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Preface

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

• Cervix and Uterus

• Colorectum

• Head and Neck

• Leukemia and Hodgkin Lymphoma

• 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,

LGR5, 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 European 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

London

Victor R. Preedy

Vinood B. Patel
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Series Preface

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

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

• Definitions of Words and Terms
• Potential Applications to Prognosis, Other Diseases, or Conditions
• 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
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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

London

Victor R. Preedy
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Feryel Ksiâa and Mounir Trimeche

38 Whole Blood Transcriptome and Other Biomarkers in

Nasopharyngeal Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 849

Chun Ren Lim, Michelle Mei Lin Lee, Samuel Chao, Adel Zaatar,

and Choong Chin Liew

39 Biomarkers in Nasopharyngeal Carcinoma and

Ionizing Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 875

Thian-Sze Wong, Wei Gao, and Jimmy Yu-Wai Chan

40 Molecular Biomarkers of Laryngeal Cancer . . . . . . . . . . . . . . . . . 891

Christos K. Kontos, Panagiotis G. Adamopoulos, and

Andreas Scorilas

41 Nuclear BMI-1 as a Biomarker in Laryngeal Cancer . . . . . . . . . . 921

Eugenia Allegra and Serena Trapasso

xii Contents



Part VIII Leukaemia and Hodgkin Lymphoma . . . . . . . . . . . . . . . . 931

42 Immunophenotyping as Biomarker Platform in
Acute Leukemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 933

Ying Li, Christopher M. Carter, Samer Z. Al-Quran, and

Robert W. Allan

43 Serum CD163 and TARC as Circulating Biomarkers in

Hodgkin Lymphoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 955

Kimberley Jones, Louise Seymour, and Maher K. Gandhi

Part IX Further Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 979

44 Biomarkers in Health and Disease: Cancer
Further Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 981

Rajkumar Rajendram, Roshanna Rajendram, Vinood B. Patel, and

Victor R. Preedy

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 987

Contents xiii





About the Editors

Victor R. Preedy is a senior member of King’s College London (Professor of

Nutritional Biochemistry) and King’s College Hospital (Professor of Clinical

Biochemistry, Honorary). He is attached to both the Diabetes and Nutritional

Sciences Division and the Department of Nutrition and Dietetics. He is also

founding and current Director of the Genomics Centre and a member of the School

of Medicine. Professor Preedy graduated in 1974 with an Honors Degree in Biology

and Physiology with Pharmacology. He gained his University of London Ph.D. in

1981. In 1992, he received his Membership of the Royal College of Pathologists,

and in 1993, he gained his second Doctoral degree for his contribution to the

science of protein metabolism in health and disease. Professor Preedy was elected

as a Fellow of the Institute of Biology in 1995 and to the Royal College of

Pathologists in 2000. Since then, he has been elected as a Fellow to the Royal

Society for the Promotion of Health (2004) and the Royal Institute of Public Health

and Hygiene (2004). In 2009, Professor Preedy became a Fellow of the Royal

Society for Public Health and in 2012 a Fellow of the Royal Society of Chemistry.

In his career, Professor Preedy worked at the National Heart Hospital (part of

Imperial College London) and the MRC Centre at Northwick Park Hospital.

He has collaborated with research groups in Finland, Japan, Australia, USA, and

Germany. He is a leading expert on biomedical sciences and has a long-standing

interest in analytical methods and their applications to the study of health and

disease. He has lectured nationally and internationally. To his credit, Professor

Preedy has published over 500 articles, which includes peer-reviewed manuscripts

based on original research, reviews, abstracts, and numerous books and volumes.

xv



Vinood B. Patel is currently a Senior Lecturer in Clin-

ical Biochemistry at the University of Westminster and

honorary fellow at King’s College London. He pres-

ently directs studies on metabolic pathways involved in

liver disease, particularly related to mitochondrial

energy regulation and cell death. Research is being

undertaken to study the role of nutrients, antioxidants,

phytochemicals, iron, alcohol, and fatty acids in the

pathophysiology of liver disease. Other areas of interest

are identifying new biomarkers that can be used for

diagnosis and prognosis of liver disease, understanding mitochondrial oxidative

stress in Alzheimer’s disease, and gastrointestinal dysfunction in autism. Dr. Patel

graduated from the University of Portsmouth with a degree in Pharmacology and

completed his Ph.D. in protein metabolism from King’s College London in 1997.

His postdoctoral work was carried out at Wake Forest University Baptist Medical

School studying structural–functional alterations to mitochondrial ribosomes,

where he developed novel techniques to characterize their biophysical properties.

Dr. Patel is a nationally and internationally recognized liver researcher and was

involved in several NIH-funded biomedical grants related to alcoholic liver disease.

He has edited biomedical books in the area of nutrition and health prevention,

autism, and biomarkers and has published over 150 articles. In 2014, he was elected

as a Fellow to The Royal Society of Chemistry.

xvi About the Editors



Editorial Advisors

Caroline J. Hollins Martin School of Nursing, Midwifery and Social Work,

College of Health and Social Care, University of Salford, Salford, Greater

Manchester, UK

Ross J. Hunter Department of Cardiology, St. Bartholomew’s Hospital, Barts

Health NHS Trust and Queen Mary, University of London, London, UK

Colin R. Martin Faculty of Society and Health, Buckinghamshire New Univer-

sity, Uxbridge, Middlesex, UK

Rajkumar Rajendram Royal Free London Hospitals, Barnet General Hospital,

London, UK

Division of Diabetes and Nutritional Sciences, Faculty of Life Sciences and

Medicine, King’s College London, London, UK

King Khalid University Hospital, King Saud University Medical City, Riyadh,

Saudi Arabia

xvii





Contributors

Panagiotis G. Adamopoulos Department of Biochemistry and Molecular Biol-

ogy, Faculty of Biology, School of Science, University of Athens, Athens, Greece

Soo Kyung Ahn Division of Breast and Endocrine, Department of Surgery,

College of Medicine, University of Ulsan, Asan Medical Center, Sonpa-gu,

Seoul, South Korea

Robert W. Allan Department of Pathology, Immunology and Laboratory

Medicine, University of Florida, Gainesville, FL, USA

Eugenia Allegra Otolaryngology-Head and Neck Surgery, Department of Medi-

cal and Surgical Sciences, University Magna Graecia of Catanzaro, Catanzaro, Italy

Samer Z. Al-Quran Department of Pathology, Immunology and Laboratory

Medicine, University of Florida, Gainesville, FL, USA

Arunkumar Anandharaj Department of Otolaryngology, Head and Neck

Surgery, LSU Health Shreveport, Shreveport, LA, USA
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Azienda Ospedaliero-Universitaria, Ospedali Riuniti Umberto I – GM Lancisi – G

Salesi, Ancona, Italy

Sergei Moshkovskii Department of Personalized Medicine, Orekhovich Institute

of Biomedical Chemistry, Russian Academy of Medical Sciences, Moscow, Russia

Medico-Biological Faculty, Pirogov Russian National Research Medical Univer-

sity, Moscow, Russia

Susumu Nakata Division of Oncological Pathology, Aichi Cancer Center

Research Institute, Nagoya, Japan

Joo-Hyun Nam Department of Obstetrics and Gynecology, University of Ulsan

College of Medicine, Asan Medical Center, Seoul, South Korea

Cherie-Ann O. Nathan Department of Otolaryngology, Head and Neck Surgery,

LSU Health Shreveport, Shreveport, LA, USA

Claudio Navarre Genomics of Gene Expression Laboratory, Centro de

Investigación Prı́ncipe Felipe (CIPF), Valencia, Spain

Dong-Young Noh Division of Breast and Endocrine, Department of Surgery,

College of Medicine, University of Ulsan, Asan Medical Center, Sonpa-gu,

Seoul, South Korea

Azzurra Onofri Medical Oncology Unit, Università Politecnica delle Marche,
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Napoli “Federico II”, Naples, Italy

IRCCS-SDN, Naples, Italy

Dario Salvi Life Supporting Technologies, ETSI Telecomunicación, Universidad
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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/Ionization 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

1 OMICS for Tumor Biomarker Research 5



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

6 S. Moshkovskii et al.



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

1 OMICS for Tumor Biomarker Research 7



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

Fig. 1 Outline of main OMICS technologies used for tumor biomarker discovery: from cancer

genome to diagnostic and theranostic signature
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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.

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. (c) The model with optimum

balance between overfitting and generalization

1 OMICS for Tumor Biomarker Research 9



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 (LOOCV) 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 qRT-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 miRNAmolecules 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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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.

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 (HER2) receptor protein kinase, a target

of rituximab drug, and BCL2 proto-oncogene among network hubs

1 OMICS for Tumor Biomarker Research 15



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).

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 GSTM1 – GSTM2

2p23-24 – FAP SRD5A2

5q13 CCNB1 – –

6q25 ESR1 – –

7p14 – INHBA SFRP4

9p13 BAG1 – TPM2

9q22 CTSL2 – –

9q32-33 – – ORM1, GSN

10q21 – – FAM13C

10q26 MKI67 MKI67 –

11p15 SCUBE2 – –

11q22 PGR, MMP11 – –

15q22 – DENND4A (C-MYC) –

17p13 CD68 – –

17q12 GRB1, ERBB2 (HER2) – –

17q21 – – COL1A1

17q25 BIRC5 – –

18q21 BCL2

19p13 – GADD45B KLK2

20q11 – – TPX2

20q13 MYBL2, AURKA MYBL2 –

Xq28 – BGN BGN
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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). OVA1 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, OVA1 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

OVA1 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 A1, 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 OVA1, 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 (Vizcaı́no 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

OVA1 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 μl 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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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 andWrenger 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

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
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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

andWeiss (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 (OVA1) 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 (OVA1 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

qRT-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 μm 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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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

Fig. 1 The metastatic
process. Cells within the

primary tumor intravasate (a)
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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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 μm; 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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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

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 (c 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)
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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,

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)
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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 MUC1 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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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

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 μm (c) (Adapted with permission from Stott

et al. 2010a)
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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, HER2,

MUC1, 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).
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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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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)
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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 % 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
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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

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)
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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

• 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

CTCs 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

pI 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.

• 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 bymicroscopic analysis. It is performedwhen 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 TP53,

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 III 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/III 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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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

Table 1 Biomarker classification. Summary of the differences in the use of biomarkers based

on clinical needs

Type of

biomarkers Use

Clinical

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

how a patient can expect to fare in the absence of therapy

Predict

recurrence

Predictive Used to identify which patients will respond to a specific

pharmacological treatment. It also means to show predisposition

(increase of risk) to have the disease (genetic marker)

Personalized

therapy
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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 2006).

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).

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)
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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 pI 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 pI. In a region with a pH greater than its pI, a given protein is charged

negatively and moves toward the cathode (+). While in a region with a pH below its

pI, 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 pI, 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 pI, 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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(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.

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
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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.

