and 19 out of 56 (33 %) patients underwent resection for
T1/T2 tumors in the two groups, respectively. Among the asymptomatic patients,
10,162 patients in the 1984-1985 group and 2,678 in the 1987-1988 group com-
bined, a total of 4 cases of pancreatic cancer were identified and 3 of the 4 patients
did not have resectable disease (Satake et al. 1994). Another mass screening study
evaluated 70,940 asymptomatic subjects and found CA 19-9 levels to be elevated in
1,063 (1.5 %) individuals, and malignancy was diagnosed in only 15 of the 1,063
subjects. The various malignancies were pancreatic cancer (4), lung cancer (4),
colon cancer (3), gastric cancer (2), hepatocellular cancer (1), and ovarian
carcinoma (1). The positive predictive value of CA 19-9 in detecting pancreatic
cancer in this study was a dismal 0.9 % (Kim et al. 2004). In a combined analysis of
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multiple studies, 57 studies with 3,285 pancreatic cancer diagnoses, the combined
sensitivity of CA 19-9 was 78.2 %, and in 37 studies with 1,882 cases with benign
pancreatic disease, the specificity of CA 19-9 was 82.8 % (Poruk et al. 2013).

Given all this data, it can be concluded that CA 19-9 is not a reliable screening
tool for the early detection of pancreatic cancer in the general population given
its low positive predictive value (Locker et al. 2006). In high-risk patients such
as those with a positive family history or genetic predisposition, the positive
predictive value may be higher but the utility of CA 19-9 as the only screening
tool for the detection and/or diagnosis of pancreatic cancer is not justifiable
(Table 1).

CA 19-9 Level as a Prognostic Marker in Resectable Pancreatic
Adenocarcinoma

CA 19-9 appears to have a role as a prognostic marker in pancreatic cancer. It is
recommended to obtain a baseline CA 19-9 level as part of the initial diagnostic
workup in all patients diagnosed with pancreatic cancer. A number of studies
established a correlation between CA 19-9 levels and stage at diagnosis
(Table 2). CA 19-9 levels may prove useful to help determine resectability of
tumors, especially when combined with other data obtained at diagnosis, including
imaging, interventional staging, and tissue biopsy. Higher CA 19-9 levels have
been shown to be associated with a higher AJCC stage and lower survival. Several
studies have evaluated the relationship between perioperative CA 19-9 levels,
resectability rates, and survival outcomes. In one study, 1,543 patients with a
diagnosis of pancreatic adenocarcinoma had their preoperative serum levels of
CA 19-9, resectability data, and overall survival collected. Additionally, the study
included a control cohort of 706 patients with chronic pancreatitis to help assess the
predictability of malignancy by CA 19-9 levels as well as to study the effects of
hyperbilirubinemia on CA 19-9 level measurements. The resectability and 5-year
survival ranged from 38 % to 80 % and 0 % to 27 % in patients with CA 19-9 levels
>4,000 U/mL versus <37 U/mL, respectively. In the same study, the RO resection
rate in patients with CA 19-9 >1,000 U/mL was as low as 15 % (Hartwig
et al. 2013) (Figs. 1 and 2).