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

3 Oncoproteomic Approaches to Cancer Marker Discovery: The Case of. . . 63



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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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

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
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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

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

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



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.

• The 5-year survival rate after surgical removal of a localized tumor exceeds

90 % versus 10 % in the case of a tumor with metastasis.

• The protein biomarkers accepted for clinical use in colorectal cancer

are carcinoembryonic antigen and fecal hemoglobin; however, they lack

specificity.

• 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 β-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

TnI 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/m2, to 7 % and 18 % in patients who received

550 and 700 mg/m2, 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/m2 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/m2 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

• This chapter focuses on CTX that represents a serious adverse effect of

antitumoral drugs.

• 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 %.

• Cardiovascular complications may be observed acutely or subacutely (anytime

from the initiation of the therapy) till several years after treatment.

• 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

• 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).

• It is not clear, 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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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).

Table 1 Systemic cancer drugs with important cardiovascular side effects, selected indications

Class/drug

Selected

indications

Important CV side

effects

Cytostatic

chemotherapeutics

Anthracyclines/analogs

Doxorubicin Lymphoma Cardiac dysfunction/

heart failureDaunorubicin Leukemia

Epirubicin Breast cancer

Ovarian cancer

Sarcoma

Mitoxantrone Leukemia

Multiple sclerosis

Pyrimidine analogs

Fluorouracil (5-FU) Colorectal cancer Coronary spasms/

ischemiaCapecitabine Breast cancer

Alkylating agents

Cyclophosphamide Breast cancer Myocarditis (rare)

Cisplatin Genitourinary

cancer

Thrombosis

Anti-microtubule agents

Paditaxel Breast cancer Bradycardia

Colorectal cancer

Signalling

inhibitors

Anti-HER2

Trastuzumab Breast cancer Cardiac dysfunction

Lapatinib Gastric cancer

Angiogenesis inhibitors/

anti-VEGF

Bevacizumab Gastrointestinal

cancer

Hypertension

Sunitinib Renal cell

carcinoma

Endovascular damage

Sorafenib Hepatocellular

carcinoma

BCR-ABL inhibitors

Imatinib Leukemia Edema, cardiac

dysfunction (rare)

Dasatinib Gastric cancer QTc prolongation

Nilotinib

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

Mechanisms of AC Cardiotoxicity

ROS Generation

Nonenzimatic pathway

AC reacts with ferric
iron (Fe3+)

Enzimatic pathway

AC interacts with
mitochondrial respiratory
chain by cardiolipin

AC interacts with
cytocrome-containing
enzymes

Vacuolar degeneration of
sarcoplasmic reticulum

Swelling and distruption of
the mitochondria

Miofilament degeneration

AC intercalates into
the DNA 

Stop at RNA and DNA
synthesis

Mitochondrial mutation

AC distrupts DNA by
poisoning topoisomerase

Arrest of the growth and
programmed cell death

Myocytes
Apoptosis

and 
Necrosis

Reduction in sarco/endoplasmic
reticulum Ca2+ATP ase

Intracelluar calcium overload

Decline in energy reserves

Fig. 1 Mechanisms of anthracycline cardiotoxicity: overview
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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

CHF 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.

• 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.

• 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.

• The difference between cardiotoxicity from anthracycline and trastuzumab led

to the terms “type I” and “type II” chemotherapy-related cardiac dysfunction.

Type I 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

• Overlapping 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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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

Table 2 Cardiac imaging modalities in the detection of CTX: advantages and drawbacks

Echocardiography MUGA MRI

Endomyocardial

biopsy

Advantages Noninvasive Noninvasive Noninvasive No radiation

No radiation Lack of the

need for

geometric

remodeling

No radiation Histological

evidence of CTX

Complete cardiac

assessment

(including valvular,

diastolic, and

pericardial

assessment and

chamber size)

Low

interobserver

variability

Accurate and

reproducible

assessment of

LVEF

Gold standard

for the

evaluation of

LV volumes,

mass, and

function

Disadvantages Low reproducibility Exposure to

radioactivity

Low

availability

Invasive

High interobserver

variability

Incomplete

cardiac

assessment

(focusing

only on

LVEF value)

Expensive Low availability

Long

processing

time

Less sensitive

Not applicable

in patients

with metal

devices and

renal

dysfunction

High variability

in interpretation
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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.

• 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.

• MRI is 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 (TnI), localized in all types of
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striated (cardiac and skeletal) muscle. Each unit performs a specific function in the

process of contraction by mediating actin-myosin interaction. TnC binds Ca2+

released from the sarcoplasmic reticulum, TnI 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 TnI: 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 cTnI may be useful in the assessment of

TnC

Tropomyosin
Ca2+

Absent

Tnl

TnT

Relaxed Muscle State

Thin filament of
Sarcomere

Contracted Muscle State

Ca2+

Present

Fig. 2 Schematic of cardiac muscle showing location of cardiac troponin I (TnI), cardiac troponin
T (TnT), and cardiac troponin C (TnC) in relation to actin and tropomyosin. Figure illustration by

Craig Skaggs (Data from Shave et al. (2010), with the permission from the publishers)
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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, cTnT 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 cTnI 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 cTnI 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 cTnI levels, LVEF returned to

baseline at 7 months following a transient reduction at 3 months (Cardinale

et al. 2000). Therefore cTnI 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 TnI

and CTX was demonstrated in a large study on 703 patients with cancer undergoing

high-dose chemotherapy (Cardinale et al. 2004). TnI was measured before treat-

ment, during 3 days after the end of chemotherapy infusion (early evaluation), and

after 1 month (late evaluation). Patients without TnI 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 TnI 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 TnI (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 TnI 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 cTnT-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 cTnI 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 TnI 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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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-cTnI 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-cTnI

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-TnI 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

• This chapter focuses on structure, physiologic function, and applications of

troponin in the oncological setting.

• 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.

• 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

(ii) 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 cTnI detectable in serum following the ischemic insult

are non-covalent ternary complexed cTnT-I-C (TIC complex) and binary

complexed cTnI-C (IC complex) although complexed cTnI-T (IT complex)

and free forms are also present.

• There is only one cTnT assay (available from Roche Diagnostics); a number of

cTnI 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).

• Comparison between cTnI platforms is difficult due to a lack of common

standard, variability in antibodies in the commercial assays, and choice of

epitopes.

• However, differences on cTnI manufactures exist, and there are those due to a

variation in immunoassay detection methodology as well as to various cTnI

forms which may alter epitope-binding sites when cTnI 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 cTnI, 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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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.
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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).

• 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 TnI 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.

• 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.

• 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/m2.

• 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

• 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 α1-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 DNAmethylation 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.

List of Abbreviations

5-Aza-CdR 5-Aza-20-Deoxycytidine
5-Aza-CR 5-Azacytidine

5caC 5-Carboxylcytosine

5fC 5-Formylcytosine

5-FU 5-Fluorouracil

5hmC 5-Hydroxymethylcytosine

5mC 5-Methylcytosine

ACF Aberrant Crypt Foci

ALX1 ALX Homeobox 1

APC Adenomatous Polyposis Coli

BRCA1 Breast Cancer 1

C-CIMP Colorectal Cancer CIMP

CDKN2A Cyclin-Dependent Kinase Inhibitor 2A

CGI CpG Island

CIMP CpG Island Methylator Phenotype

CIMP-H CIMP-High

CIMP-L CIMP-Low

CK1α Casein Kinase 1α
DKO Double Knockout

DNMT DNA Methyltransferase

G-CIMP Glioblastoma CIMP

GSK3 Glycogen Synthase Kinase 3

GSTP1 Glutathione S-Transferase Pi 1

HIST1H4F Histone Cluster 1 H4f

HOXA9 Homeobox A9

HR Hazard Ratio

HRAS Harvey Rat Sarcoma Viral Oncogene Homologue

IDH Isocitrate Dehydrogenase
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IGF2 Insulin-like Growth Factor 2

IHEC International Human Epigenome Consortium

LAD Lamin-Associated Domain

LEF Lymphoid Enhancer-Binding Factor

LINE-1 Long Interspersed Nuclear Element-1

LOCK Large Organized Chromatin Lysine Modification

LOI Loss of Imprinting

LRES Long-Range Epigenetic Silencing

MAGE Melanoma-Associated Antigen

MAP Methyl-Binding Domain Affinity Purification

MBD Methyl-CpG-Binding Domain

MeDIP Methyl-DNA Immunoprecipitation

MeTA Methyl-CpG Targeted Transcriptional Activation

MGMT O6-Methylguanine-DNA Methyltransferase

MLH1 MutL Homologue 1

MSP Methylation-Specific PCR

NPBWR1 Neuropeptides B/W Receptor 1

NSCLC Non-small Cell Lung Cancer

oxBS-seq Oxidative Bisulfite Sequencing

PCDHGB6 Protocadherin Gamma Subfamily B, 6

PcG Polycomb Group Protein

PCR Polymerase Chain Reaction

PSA Prostate-Specific Antigen

RB1 Retinoblastoma 1

RFS Relapse-Free Survival

ROS Reactive Oxygen Species

SAM S-Adenosylmethionine

SCFβ-TrCP SKP1-Cullin 1-F-Box

SFRP Secreted Frizzled-Related Protein

SMRT-seq Single-Molecule Real-Time Sequencing

TAB-seq TET-Assisted Bisulfite Sequencing

TCF T-Cell Factor

tDMR Tissue-Specific Differentially Methylated Region

TET Ten Eleven Translocation

α-KG α-Ketoglutarate

Key Facts

Key Facts of DNMT: DNA Methyltransferase

• 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.

• The de novo methyltransferases DNMT3A and DNMT3B are mainly responsi-

ble for introducing cytosine methylation at previously unmethylated CpG

dinucleotides.

• 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 Dnmt1 or Dnmt3b results in embryonic lethality in mice, and

homozygous Dnmt3a knockout mice die at about 4 weeks of age.

• Mutations of human DNMT3B gene cause immunodeficiency, centromeric

instability, and facial anomalies (ICF) syndrome.

Key Facts of CGIs: CpG Islands

• 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

60–70 % of human genes.

• CGIs were first identified by digestion of genomic DNA using the methyl-CpG-

sensitive restriction enzyme HpaII, and thus it was called HTF (HpaII 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

• MBD proteins specifically recognize methyl-CpG sequences through the

methyl-CpG-binding domain (MBD) consisting of about 80 amino acid residues.

• The mammalian MBD proteins consist of five members named MBD1, MBD2,

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-
0-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 (IGF2) 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 (CDKN2A, also known as p16) and mutL homologue 1 (MLH1) 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, DNMT1, 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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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 (5mC) 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. 1 DNAmethylation 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 50 position of the cytosine ring, predominantly

within the CpG dinucleotide. TET family proteins catalyze 5mC oxidation to 5hmC. 5hmC 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, 5hmC may be

further deaminated to become 5hmU by activation-induced cytidine deaminase (AID). 5hmU 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. 5mC and its oxidative derivatives may undergo passive demeth-

ylation during DNA replication. 5mC 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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(TET) family enzymes. Many CGIs are approximately 1 kb in length and reside at

the 50 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

MethylatedDNA is recognized by proteins containing amethyl-CpG-binding domain

(MBD) or a C2H2 zinc finger. The mammalian MBD proteins consist of five

members: MBD1, MBD2, MBD3, MBD4, and MeCP2 (Hendrich and Bird 1998).

1 2 3

Normal

1 2 3

Cancer

ON

OFF

CpG islandShore

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 (CGIs). 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.
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Among these,MBD1,MBD2,MBD4, andMeCP2 all specifically recognizemethyl-

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

Transcription
Factor 

OFF

Gene

a

b

MBP

OFF

Corepressor
complex

Gene

Fig. 3 Two mechanisms of
transcriptional repression
by DNA methylation. (a) A
transcription factor (green
circle) is unable to bind to its

recognition site when DNA is

methylated. Filled circles

represent methylated CpGs.

(b) DNA methylation can

attract a protein complex

including the methyl-CpG-

binding protein (MBP,

orange circle) and the

corepressor complex (gray
ovals).
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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 DNAmethylation pattern observed

in cancer. Aberrant silencing of genes by promoter hypermethylation was first

identified in a CGI upstream of the retinoblastoma 1 (RB1) 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 (BRCA1) 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 (5hmC) in mammalian

neurons and embryonic stem cells (Tahiliani et al. 2009). Ten-eleven translocation

(TET) proteins are Fe(II)- and α-ketoglutarate (α-KG)-dependent dioxygenases that
successively oxidize 5-methylcytosine (5mC) to 5hmC, 5-formylcytosine (5fC),

and 5-carboxylcytosine (5caC) (Fig. 1). These oxidized methylcytosines are
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believed to be intermediates in the process of 5mC 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, 5mC and 5hmC are experi-

mentally indistinguishable using established 5mC mapping techniques such as

differential enzymatic digestion and bisulfite sequencing (Nestor et al. 2010).

Therefore, the existing 5mC data sets will require careful re-evaluation in the

context of the possible presence of 5hmC. 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 5hmC in genomic DNA at single-nucleotide resolution

(Pastor et al. 2013). 5hmC 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 5hmC is most abundant in brain tissue, it is important to unravel the

function of this modified base in the brain.

The levels of 5hmC 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 TET2 restored 5hmC levels and decreased

metastatic potential of melanoma cells (Lian et al. 2012). The immunostaining of

tissue sections with antibodies against 5hmC and against the Ki67 antigen indicated

that 5hmC and Ki67 are almost never present simultaneously in a single cell,

suggesting that the combined analysis of 5hmC 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 5hmC levels (Delhommeau et al. 2009). The TET family is directly

responsible for the generation of 5hmC, and the catalytic reaction requires cofactor

α-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 IDH1 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 5hmC, 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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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

CancerNormal

Nuclear membrane
Lamina
Mediator
Histone modification
Chromatin

Fig. 4 Model of a higher-order chromatin structure mediated by LOCKs and LADs. In
normal cells, large organized lysine modifications (LOCKs) 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.
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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 MLH1
hypermethylation and the activating mutation of BRAF oncogene (BRAFV600E).

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 IDH1 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 IDH1 and genes that affect the same metabolic pathway, such as IDH2
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 5mC 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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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 5mC (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. 6c). 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. 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).
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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
denote methylated CpGs, and open circles denote unmethylated CpGs. A methylated region of

genomic DNA is digested with McrBC, and unmethylated DNA fragments are then enriched in the

McrBC-treated samples. (b) Affinity enrichment of methylated DNA. Genomic DNA is denatured

and then affinity purified with either an anti-5mC 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-20-
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 fromMBD2 protein and the NFκB
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

�

Fig. 6 (continued) purification; MAP) that can be attached to a column. (c) 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 β-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 DNMT1 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 β-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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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 DNAmethylation 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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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 1α (CK1α), Axin, and adenomatous polyposis coli (APC) promotes the phosphor-

ylation of β-catenin, which leads to its ubiquitylation by SKP1-cullin 1-F-box (SCFβ-TrCP) E3

ligase and to its degradation by the 26S proteasome. This prevents the accumulation of nuclear

β-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 β-catenin. β-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). (c) 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 β-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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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 DNAmethylation 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 (IGF2) gene, which results in the activation of the

normally silent allele of the IGF2 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 GSTP1 hypermethylation in prostate cancer. GSTP1 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 GSTP1 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). GSTP1
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 GSTP1 as a promising

biomarker of prostate cancer with a sensitivity of 82 % and a specificity of 95 %

(Van Neste et al. 2011). GSTP1 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 GSTP1 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 GSTP1 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 GSTP1 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 O6-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 O6 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 DNAmethylation 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

control

Early detection

Prognosis

NSCLC, breast Tumor, mediastinal

lymph node biopsy

MGMT DNA repair Predicting drug

sensitivity

Glioma, colon,

lung, lymphoma

Tumor

GSTP1 Detoxification Predicting drug

sensitivity

Prostate, breast,

kidney

Tumor, urine

PYCARD Apoptosis Prognosis NSCLC Sputum

TFAP2E Transcription

factor

Predicting drug

sensitivity

Colon Tumor

LINE-1 Transposition Predicting drug

sensitivity

Colon Tumor

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, RASSF1A, PAX5β, and GATA5) 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/TMS1)
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

(HIST1H4F), protocadherin gamma subfamily B, 6 (PCDHGB6), neuropeptides
B/W receptor 1 (NPBWR1), ALX homeobox 1 (ALX1), 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 DNAmethylation 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 DNAmethylation 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. KLKmembers 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 KLKs as biomarkers in human malignancies.

List of Abbreviations

%fPSA 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

DFS 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

IHC 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

OC Ovarian Cancer

OS Overall Survival

136 K. Michaelidou et al.



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

SPINK5 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

VTCN1 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).

• The group of “classical” members, namely, KLK1, 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

KLKs and/or proteases.

• The two most well-studied interaction networks between several KLK members

are the semen liquefaction (KLK2, KLK3, KLK5, and KLK14) and skin des-

quamation (KLK5, 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 50 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 (KLK1) 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., KLK5, KLK7, KLK14), semen liquefaction (e.g., PSA/KLK3), regulation of

neural plasticity (e.g., KLK6, KLK8), innate immunity (e.g., KLK5, KLK7), and

inflammatory responses (e.g., KLK14) (Fig. 1a) (Emami and Diamandis 2007;
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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.

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. KLK6 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. SPINK5 serine peptidase

inhibitor Kazal-type 5, LEKTI lymphoepithelial Kazal-type-related inhibitor, PARs proteinase-

activated receptors
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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 KLKs 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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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).

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. (c) 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, IGFs 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
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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, KLK2 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, KLK2 could enhance diagnostic specificity for CaP

detection. The ratio of KLK2 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 KLK2 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

KLK15 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
KLK2 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 KLK14 tissue expression is associated with high risk

of relapse and disease progression in patients treated with radical prostatectomy,

and KLK14 protein expression was found to be an independent prognostic factor in

CaP (Avgeris et al. 2012; Rabien et al. 2008). Increased KLK15 protein expression

levels are associated with poor patients’ outcome, and similarly, KLK15
overexpression is associated with more aggressive features of prostate tumors

(Avgeris et al. 2010). Furthermore, according to a recent study, high KLK15
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–KLK11, KLK13–KLK15) are found to

be overexpressed in OC tissues, compared to noncancerous controls. At the protein

level, KLK3–11, KLK13, and KLK14 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, CA125, and KLK13 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 KLK10, 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).

KLK5 can represent a promising marker for differential diagnosis, since KLK5

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 KLK8–9 and KLK14 can effectively predict
a favorable disease outcome. Particularly, KLK4 and KLK15mRNA expression and

KLK5 and KLK7mRNA 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 KLK5 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

148 K. Michaelidou et al.



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 KLK13
mRNA levels can predict disease recurrence in epithelial OC (Avgeris et al. 2012).

As opposed to the KLKs discussed above, KLK8, KLK9, and KLK14 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, KLK14 mRNA levels are negatively correlated with

preoperative CA125 serum levels, reinforcing its value as a marker of favorable

prognosis (Kontos and Scorilas 2012). KLK8 expression has been studied in OC

tissues, as well as in cytosolic extracts, effusion specimens, and the serum, leading

in opposite results. Specifically, KLK8 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

KLK8, 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. 2011a). Finally, elevated KLK11 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, KLK4 gene and protein expression can distinguish paclitaxel-resistant

patients from the responder ones. Furthermore, measurement of KLK5, KLK7, and

CA125 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 KLK6 protein content in serum is indicative of reduced response to

platinum-based therapy. KLK6, 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 KLK14 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 (VTCN1, also known as B7-H4), spondin 2, and CA125, with very

promising results. For example, a panel which includes KLK7, KLK10, VTCN1,

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, KLK8, 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). KLK5, 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 KLK5
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,
KLK10, KLK12, and KLK14, 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. KLK5 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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KLK10, 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 KLK10 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 KLK10 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 KLK10 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).

KLK12 transcript variant expression levels are correlated with an adverse BC

patient outcome in terms of shorter DFS and OS. KLK14 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, KLK13, and
KLK15 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/KLK3 tissue levels in patients with recurrent disease are related to inadequate

clinical response to tamoxifen. Similarly, increased KLK10 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
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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, KLK8, 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 KLK4, 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 KLK8

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 KLK7 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, KLK8 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 KLK5, 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 KLK11 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 KLK7 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, KLK1, KLK3,
KLK6, and KLK7mRNA 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, KLK8, 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 KLK10 mRNA as well as KLK6 and KLK12 protein expression is

associated with unfavorable prognosis, whereas KLK11 and KLK13 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 KLK10 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, KLK11 and KLK13 possess a potential clinical value as

predictors of favorable GC patients’ outcome. KLK11 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 KLK13 expression is modu-

lated in cultivated GC cell lines, after their exposure to different antineoplastic

agents, suggesting that KLK13 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, KLK8, 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 KLK10 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 KLK14 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 KLK14 is also

associated with limited OS. Additionally, the significant increase in KLK7 and

KLK14 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

KLK7, 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, KLK7 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, KLK6,
KLK8, and KLK10, 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 KLK11 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

KLK7 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, KLK11 mRNA expression analysis could contribute to both differ-

ential diagnosis and disease prognosis. KLK11 expression was significantly lower

in cancerous specimens compared to nonmalignant ones, while KLK11 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

ofKLK10mRNA expression via epigenetic mechanisms has been demonstrated in acute

lymphoblastic leukemia (ALL) patients as well. In particular, KLK10 gene silencing in

ALLoccurs throughhypermethylation of either the gene promoter, 50-UTR, or the coding
region. Notably, themethylation status of theKLK10 gene provides important prognostic

information inALLpatients and is significantly associatedwith shorterDFS intervals and

inferior patients’ prognosis (Paliouras et al. 2007; Roman-Gomez et al. 2004).