Additionally, preoperative CA 19-9 levels are strongly associated with patho-
logical stage with lower median CA 19-9 levels noted in patients with negative
lymph nodes when compared to those with positive nodes (90 v 164 U/mL) and
lower T stage (T1/T2 vs. T3 disease being 41 vs. 162 U/mL, respectively). In the
same study, lower preoperative CA 19-9 (<37 U/mL) was associated with a median
survival of 2.3 years versus 1.1 years in higher levels (>2,000 U/mL) (Ferrone
et al. 2006). In a retrospective study of 72 patients who had definitive surgery, the
presence of RO resections was associated with significantly lower CA 19-9 values
when compared with that of R1/R2 resections (Kim et al. 2009). Hence preopera-
tive CA 19-9 levels may provide prognostic information regarding stage and
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Table 1 Various conditions with CA 19-9 elevation
Organ
system Condition Degree of CA 19-9 elevation Utility
Pancreas | Pancreatic cancer Varies depending on stage- higher Prognostic
levels associated with higher stage marker
Resectable disease, median <352 Monitoring
IU/mL disease
Unresectable disease, median > recurrence
353 TU/mL (Kim et al. 2009; Zhang | Response to
et al. 2008) treatment
Chronic pancreatitis Varies, generally mildly elevated
(Paganuzzi et al. 1988; Safi
et al. 1987)
IPMN Varies, higher levels in higher stage | Prognostic
(Alexander et al. 2011) marker
Biliary Cholangiocarcinoma = —0 | Varies, higher levels (>55 IU/mL) Prognostic
tract associated with increased recurrence | marker
(Chung et al. 2011) Monitoring
disease
recurrence
Response to
treatment
Gallbladder cancer Varies depending on stage (D’Hondt | Prognostic
et al. 2013; Pais-Costa et al. 2012) marker
Cholangitis and obstructive | Varies depending on Differential
jaundice hyperbilirubinemia and etiology, diagnosis
especially important in PSC- higher | Prognostic
levels in PSC predicting higher risk | marker
of cancer (Barr Fritcher et al. 2013;
Sinakos et al. 2011; Venkatesh
et al. 2013)
Colon/ Colorectal cancer Varies, higher levels could be seen Could be
rectum in higher TNM stage (Zhang prognostic
et al. 2013)
Stomach | Gastric cancer Varies, higher levels could be seen
in higher TNM stage (Kochi
et al. 2000; Ucar et al. 2008)
Lung NSCLC Uncommonly elevated in NSCLC
(Li et al. 2012)
Ovary Ovarian cancer Higher levels in mucinous tumors Prognostic
(Dong et al. 2008) marker
Borderline ovarian tumors | Higher levels in mucinous tumors Prognostic
(Ayhan et al. 2007) marker
Cystic teratoma of ovary Higher levels associated with higher
rates of bilaterality (Dede
et al. 2006)
Others Pseudomyxoma peritonei Varies, higher levels worse survival | Prognostic
(Chua et al. 2012; Koh et al. 2013) marker

Occult primary

Varies, depending on site of primary
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Table 2 Range of CA 19-9 elevation by stage of pancreatic cancer at diagnosis

Median Range of CA 19-9 by stage (IU/mL) — normal < 37 IU/mL
Study Stage la 1b 2a 2b 3 4
Ferrone et al. (2006) | 20.5 86 105 164 182
Kim et al. (2009) 40.05 2005.28 41.46 87.77 135.83 600.00
Kondo et al. (2010) 96 (stage la, 1b) 160 (stage 2—4)
40
35+ —
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4: (Sugiura, et al., 2012) 5: (Berger, et al., 2012)

Fig. 1 Survival in months comparing preoperative and postoperative CA 19-9 levels summarized
from studies in resectable pancreas cancer

survival of patients with pancreatic adenocarcinoma (Ferrone et al. 2006; Hartwig
et al. 2013; Kau et al. 1999; Kim et al. 2009; Kondo et al. 2010; Lundin et al. 1994).

Postoperative CA 19-9 levels have also been found to be lower in the presence
of RO resections compared to that of R1/R2 resections or in patients with nodal
disease (Ferrone et al. 2006; Kondo et al. 2010). In patients undergoing resection,
serial drop in CA 19-9 levels postoperatively are favorably associated with
improved survival (Berger et al. 2008; Berger et al. 2012; Montgomery
et al. 1997). Given that the half-life of CA 19-9 is approximately 14 h, CA 19-9
should not be measured before 4-6 weeks following the operation. CA 19-9
velocity has also been shown to predict overall survival as well as disease
progression in addition to baseline CA 19-9 levels (Hernandez et al. 2009; Mont-
gomery et al. 1997; Nishida et al. 1999).