Lung cancer: a serum-based panel of KLKs, namely, KLK4, KLK8, 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 KLK5, KLK7, KLK8, KLK10, and KLK12 are

significantly decreased, whereas KLK11, KLK13, and KLK14 are increased in

NSCLC patients in relation to healthy individuals. KLK6, KLK8, and KLK12
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 KLK8 type 4 splice variant appear to be

independent markers of poor disease outcome (Heuzé-Vourc’H and Courty 2012).

Similarly, KLK11 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, KLK13, and
KLK14 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 KLK13 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 KLK10, let-7f for KLK6 and KLK10, 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, KLK10, and KLK11, as well as CA125, VTCN1, 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 KLKs, 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 KLK6 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 KLK8 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 α-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 KLK8, 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 KLK1 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 KLK6 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 2011). 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 KLK8 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, KLK5, KLK7, and KLK14 facilitate cell shedding at late stages

of epidermal turnover through cleavage of corneodesmosomal adhesive proteins

(DSG1, DSC1, and CDSN). Additionally, several KLKs play a critical role in skin

permeability and antimicrobial defense. KLK5 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 KLK5 activates PAR2, which in turn results to

upregulation of molecules which are crucial mediators of inflammation, suggesting

an activator role of KLK5-PAR2 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 SPINK5 (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 KLK5, KLK7, and KLK14, 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 KLK5, 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 K€undig 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-KLK7 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 30UTR of KLK7 has been associated with atopic dermatitis, while

KLK8 expression is significantly elevated in serum samples from patients

(Deperthes and K€undig 2012).

Psoriasis: patients with psoriasis demonstrate aberrant KLK expression in the

stratum corneum and serum. In particular, KLK6, KLK10, KLK13, 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 KLK5 and KLK11

levels decrease, whereas those of KLK14 increase in patients with psoriasis.

Moreover, high KLK8 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 KLK8 levels were independently associated with cutaneous

psoriasis severity (Deperthes and K€undig 2012; Eissa et al. 2013).

Conclusions

This chapter outlines the enormous potential of KLKs 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.

• The KLK family members have drawn much research attention, by the virtue of

their potential as cancer biomarkers, with KLK5, KLK6, KLK7, KLK11, and

KLK14 being the most encouraging members concerning cancer patients’

prognosis.
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• 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 KLK10 serum levels holds great

promises in diagnosis, prognosis, and therapeutic stratification.

• KLK5, 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

MAP17 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.

• MAP17 is an oncogene capable to enhance the tumorigenic capability of mel-

anoma, breast, and cervix tumor cells.

• MAP17 is overexpressed in a large proportion in human carcinomas, and its

levels correlate with malignant status and advanced stages of tumors.

• MAP17 increases reactive oxygen species, ROS, and these seem to be necessary

for the tumorigenic activity of MAP17.

• 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

PDZK1IP1

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-IIa, and NHe3 (Carnero 2012). Overexpression of MAP17 in opossum kidney

cells participates in NaPi-IIa 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-IIa/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. 2007c; Kocher et al. 1995). Immuno-

histochemical analysis of MAP17 during cancer progression shows that

170 A. Carnero



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. 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
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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.

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. (c, d) Show pictures of

relative levels and distribution of MAP17 in different cell lines (c REF52; d HBL100). MAP17

proteins are represented in green by immunofluorescence
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Genes coding for members of the cytochrome P450 family (CYP4B1, CYP4A11),

putative oncogenes (SCL/Tal1), MCPH7, CMPK1, and members of the fork head

family (FOXE3, FOXD2) 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 HeLa 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 O2
� and H2O2, 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 H2O2 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
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oxidative stress, cancer, and cell death makes new experimental tests necessary to

acquire a deep understanding of these processes.

Summary Points

• 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.

• MAP17 is an oncogene capable to enhance the tumorigenic capability of tumor

cells.

• MAP17 is overexpressed in a large proportion in human carcinomas, and its

levels correlate with malignant status and advanced stages of tumors.

• MAP17 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

Serumbiomarkers 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 (CA19-9) is a biomarker that found utilitymainly 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 superiormesenteric artery (unresectable

primary tumor)

N: Nodal Stage

N0: no lymph node involvement

N1: regional lymph nodes involved

M: Metastasis

M0: 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.
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Metastatic There is presence of distant metastases.

Resection Margins
R0: 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 (a � 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 R0 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 R0 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

levels associated with higher stage

Resectable disease, median �352

IU/mL

Unresectable disease, median �
353 IU/mL (Kim et al. 2009; Zhang

et al. 2008)

Prognostic

marker

Monitoring

disease

recurrence

Response to

treatment

Chronic pancreatitis Varies, generally mildly elevated

(Paganuzzi et al. 1988; Safi

et al. 1987)

IPMN Varies, higher levels in higher stage

(Alexander et al. 2011)

Prognostic

marker

Biliary

tract

Cholangiocarcinoma = �0 Varies, higher levels (�55 IU/mL)

associated with increased recurrence

(Chung et al. 2011)

Prognostic

marker

Monitoring

disease

recurrence

Response to

treatment

Gallbladder cancer Varies depending on stage (D’Hondt

et al. 2013; Pais-Costa et al. 2012)

Prognostic

marker

Cholangitis and obstructive

jaundice

Varies depending on

hyperbilirubinemia and etiology,

especially important in PSC- higher

levels in PSC predicting higher risk

of cancer (Barr Fritcher et al. 2013;

Sinakos et al. 2011; Venkatesh

et al. 2013)

Differential

diagnosis

Prognostic

marker

Colon/

rectum

Colorectal cancer Varies, higher levels could be seen

in higher TNM stage (Zhang

et al. 2013)

Could be

prognostic

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

(Dong et al. 2008)

Prognostic

marker

Borderline ovarian tumors Higher levels in mucinous tumors

(Ayhan et al. 2007)

Prognostic

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

(Chua et al. 2012; Koh et al. 2013)

Prognostic

marker

Occult primary Varies, depending on site of primary
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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 R0 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

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 1a 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 1a, 1b) 160 (stage 2–4)

1: (Martin, et al., 2012) 2: (Humphris, et al., 2012) 3: (Waraya, et al., 2009)
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
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(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 andMetastatic
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

1: (Hess, et al., 2008) 2: (Katz, et al., 1998) 3: (Lee, et al., 2013), (Katz, et al., 1998)
4: (Bauer, et al., 2013) 5: (Haas, et al., 2013) 6: (Reni, et al., 2009) 7: (Yoo, et al., 2011)
8: (Haas, et al., 2013)

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
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Table 3 Summary of studies of CA 19-9 in resectable pancreas cancer

Paper/year Description

CA 19-9 range

U/mLa Results

Conclusions in

papers

Abdel-Misih

et al. (2011)

Retrospective

review, N = 93

�35

>35

Persistent

elevation of CA

19-9 (>35 U/mL)

after 6 months

following

resection – worse

survival – similar

to unresected or

metastatic disease.

HR 2.20, p value

of 0.002

Post operative CA

19-9 levels are

prognostic

Ferrone

et al. (2006)

Retrospective

review, N = 424

Preoperative,

median:

41

162

9

164

T1/T2 lesions

T3 lesions

N0 disease

N1 disease

Preoperative CA

19-9 correlates

with stage of

disease

Postoperative CA

19-9 decrease and

CA 19-9 value of<
200 U/mL are

independent

predictors of

survival even after

adjusting for stage

Hernandez

et al. (2009)

Analysis of patients

on the control arm

of randomized trial

and did not receive

adjuvant therapy

following surgery,

N = 96

CA 19-9

velocity/4

weeks

131

1

Disease

progression

No disease

progression

Rate of CA 19-9

change is

predictive of

disease progression

Humphris

et al. (2012)

Retrospective

review, N = 260

Preoperative

�120 vs.>120

Post resection:

<37

vs. 37–120

Normalization

of CA 19-9

within

6 months after

surgery

CA 19-9 did

not normalize

Median overall

survival in months:

22.2 vs. 16.7

25.6 vs. 20.7

29.9

14.8

Preoperative CA

19-9 levels and

normalization of

CA 19-9 within

6 months of

resection are

prognostic markers

for survival

Berger

et al. (2008)

Phase III

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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may not be amenable to a successful resection of the tumor (Katz et al. 2010;

Willett et al. 1996). Following surgery, CA 19-9 levels could predict the

likelihood of a successful completion of margin-negative pancreatic resection

(Katz et al. 2010).

Table 3 (continued)

Paper/year Description

CA 19-9 range

U/mLa Results

Conclusions in

papers

Kinsella

et al. (2008)

Retrospective data,

patients treated

with surgery

followed by

radiation therapy,

N = 75

Post operative:

�70 and R0

resection

�70 and

R1/R2

resection

>70 and

R0/R1/R2

resection

Survival

2 years – 80 %

5 years – 65 %

2 years – 40 %

5 years – 10 %

2 years – 10 %

5 years – 0

CA 19-9 levels are

prognostic for

survival

High CA 19-9

levels and positive

margins were

predictive of early

distant metastases

Kondo

et al. (2010)

Retrospective

review, N = 109

Preoperative:

<37

�37

<100

�100

<200

�200

<500

�500

3 years survival

49 %

10 %

43 %

0

38 %

0

38 %

0

Preoperative CA

19-9 is prognostic

for survival

Barton

et al. (2009)

Retrospective

review, N = 143

Preoperative:

�120

>120

Survival: %

1 year, 3 years,

5 years

76, 41, 31

64, 17, 10

Preoperative CA

19-9 prognostic for

survival, not

predictive of lymph

node status, margin

status

Waraya

et al. (2009)

Retrospective

review, N = 117

Preoperative:

�37 vs. >37

Disease specific

survival (months)

30.6 vs. 12.7

Preoperative CA

19-9 is prognostic

for survival

Berger

et al. (2012)

Analysis of

survival data from

a large randomized

trial to use adjuvant

CRT in patients

with resected

pancreas cancer,

N = 385

Post resection:

<90 vs. �90

mOS (months):

21 vs. 10

Post resection CA

19-9 levels is

prognostic

Sugiura

et al. (2012)

Retrospective

review, N = 154

Preoperative:

<100

�100

Early recurrence

%b, 3 years,

5 years % and

mOS (months):

11, 47.3, 40.1, 31

53, 21.2, 9.4, 16

Preoperative CA

19-9 are prognostic

for early recurrence

as well as survival

aCA 19-9 in U/mL unless otherwise specified
bEarly recurrence – within 6 months of surgery
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Chemotherapy response has been assessed using serial CA 19-9 levels in several

studies and it has been found that treatment-related decline in the biomarker is

associated with better overall survival in some studies. There are several definitions

for assessing the degree of decline such as �20 % decline as well �50–75 %

decline from pretreatment values in the first 6–8 weeks of treatment. The

pretreatment levels have clearly been shown to be prognostic; however, the degree

of decline in CA 19-9 and its correlation with survival has shown mixed results

(Halm et al. 2000; Hess et al. 2008; Ishii et al. 1997; Maisey et al. 2005; Reni

et al. 2009; Saad et al. 2002; Ziske et al. 2003) (Table 4).

Similarly, CA 19-9 levels can be followed serially to monitor response to

chemotherapy in metastatic disease. Increasing levels along with imaging studies

could indicate disease progression and discontinuation of current therapy. High

pretreatment CA 19-9 levels are associated with worse prognosis and could indicate

increased tumor burden (Table 4).

CA 19-9 in Intraductal Papillary Mucinous Neoplasms
of the Pancreas

Elevated CA 19-9 serves as an adverse risk factor associated with postoperative

recurrence of intraductal papillary mucinous neoplasms of the pancreas (Park

et al. 2011). Higher CA 19-9 levels are also associated with worse survival

(Alexander et al. 2011).

CA 19-9 in Gastric Cancer

Gastric cancer is the second most common cause of worldwide cancer-related

death. It is the most common cancer in men in Japan and the highest incidence of

gastric cancer is in China. By some estimates, it is the fourth most common cancer

worldwide (Kamangar et al. 2006), but its overall incidence has been decreasing

worldwide over the last several decades. Several types of gastric cancer (proximal

type, diffuse type) have however been increasing in incidence. Gastric cancer is

most commonly diagnosed at an advanced stage except in Japan, Korea, and few

other countries where screening with endoscopy is prevalent. The incidence and

outcomes in patients diagnosed with gastric cancer have significantly improved in

Japan, mainly owing to earlier diagnosis, but the overall survival continues to be

poor in North America and Europe. In gastric cancer, CA 19-9 can be elevated in up

to 20–35 % of patients (Hou et al. 2011; Kochi et al. 2000; Lukaszewicz-Zajac

et al. 2011). CA 19-9 measurement alone is not routinely recommended in gastric

cancer but in combination with other tumor markers such as CEA and other

proinflammatory markers, and it may provide prognostic information. Higher CA

19-9 levels are associated with higher tumor stage, presence of lymph nodes

metastases or distant metastases, and decreased overall survival (Kochi

et al. 2000; Liu et al. 2012a; Ucar et al. 2008).
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Table 4 Summary of studies of CA 19-9 in advanced/ advanced with resectable/metastatic

pancreatic cancer

Paper/year Description

CA 19-9 range

U/mLa Results

Conclusions in

papers

Hammad

et al. (2010)

Analysis of

3 consecutive

gemcitabine

containing phase

2 trials, N = 111

Lower

baseline CA

19-9

associated

with better

OS and TTP

Baseline CA 19-9

values have

prognostic value

Change in CA 19-9

within 1 month of

treatment is not

predictive or

prognostic

Kim

et al. (2009)

Retrospective

review, N = 114

<92.77

�92.77 (along

with lower

CEA < 2.47

ng/mL and

tumor size <
11.85 cm3

R0 resection

90.6 %

accuracy

R1/R2

resection with

88.6 %

accuracy

Lower baseline or

preoperative CA

19-9 is predictive

of resectability

Tsavaris

et al. (2009)

Retrospective

study, N = 215

>30 x upper

limit of normal

(37)

Higher levels

associated

with worse

survival

CA 19-9 has

prognostic value

Hess

et al. (2008)

RCT with patients

undergoing

treatment with

gemcitabine alone

or with

capecitabine, N =
247 had baseline

CA 19-9 levels

Baseline CA

19-9:

(ULN: varies

from 20 to 37)

�59 x ULN

<59 x ULN

Survival

5.8 months

10.3 months

Pretreatment CA

19-9 is prognostic

Decrease in CA

19-9 with treatment

is not associated

with improved

survival

Katz

et al. (1998)

Retrospective

review of patients

treated with

radiotherapy, N =
104

Pretreatment

median:

>680

�680

Post treatment:

>162.5

�162.5

>75 %

decrease

<75 %

decrease

mOS

(months)

8

20

11

26

23

8

Pretreatment, post

treatment levels of

CA 19-9 are

prognostic for

survival

Degree of decrease

in CA 19-9 with

treatment is

predictive for

survival

Lee

et al. (2013)

Retrospective

review, N = 187

Upper limit of

normal: 37

Median 376

mOS

(months)

12.4 vs. 13.5

months

(in elevated

CA 19-9

vs. lower) p

value of 0.969

CA 19-9 levels did

not correlate with

stage or survival

(continued)
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Table 4 (continued)

Paper/year Description

CA 19-9 range

U/mLa Results

Conclusions in

papers

Martin

et al. (2012)

Retrospective

review, N = 123

Preoperative:

<37, �37

<37,�37

<37, �37

<37, �37

Postoperative:

<37, �3

Adv disease:

0–50 % decline

>50 % decline

mOS

(months)

36, 20

DFS

16.5, 7.6

LN +

13 %, 64 %

T � 3 cm

38 %, 93 %

mOS

36, 20

mOS

8.5

11.916

Higher CA 19-9

levels

perioperatively is

prognostic for

worse survival.

Higher decline with

therapy in

advanced disease is

prognostic and

predictive

Nishida

et al. (1999)

Retrospective

review, N = 75

CA 19-9

doubling time:

Range from

<1 day to

313 days

Shorter

doubling time

associated

with worse

survival

CA 19-9 doubling

time is prognostic

Bauer

et al. (2013)

Pooled analysis of

6 prospective trials,

N = 212

Median CA

19-9 level at

baseline:

ng/mL

1,077 (range

15–492.241)

Below median

Above median

After 2 cycles

of

gemcitabine:

<5 % increase

�5 % increase

mOS

(months),

5.8

3.7

mOS and TTP

10.3, 7.5

5.1, 3.5

Baseline CA 19-9

is a prognostic

marker

Increase in CA

19-9 after treatment

is a negative

predictive marker

Decrease in CA

19-9 during

treatment – no

prognostic

implication for

survival

Haas

et al. (2013)

Pooled analysis of

2 multicenter RCT

phase II plus

prospective data

from a high volume

cancer center, N =
291

Median

pretreatment:

1,137 (range

6–100,000)

�1,000

vs. >1,000

Decline (after

2 cycles)

<50 %

�50 %

Months:

mOS: 9

6.1 vs. 4.0

mOS, mTTP

8.8, 5.4

11.9, 5.8

Pretreatment CA

19-9 is prognostic

for survival and

change in CA 19-9

levels during

treatment is

predictive

Katz

et al. (2010)

Analysis of 2 phase

II trials of patients

with normal

bilirubin receiving

neoadjuvant CRT

Pretreatment:

<37

Restaging:

<61

Completing

PD

PPV 86 %

NPV 28 %

PPV 93 %

NPV 28 %

Decision making

for resectability

should not be based

on CA 19-9 levels

due to low NPV

even with high PPV

(continued)
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CA 19-9 in Biliary Tract Cancers

Current NCCN guidelines suggest obtaining CA 19-9 levels as a part of workup for

suspected intrahepatic cholangiocarcinoma as well as extrahepatic cholangio-

carcinoma along with liver function studies, imaging studies, and interventional

staging. CA 19-9 level serves as a useful prognostic biomarker in biliary tract

cancers (Chung et al. 2011; Kawamata et al. 2013; Liu et al. 2010). In both

intrahepatic and extrahepatic cholangiocarcinoma, the overall survival seems better

in patients with lower initial CA 19-9 levels (Liu et al. 2012b). It is used in

combination with other tumor markers such as CEA and CA 125 in the initial

diagnosis, prognostication (Wang et al. 2013), and monitoring response to treat-

ment (Woo et al. 2012). It could also predict tumor stage as well as resectability in

conjunction with other staging studies (Juntermanns et al. 2010). CA 19-9 may be

elevated in primary sclerosing cholangitis, which predisposes to cholangio-

carcinoma and can predict adverse prognosis in this setting (Barr Fritcher

et al. 2013; Sinakos et al. 2011; Venkatesh et al. 2013).

Gallbladder cancer is often diagnosed at an advanced stage, given its aggressive

behavior and delayed diagnosis as its symptoms are similar to more benign etiol-

ogies such as chronic cholecystitis and cholelithiasis. CA 19-9 levels should be

Table 4 (continued)

Paper/year Description

CA 19-9 range

U/mLa Results

Conclusions in

papers

Haas

et al. (2010)

Retrospective

review of patients

receiving second

line chemotherapy,

N = 70

CA 19-9

change within

1st 2 cycles:

>20 %

Worse

survival with

HR of 2.00

CA 19-9 change is

predictive

Reni

et al. (2009)

Analysis of patients

with pancreatic

cancer on 5 trials,

N = 247

Baseline:

�37

38–1,167

>1,167

mOS

(months):

15.5

11.9

8

Baseline CA 19-9

is an independent

prognostic factor

Koom

et al. (2009)

Retrospective

review of patients

with elevated CA

1-9 and pancreas

cancer, N = 69

Pretreatment:

>1,200

Posttreatment:

>100

Decline �40 %

All associated

with worse

survival

Pretreatment,

posttreatment, as

well as decline in

CA 19-9 are

prognostic

Yoo

et al. (2011)

Retrospective

review of patients

who underwent

CRT, N = 84

Pretreatment:

�400

>400

Tumor

response %,

early distant

mets, MOS

(months):

45.1, 19.6,

15.1

15.2, 42.4, 9.1

CA 19-9 is a

prognostic marker

aUnless otherwise specified
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obtained as part of the initial diagnostic evaluation keeping in mind that baseline

levels are more accurate following biliary decompression if the patient presented

with signs and symptoms of obstruction. Similar to other malignancies, low or

undetectable CA 19-9 levels following resection seem to be associated with a better

prognosis and predict for lower TNM stage, R0 resection, and perineural invasion

(D’Hondt et al. 2013; Pais-Costa et al. 2012).

It can be concluded that in biliary tract cancers, elevated preoperative CA 19-9

levels are independent predictors of decreased overall survival after successful

resection or attempted resection and hence is prognostic across all stages of disease

(Hatzaras et al. 2010).

CA 19-9 in Colorectal Cancer

Screening colonoscopy has proved to be an effective screening tool for early

detection of colorectal cancer with a primary impact on prolonging survival of

patients with early diagnosis. CEA is the most commonly used tumor marker in

surveillance and monitoring of disease. CA 19-9 may also be increased in patients

with colorectal cancer with higher levels linked to higher TNM stage and worse

prognosis (Yu et al. 2013). There is insufficient data to recommend using CA 19-9

in the routine management of colorectal cancer (Bast et al. 2001).