It has been consistently shown that lower stage and the presence of resectable
disease are associated with improved survival in patients with pancreatic cancer.
However, resectability should not be determined based solely on CA 19-9 levels
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Fig. 2 Survival in months comparing pretreatment CA 19-9 levels and survival based on
treatment response in CA 19-9 levels summarized from studies in advanced pancreatic cancer

(Locker et al. 2006) but used in conjunction with other investigations and could
provide useful prognostic CA 19-9 levels along with other staging workup in
pancreatic cancer that may provide useful prognostic information (Table 3).

CA 19-9 Level as a Prognostic Marker in Advanced and Metastatic
Pancreatic Adenocarcinoma

Pretreatment CA 19-9 levels were shown to be independent prognostic markers that
help predict survival in patients with advanced pancreatic cancer (Hess et al. 2008)
and may correlate with tumor burden in patients with advanced pancreatic cancer.
Higher levels are typically found to be associated with a decreased overall survival
and progression free survival.

A decline in CA 19-9 levels following treatment is a favorable prognostic
indicator in terms of survival. It serves as a predictive and prognostic biomarker in
patients receiving gemcitabine-based chemotherapy (Bauer et al. 2013). In
patients receiving chemotherapy with radiation in the neoadjuvant setting, the
decline in serum CA 19-9 is a favorable indicator of response to treatment and
negative predictor for progression or development of metastatic disease. An
increase in CA 19-9 levels could indicate tumor progression, and these patients
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Table 3 Summary of studies of CA 19-9 in resectable pancreas cancer

CA 19-9 range

Conclusions in

Paper/year Description U/mL* Results papers
Abdel-Misih Retrospective <35 Persistent Post operative CA
et al. (2011) review, N = 93 >35 elevation of CA 19-9 levels are
19-9 (>35 U/mL) prognostic
after 6 months
following
resection — worse
survival — similar
to unresected or
metastatic disease.
HR 2.20, p value
of 0.002
Ferrone Retrospective Preoperative, T1/T2 lesions Preoperative CA
et al. (2006) review, N = 424 median: T3 lesions 19-9 correlates
41 NO disease with stage of
162 N1 disease disease
9 Postoperative CA
164 19-9 decrease and
CA 19-9 value of <
200 U/mL are
independent
predictors of
survival even after
adjusting for stage
Hernandez Analysis of patients | CA 19-9 Disease Rate of CA 19-9
et al. (2009) on the control arm velocity/4 progression change is
of randomized trial | weeks No disease predictive of
and did not receive | 131 progression disease progression
adjuvant therapy 1
following surgery,
N=96
Humpbhris Retrospective Preoperative Median overall Preoperative CA

et al. (2012)

review, N = 260

<120vs. >120
Post resection:
<37

vs. 37-120
Normalization
of CA 19-9
within

6 months after
surgery

CA 19-9 did
not normalize

survival in months:

222 vs. 16.7
25.6 vs. 20.7
29.9
14.8

19-9 levels and
normalization of
CA 19-9 within

6 months of
resection are
prognostic markers
for survival

Berger
et al. (2008)

Phase 111
randomized trial,
patients treated
with adjuvant CRT,
N =385

Baseline
<180
>180

72 % reduction in
risk of death
More commonly
associated with
larger tumors,
positive lymph
nodes

CA 19-9 levels are
prognostic for
survival and
predictive for stage

(continued)
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Table 3 (continued)

Paper/year

Kinsella
et al. (2008)

Kondo
et al. (2010)

Barton
et al. (2009)

Waraya
et al. (2009)

Berger
et al. (2012)

Sugiura
et al. (2012)

Description

Retrospective data,
patients treated
with surgery
followed by
radiation therapy,
N=15

Retrospective
review, N = 109

Retrospective
review, N = 143

Retrospective
review, N = 117

Analysis of
survival data from
a large randomized
trial to use adjuvant
CRT in patients
with resected
pancreas cancer,

N =385
Retrospective
review, N = 154

CA 19-9 range
U/mL?

Post operative:
<70 and RO
resection
<70 and
RI1/R2
resection
>70 and
RO/R1/R2
resection
Preoperative:
<37

>37

<100

>100

<200

>200

<500

>500
Preoperative:
<120

>120

Preoperative:
<37 vs. >37

Post resection:
<90 vs. >90

Preop