CA 19-9 in Ovarian Cancer

CA 19-9 may be elevated in ovarian cancer, more commonly in mucinous tumors

compared to nonmucinous ones (Ayhan et al. 2007; Dong et al. 2008). Only in

mucinous ovarian tumors, CA 19-9 levels were more commonly associated with

higher stage. This finding may be explained by the fact that CA 19-9 is a sialylated

oligosaccharide that is most commonly found in circulating mucins in patients with

malignancy. The presence of CA 19-9 detected by immunohistochemical staining

in mucinous ovarian tumor and borderline mucinous tumors was found to be around

84 % (Motoyama et al. 1990). In borderline ovarian tumors, CA 19-9 was found to

be elevated in the range of 40.9–57 % for mucinous tumors and 7.9–51.5 % for

serous tumors (Ayhan et al. 2007; Engelen et al. 2000; Tamakoshi et al. 1996). In

mature cystic teratomas, CA 19-9 could be elevated in up to 39 % of patients and is

associated with higher likelihood of bilaterality (Dede et al. 2006).

In ovarian cancer, CA 19-9 levels along with CA 125 levels predict advanced

clinical stage (both by TNM staging and FIGO), increased rates of lymph node

involvement, and presence of occult neoplastic cells. Hence higher levels predict

worse prognosis (Muramatsu et al. 2005). CA 19-9 measurement is especially useful

in ovarian carcinomawith mucinous histology since serous type of cancer may fail to

express the marker, with a positive rate up to 83.3 % in mucinous type versus 28.2 %

in nonmucinous type (Gadducci et al. 1992). CA 19-9 alone cannot be recommended

in the routine monitoring of patients with ovarian cancer. However, if initially
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elevated, it can be used concomitantly with other tumor markers, especially in

combination with CA 125 or alone in patients who are negative for CA 125.

Utility in Other Malignancies

CA 19-9 can serve as an independent prognostic factor in other malignancies such

as pseudomyxoma peritonei with higher levels following cytoreductive surgery and

perioperative intraperitoneal chemotherapy which are typically associated with

worse prognosis and overall survival (Koh et al. 2013).

CA 19-9 can also be found to be elevated in non-small lung cancers along with

other tumor markers such as CEA and CA 125. However, given its lack of

specificity and overall sensitivity when used alone, it should not be recommended

for use in routine practice (Li et al. 2012).

CA 19-9 in Occult Primary

Current NCCN guidelines recommend considering obtaining CA 19-9 along with

other tumor markers as part of the initial evaluation in biopsy-proven adenocarci-

noma in the liver or patients with peritoneal disease when pancreatic or biliary tract

primary is suspected.

Potential Applications to Prognosis, Other Diseases, or
Conditions

CA 19-9 is a biomarker that has been extensively studied, primarily in pancreatic

malignancy and biliary tract malignancies, and has been shown to be a prognostic

factor in different stages of presentation. It has been used as a tumor marker to

follow after resection of the primary malignancy to detect recurrence as well as to

monitor response to therapy in the metastatic setting. Its utility has been studied

extensively as a diagnostic tool, especially in pancreatic cancer, and has been

demonstrated as having poor positive predictive value.

With ongoing research to understand the biology of several diseases, search for

newer and more effective therapies, the development of a prognostic model with

incorporation of several factors including CA 19-9 is the first step toward improv-

ing the outlook in several cancers, especially pancreatic cancer.

Summary Points

– CA 19-9 is a sialylated Lewis A group antigen and is positive only in patients

with the Le (a � B+) or Le (a + B�) blood groups. About 5–10 % of the

population will not test positive for CA 19-9.
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– CA 19-9 is a useful biomarker and is the only FDA-approved biomarker in

pancreatic cancer.

– It is relatively nonspecific and has a low predictive value as a screening tool in

pancreatic cancer.

– It can be elevated in pancreatic cancer as well as other malignancies such as

biliary tract cancers, gastric cancers, and ovarian cancers among others. The

biomarker can also be elevated in nonmalignant conditions such as biliary

obstruction secondary to other benign etiologies, pancreatitis, benign neoplasms

of the pancreas, inflammatory hepatobiliary diseases, and thyroid disease among

others.

– CA 19-9 has been shown to have a prognostic value, with higher levels being

associated with worse prognosis, mainly in pancreatic cancer and other malig-

nancies such as biliary tract cancers, ovarian tumors, especially in mucinous

tumors.

– CA 19-9 is one of the biomarkers that can be considered during workup for

occult primary when suspecting pancreaticobiliary origin.
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Abstract

Pituitary tumor transforming gene (PTTG) has originally been discovered as a

gene differentially expressed between rat pituitary tumor cells and normal rat

pituitary tissue. It was rapidly recognized that PTTG mRNA and protein are

much more abundant in various human tumor types as compared to the

corresponding non-tumor tissue. The mammalian PTTG protein was found to

be a securin, required for correct sister-chromatid separation and equal distribu-

tion of mitotic chromosomes to the daughter cells. Increased levels of the protein

in tumor cells result in aneuploidy and DNA instability. The potential of PTTG

to initiate and support tumor development was demonstrated in xenograft

models. Transgenic mice finally proved a weak oncogenic potential of the

gene. PTTG exhibits a vast impact on the transcriptome of tumor cells due to

its ability to bind to general transcription factors, such as SP1, and to p53, which

is of major importance for cell cycle regulation and apoptosis. Among the

PTTG-regulated genes are some which are associated with tumor cell migration

and invasion, corresponding to the metastasis-enhancing function of PTTG

observed in xenograft models. In several human tumor types, high mRNA and

protein levels of PTTG have been associated with increased proliferation index,

with increased risk of metastases, and – most important – with lower overall

survival. Due to the similarity of results among several clinical studies, including

various types of solid tumors, it can be stated that PTTG is a valuable prognostic

marker in aggressive human tumor diseases.

List of Abbreviations

ACTH AdrenoCorticoTropic Hormone

ADH AntiDiuretic Hormone

AFP Alpha(α)-FetoProtein
bFGF basic Fibroblast Growth Factor

ca. “circa” (Latin) = approximately (English)

CAB Combined Androgen Blockade

ccRCC clear cell Renal Cell Carcinoma

cDNA complimentary DNA

DNA DeoxyriboNucleic Acid

e.g. “exempli gratia” (Latin) = for example (English)

ECM ExtraCellular Matrix

EGFP Enhanced Green Fluorescent Protein

EGFR Epidermal Growth Factor Receptor

EMT Epithelial to Mesenchymal Transition

ESCC Esophageal Squamous Cell Carcinoma

FAK Focal Adhesion Kinase

FSH Follicle-Stimulating Hormone

g Gram

GAPDH GlycerAldehyde-3-Phosphate DeHydrogenase

GBM GlioBlastoma (Multiforme)
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GH Growth Hormone

HNSCC Head and Neck Squamous Cell Carcinoma

HPF High-Power Field

hPTTG human PTTG

HR High Risk

I Iodine

i.e. “id est” (Latin) = that is (English)

IDH1 Isocitrate DeHydrogenase 1

IHC ImmunoHistoChemistry

LH Luteinizing Hormone

M Metastasis

MGMT MethylGuanine-DNA MethylTransferase

MI Mitotic Index

MMP Matrix MetalloProteinase

mRNA messenger RNA

MSH Melanocyte-Stimulating Hormone

N (Lymph)Node
NIS Sodium-Iodide Symporter

NSCLC Non-Small Cell Lung Carcinoma

p(T,N,M) pathological(T,N,M)
PCNA Proliferating Cell Nuclear Antigen

PCR Polymerase Chain Reaction

PRL Prolactin

pTNM pathological Tumor-Node-Metastasis

PTTG Pituitary Tumor Transforming Gene

p-value probability-value
Rb Retinoblastoma

RNA RiboNucleic Acid

RT-PCR Reverse Transcription-PCR

r-value correlation coefficient

SCLC Small Cell Lung Carcinoma

shRNA short hairpin RNA

siRNA short interfering RNA

SOP Standard Operating Protocols

STAT Signal Transducer and Activation of Transcription

STH SomatoTropic Hormone

T Tumor

TGF Tumor Growth Factor

TIMP Tissue Inhibitor of MetalloProtease

TSH Thyroid-Stimulating Hormone

V Vein

VEGF Vascular Endothelial Growth Factor

WHO World Health Organization

β-Gal β-Galactosidase
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Key Facts of Pituitary Gland

• Pituitary gland (hypophysis) is a bean-shaped organ, weighing ca. 0.6–0.8 g,

which is situated within a bone-cavity – resembling a Turkish saddle (sella

turcica) – located on the basis of the cranium.

• Pituitary gland is divided both from an anatomical and functional point of view

mainly in two different parts, the anterior lobe (known as adenohypophysis) and

the posterior lobe (known as neurohypophysis), whereas a rudimentary

(in humans) intermediate lobe is located between them.

• Adenohypophysis produces and secretes a variety of hormones (i.e., Adreno-

CorticoTropic Hormone [ACTH], Thyroid-Stimulating Hormone [TSH],

Luteinizing Hormone [LH], Follicle-Stimulating Hormone [FSH], Growth Hor-

mone [GH] or SomatoTropic Hormone [STH], and Prolactin [PRL]), regulating

in this way the function of specific “target” organs.

• Neurohypophysis stores a couple of so-called neurohypophyseal hormones

(namely, Oxytocin and AntiDiuretic Hormone [ADH] or Vasopressin), which

are then released by the gland in the blood according to the needs of the organism.

• The intermediate lobe secretes Melanocyte-Stimulating Hormone (MSH)

which – as the name implies – acts on the melanocytes of the skin.

• Pituitary gland stays in direct communication with the hypothalamus

(an important structure lying above the gland and belonging to diencephalon

[“interbrain”]). The latter both controls – through releasing and inhibiting hor-

mones – the secretion of the hormones of adenohypophysis and also produces the

neurohypophyseal hormones that reach the neurohypophysis via axonal transport.

• Due to the role of hypophysis as a regulator of the other hormone-producing

organs, it is obvious that diseases (mainly benign tumors, so-called adenomas)

affecting the gland can result either in excess or scarcity of certain hormones,

leading subsequently to diverse endocrinologic conditions (e.g., Cushing’s

disease, acromegaly or gigantism, hypothyroidism, galactorrhea, amenorrhea,

infertility and hypogonadism).

Definitions of Words and Terms

Aneuploidy Abnormality characterized by irregular number of chromosomes.

Some chromosomes are represented by a higher or lower number of copies as

compared to the normal somatic tissues of the species.

Apoptosis Known also as “programmed cell death”, describes a process inwhich the

cell uses its own cellular apparatus to commit suicide and thus a stable number of cells

are retained or such cells are eliminated which threatens the survival of the organism.

Biomarker A molecule that is either present or absent or varies in abundance in a

particular cell type/tissue and due to this fact may contribute either to the diagnosis

of a disease or even to the estimation of therapeutic outcome.
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Gene Knockdown Reduction of the expression level of a gene achieved either

through manipulation of the genomic DNA or through the use of small RNA

molecules, which interfere with gene expression, because they are complementary

to critical sequence motifs of the messenger RNA.

Gene Promoter A region in the DNA sequence of a gene, in which RNA poly-

merase binds and initiates transcription.

Gene Silencing A mechanism used by the cell in order to inactivate a particular

gene either at the transcriptional or translational level.

Oncogene A gene that is normally found in the cell (as a proto-oncogene) and which

is responsible for the accomplishment of a particular cellular function. Various causes,

such as increase in copy number or enhanced transcription, can lead this gene to

acquire tumorigenic potential and thus transform normal cells into cancerous ones.

Predictive Factor A clinical or biological indicator that gives valuable informa-

tion related to the likely benefit for the patient from a particular treatment.

Prognostic Factor A clinical or biological indicator that is used in order to

estimate the progress and outcome of a disease in yet untreated individuals.

Pseudogene A region of genomic DNA that possesses sequence similarity to a

functional gene, but cannot be translated into a functional protein, e.g., due tomutations.

RNA Interference (RNAi) Synonymous with Post-Transcriptional Gene Silencing

(PTGS), describes a complex intracellular process carried out by highly specific

double-stranded RNAs (dsRNAs) of about 20 nucleotides, which bind to messenger

RNAs (mRNAs) with matching sequences, causing subsequently mRNA degradation.

Senescence Originates from the Latin word “senex” meaning “old age” or “old

man” and is referred also as “biological aging”. This yet not decoded process is

recognized via certain features regarding individual cells (“cellular senescence”) or

the entire organism (“organismal senescence”).

Transgenic Animal An animal that carries a foreign gene (incorporated through

specific laboratory methods) in its own genome.

Tumor Suppressor Gene A gene that normally prevents the unrestrained cellular

proliferation and thereby the development of cancer. However, when this gene is

lost, mutated, or silenced, it loses its physiological function, which contributes

together with other genetic changes to the formation of tumors.

Xenograft Model An experimental in vivo procedure by which tissue or cells of a

species are transplanted to an immunocompromised animal (mostly mouse), in

order to investigate the potential of the transplants to create tumors.
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Introduction

In recent years, the pituitary tumor transforming gene (PTTG) has progressively

gained interest as a potential prognostic marker in cancer. In the present chapter we

aim to shortly introduce the discovery of the gene and the molecular functions of

the encoded protein securin and to depict its role in biological processes relevant to

cancer progression. In the second half of the chapter, we critically review the

potential value of PTTG/securin as a determinant of clinical behavior and final

outcome of tumor diseases.

Discovery of the Pituitary Tumor Transforming Gene

All basic discoveries regarding structure and expression of vertebrate PTTG and its

oncogenic potential have already been published in the late 1990s. Much of this

early work has been performed by Shlomo Melmed and colleagues at the Cedars-

Sinai Research Institute (Los Angeles, USA).

The gene was initially discovered during a screening for small RNA fragments,

which were differentially expressed between rat pituitary adenoma cells and normal

pituitary tissue (Pei and Melmed 1997). A fragment selectively expressed in the

tumor cells was used to isolate a complete cDNA from a rat pituitary adenoma

cDNA library. The corresponding mRNA was confirmed to be highly expressed in

the tumor tissue. In the same report the authors already demonstrated the oncogenic

potential of the gene, because transfected mouse NIH3T3 fibroblasts were able to

induce tumors when xenografted to immunodeficient mice. Having thus identified a

new oncogene in rat pituitary tumors, the authors coined the term “pituitary tumor

transforming gene”. Only 2 years later, Melmed and colleagues reported the

identification and chromosomal localization of a homologue human gene (Zhang

et al. 1999a), later termed hPTTG-1, which was expressed more abundantly in

pituitary adenoma tissues and carcinoma cells than normal human tissues (Zhang

et al. 1999a, b; Saez et al. 1999), and was able to transform mouse fibroblasts into

tumor initiating cells, just as it had been observed for its rat counterpart (Zhang

et al. 1999a). Although PTTG-1 overexpression in various human cancers is

meanwhile well established, the reason for this is not well understood until now.

While a binding site for the general transcription factor SP1 in the PTTG-1

promoter had been recognized early (Pei 1998), it was only recently that the

group of Shlomo Melmed demonstrated a role of PTTG as a functional downstream

element of the transcription factor STAT 3 (Zhou et al. 2013), which itself pos-

sesses transforming properties. In parallel to the identification of hPTTG-1, a

second member of the gene family (hPTTG-2) was described (Prezant

et al. 1999), although it did not contribute much to the increased pool of PTTG

mRNA in tumors. The gene hPTTG-2 is expressed at a low level in tumor cell lines

and tissues (Prezant et al. 1999; Chen et al. 2000). Transcripts of a third homologue

gene (hPTTG-3) were undetectable in human tissues at the level of Northern blots,

suggesting that this locus may even represent a functionally inactive “pseudogene”
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(Marques et al. 2005). In the following, we will thus use the designation PTTG

instead of hPTTG-1, as it is done in most of the existing literature.

A first clue regarding the normal function of the PTTG-encoded protein in

vertebrates came by the demonstration that the human gene product is identical

with human securin, i.e., an inhibitor of sister-chromatid separation, which is

required for the proper control of this process and insures genomic stability (Zou

et al. 1999). While this finding suggested a relation of the oncogenic function of

PTTG to chromosomal gains and losses, which are often observed in high-grade

tumors, it was later shown that the protein clearly participates in transcriptional

regulation of some tumor-relevant downstream genes. The earliest example was the

induction of the well-known oncogene c-myc by binding of PTTG to its promoter

(Pei 2001), suggesting that upregulation of c-myc participates in the oncogenic

potential of increased securin levels. Later, the securin-mediated regulation of p21,

the direct executor of the tumor suppressive functions of p53, was established as

another possible route (Bernal et al. 2002; see section “Role as a Broad Regulator of

the Transcriptome”).

PTTG in Cancer

PTTG Is an Oncogene

Following the above mentioned early proof of the tumorigenic transformation of

mouse fibroblasts by PTTG, the oncogenic potential of the gene in human cells was

further confirmed by successful tumor induction in nude mice using xenografts of

PTTG-transfected human embryonic kidney cells (Hamid et al. 2005). However,

like most xenograft models, all these mouse models suffered from the disadvantage

of non-orthotopic tumor growth under the skin of mice, following artificial inocu-

lation with an initially high number of transfected cells. It was therefore meaningful

that the group of Shlomo Melmed and other authors undertook huge efforts to

construct serious genetic models to elucidate the role of PTTG in tumor develop-

ment both inside and outside the pituitary gland.

It could be demonstrated that a targeted expression of the gene, i.e., under the

control of a pituitary-specific promoter, led to focal pituitary hyperplasia,

although no tumors were induced. However, if targeted overexpression of

PTTG was achieved in mice with a heterozygous knockout of the well-known

tumor suppressor Rb (retinoblastoma gene), a much higher frequency of tumors

occurred in the anterior lobe of the pituitary, as compared to mice exhibiting

solely the heterozygous loss of Rb (Donangelo et al. 2006). At this point there

may have remained doubt regarding the true potential of PTTG in initiating

tumors in mice, since a “partner gene” was required to lead from hyperplasia to

tumor disease. While the contribution of both partners remained unclear, a

dominating role of Rb may have been suggested, due to its apparently important

role in cell cycle regulation and tumor development (Poznic 2009; Di Fiore

et al. 2013). Recently, it could be clearly demonstrated that a more widespread

9 PTTG (Securin) as Cancer Biomarker 209



PTTG overexpression in several mouse tissues including lung, liver, kidney,

spleen, and the female genitals indeed led to precancerous lesions and cancer,

although the lesions were restricted to the female genital tract, indicating a limited

ability of PTTG to induce cancer without the help of a “partner gene” (Fong

et al. 2012). Histologically confirmed cancer occurred in a relatively small

percentage of animals, i.e., 13–20 % depending on their age (Fong et al. 2012).

At least since that publication there can be no doubt that PTTG acts as a true,

though weak oncogene in mice. The observed overexpression of the gene in

several human cancers is thus more likely to participate at some stage in tumor

development than just to be a secondary event.

Basic Molecular PTTG Functions in Cancer not Restricted
to Pituitary Adenomas

Role in Genetic Instability
Due to its early detected function as a securin, a role of PTTG overexpression in

disturbed chromosomal segregation and aneuploidy in cancer cells could be

suggested. In an approach to measure the cellular PTTG distribution, the time

course of its degradation, and the cellular consequences in detail, the group of

Shlomo Melmed used enforced overexpression of PTTG fused to enhanced green

fluorescent protein (EGFP) in cancer cells lacking endogenous expression of the

protein (Yu et al. 2003). A direct link could be demonstrated between the degree of

expression of the transgene and the cytologic consequences visible by fluorescent

microsopy. The transfected PTTG protein did not only co-localize with the mitotic

spindle apparatus but was also visible and evenly distributed along the whole

chromosomes. PTTG-EGFP, but not EGFP alone, was able to slow down and

eventually block progression to the anaphase. If PTTG was expressed at sufficient

levels, it could no longer be completely degraded prior to the onset of anaphase,

thus disturbing or eventually blocking completely chromosomal segregation lead-

ing to severe aneuploidy. A clear quantitative correlation could be seen,

since intermediate PTTG levels preferentially led to incomplete chromosomal

segregation producing several micronuclei, while high levels resulted in a

distribution of all chromosomes to only one daughter cell (macronucleus) while

committing the second to cell death. Applying an undegradable mutant PTTG, the

authors confirmed that indeed PTTG has to be tightly regulated in cells in order to

allow a correct chromosomal segregation. Overexpression, as seen in many cancer

cell types, will thus inhibit the ability of the cells to sufficiently control the amount

of this securin, which in turn favors gross genomic instability (Fig. 1). These

imbalances may include enhanced copy numbers of oncogenes or loss of tumor

suppressor genes, thus playing a role in the generation of more malignant subsets of

tumor cells.

However, PTTG induces genetic instability not only at the level of chromo-

somes but also at the level of short DNA stretches, as verified by a PCR-based

approach (Kim et al. 2005). This pointed to a second mechanism, such as
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disturbed DNA repair. In a first attempt to quantify this short distance genetic

instability in human thyroid cancer tissues, the authors detected a high correlation

between a PCR-defined instability index and mRNA levels of PTTG (r = 0.8,

p � 0.01). These merely correlative results could be underpinned by transfection

of thyroid cells with PTTG, showing a dramatic increase of the instability index.

Later, a similar influence of the PTTG expression level on DNA instability was

observed in colorectal cancer and PTTG transfection of colorectal cancer cells

and human fibroblasts indeed resulted in an increase of the instability index (Kim

et al. 2007). It could be shown that PTTG transfection reduced the activity of

the etoposide-induced repair machinery for double-stranded DNA damage,

which provided a possible explanation for the observed instability. High PTTG

expression in tumors thus contributes to genetic instability on the level of DNA

damage, which is invisible in cytologic/histologic stains. It may cause functional

damage to many cellular proteins and gene promoters, thus having a broad impact

in tumor biology.

Fig. 1 Physiological and
pathological function of
PTTG. The left side of the
scheme (Modified according

to Yu et al. 2003) shows the

physiological mitotic process,

during which securin (PTTG)

builds a complex with separin

and as a result prevents the

degradation of cohesins (hold

sister chromatids bound) by

the latter. At the end of

metaphase, securin is

degraded and in this way

allows separin to act on

cohesins causing their

degradation and the

subsequent release of

chromatids which thus remain

unbound and move in equal

numbers to the newly formed

daughter cells. The right side
of scheme presents the impact

of securin (PTTG)

overexpression in the

development of aneuploidy.

Overexpressed PTTG retains

separin tightly bound to itself,

inhibiting in this manner the

chromatids from being

equally distributed in the

daughter cells

9 PTTG (Securin) as Cancer Biomarker 211



Role as a Broad Regulator of the Transcriptome
While the above-cited changes may be mainly stochastic and do not lead to the

understanding of molecular details participating in tumor development, more

specific insights came from the growing evidence that PTTG acts as a transcrip-

tional regulator of a broad panel of target genes, some of which are well-known to

regulate basic cellular features, such as cell cycle and apoptosis, and to be important

oncogenes or tumor suppressor genes.

The first proof that PTTG acts as a transcriptional regulator has come from the

abovementioned role for c-myc induction, where PTTG is part of a promoter-

binding protein complex (Pei 2001). Shortly thereafter, PTTG was shown to

interact physically with the important tumor suppressor protein p53 (Bernal

et al. 2002), which is well-known to be a key regulator of cell cycle progression

and apoptosis and to have transactivating properties, exerting many of its functions

via transcriptional regulation of the protein p21. The finding of functional com-

plexes between p53 and PTTG was originally observed during phage-display

screening and verified by co-immunoprecipitation. It pointed already strongly to a

role of PTTG as a transcriptional regulator, which may be important in many tumor

entities, not just in pituitary adenomas. Gel shift assays, which detect the ability of

p53 to bind to a radioactive p53 motif of human DNA, revealed that this

DNA-binding property is inhibited by PTTG in breast cancer. Accordingly, the

promoter activity of all three tested p53-dependent target genes, involved in cell

cycle progression and apoptosis, was decreased by PTTG (Bernal et al. 2002).

Among those genes was p21, the most important executer of p53-dependent cell

cycle regulation. Following transcriptional activation by p53, it suppresses cell

cycle progression by inducing G1 arrest. Inhibition of this process by PTTG thus

stimulates tumor cell proliferation. The second target gene tested was BAX, which

codes for a positive modulator of the mitochondrial apoptotic pathway, suggesting

that high PTTG levels favor apoptotic resistance of tumor cells. The third gene,

SFN, encoded an inhibitor of G2–M transition, thus also supporting a

pro-proliferative function of high PTTG levels.

A more generalized insight into the role of PTTG for the cancer cell

transcriptome has come from a study, which did not use a screening for potential

PTTG-binding proteins (phage display) as a starting point, but rather performed a

search for PTTG-regulated gene promoters (Tong et al. 2007). This type of inves-

tigation suggested that PTTG binds (directly or indirectly) to more than 700 hundred

promoters. As compared to the control group, PTTG interacting promoters were

strongly enriched for sequences containing a binding motif for the general tran-

scription factor SP1, suggesting a broad influence of PTTG in the transcriptome by

forming complexes with SP1. A formation of such complexes in tumor cells could

indeed be verified by co-immunoprecipitation of both proteins (Tong et al. 2007).

Gel shift assays verified that PTTG can build a complex with SP1 bound to the

corresponding SP1 consensus sequence in the DNA. Since the cell cycle regulator

cyclin D3 had been found to be overrepresented in the original screening for PTTG-

interacting promoters, the authors verified binding of PTTG-SP1 complexes to the

cyclin D3 promoter. This goal was achieved by PCR amplification of the promoter
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sequence from immunoprecipitates of the protein complex (chip analysis).

Upregulation of this cyclin is thus among the thinkable mechanisms, which may

participate, independent from a loss of p53/p21-mediated inhibitory pathways, in a

stimulation of cancer cell proliferation via PTTG.

Motility, Invasion, and Metastasis

In recent years, it has been shown that PTTG not only influences proliferation and

survival of tumor cells and neovascularization but also regulates the migratory

properties of tumor cells and its ability to remodel the extracellular matrix (ECM),

thereby facilitating the spread of metastases. It seems that a switch of the epithelial

character of the cells towards a mesenchymal character, the so-called epithelial to

mesenchymal transition, (EMT) plays a significant role in this change (see section

“Epidermal to Mesenchymal Transition”).

In esophageal squamous cell carcinomas (ESCC), lymph node metastasis and

poorer survival have been found to be significantly associated with PTTG

overexpression (Fig. 2), leading the authors to investigate the influence of this

oncogene on migration and metastasis in vitro and in a mouse model (Ito

et al. 2008). PTTG knockdown by siRNA suppressed the migration of ESCC cell

lines through pore membranes and the invasion into matrigel-covered membranes

in transwell assays. Moreover, injection of siRNA-transfected cells into the foot-

pads of nude mice and weekly repeated siRNA injections into the growing tumors

to maintain PTTG suppression over 3 weeks resulted in a decrease of lymph node

metastases, as revealed by histology. Gene expression arrays and data confirmation

Fig. 2 PTTG levels in contrariwise association with patients’ survival in ESCC. Kaplan-
Meier curves demonstrating a significant difference ( p = 0.017) in the survival rate of patients

suffering from esophageal squamous cell carcinoma (ESCC) when comparing cases (n = 45) with

no or low (+) PTTG expression in immunohistochemistry to those (n = 68) with a high one (++ or

+++) (Modified according to Ito et al. 2008). The impact of PTTG on patient’s survival was

recently confirmed by an independent study (Zhang et al. 2013)
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by quantitative real-time PCR revealed that several migration-associated genes

were regulated by the siRNA (Ito et al. 2008). Correspondingly, transfection of

an ESCC cell line with PTTG led to enhanced migration in transwell assays and to

an increase of lymph node metastases, when tumor cells were injected into the tail

vein of nude mice (Yan et al. 2009). PTTG transfection was shown to induce

several genes associated with cell motility and ECM remodeling and invasion,

such as S100A4 and galectin-1, while it suppressed the secretion of TIMP-1 and

TIMP-2, two tissue inhibitors of matrix metalloproteinases (MMP) involved in

ECM remodeling. The secretion of MMP-2 was enhanced by PTTG. Taken

together, these results strongly supported a significant role of PTTG to enhance

the migratory and invasive properties of carcinoma cells, although the precise

molecular mechanisms are certainly still debatable.

Epidermal to Mesenchymal Transition

EMT has been implicated as a starting point in the progression of cancer to a

metastatic state, because it generates a cell type of higher migratory and invasive

ability within the tumor. EMT is characterized by the loss of epithelial markers,

E-cadherin being lost early, and gain of mesenchymal markers, such as N-cadherin

and vimentin. Moreover, the upregulation of some transcriptional repressors of

E-cadherin, such as Snail, Slug, and Twist, is implicated in EMT (Zheng and Kang

2013; De Craene and Berx 2013). In the last few years, some evidence has

accumulated on the one hand that PTTG induces EMT and on the other hand that

this process plays a role for migratory activation of tumor cells.

Stable transfection of an ovarian epithelial tumor cell line with PTTG cDNA led

to downregulation of E-cadherin and upregulation of Snail, Slug, and Twist and of

TGF-β, a growth factor stimulating EMT (Shah and Kakar 2011), while transfection

with an appropriate PTTG siRNA resulted in the opposite effect. A similar depen-

dency of both marker sets on manipulated PTTG levels was observed in a cell line,

derived from normal breast epithelium, and in two breast cancer cell lines (Yoon

et al. 2012), which indicated that the oncogene may induce EMT in several types of

normal or neoplastic epithelial cells. The PTTG-induced change of the marker sets

in breast epithelial cells was paralleled by the expected enhancement of migratory

properties (in vitro), although this did not clearly prove a consecutive chain of

events leading from PTTG overexpression via EMT to a migratory stimulus.

While still hypothetical in large parts, Shah and colleagues recently provided

an idea of how PTTG may induce EMT and cell migration, which was based on

detailed molecular data obtained in lung cancer cell lines (Shah et al. 2012). In the

focus of their model are integrins and the integrin-dependent focal adhesion

kinase (FAK), which is needed to constitute the focal adhesion complex, required

for remodeling of the actin cytoskeleton as a prerequisite of actively migrating

cells. PTTG was shown to upregulate αV and β3 integrins on the mRNA level and

the increase of the corresponding heterodimer in the plasma membrane was

confirmed by fluorescence-activated cell sorting and immunostaining of the
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lung cancer cells. The expression and phosphorylation of FAK and the expression

of other components of the focal adhesion complex were upregulated by PTTG.

Treatment with αV siRNA inhibited the migratory ability of lung cancer cells in a

wound healing assay in vitro. At the same time PTTG led to a reorganization of

the actin cytoskeleton compatible with EMT. The most important output from that

study was the impact of PTTG on integrins and the focal adhesion complex, which

are well known to play a major role in cell migration. On the other hand, it seems

less clear at what point EMT is involved in PTTG-mediated migratory

stimulation.

Taken together, PTTG is statistically associated with metastases in some tumor

diseases and is likely to play an important role in tumor cell migration and invasion,

while the impact of EMT in this setting requires further elucidation. Despite the

lack of a precise knowledge, which ones of many thinkable molecular mechanisms

are most important to link PTTG with tumor growth and metastases in vivo, clinical
studies clearly revealed the oncogene as a prognostic marker in several cancers.

This will be shown in the following sections.

Clinical Impact of PTTG

In the last years, special attention has been given in identifying new biomarkers,

which could be used for either prognosis or prediction of various diseases. This

target of research is more obvious and intensive in oncology than in any other field

of medicine. As a consequence, a plethora of cancer biomarkers have been pro-

posed recently, but their significance needs to be further elucidated. In this context

the present effort aims to demonstrate, in the next two main subheadings both the

prognostic and the predictive value of the above-described oncogene PTTG (mam-

malian securin), and to denote shortly its potential therapeutic applications, which

began to become visible recently.

PTTG as a Prognostic Marker

The abundance of PTTG in various tumors raised the question whether this gene

could be used in foreseeing the progression and the clinical outcome of a certain

neoplastic condition. For this reason, several studies have been performed until

now, and their results will be discussed in detail in the next paragraphs.

As it is fact with several other genes under investigation, concerning their role

as cancer biomarkers, PTTG has also been primarily examined in tumors with a

more aggressive biological behavior. This makes sense, since the aggressiveness

of a tumor is widely accepted to present a reliable factor that correlates mostly

with the prognosis of the disease. Aggressiveness is consecutively estimated in

the first line by the use of various pathological and also – even though to a lesser

extent – by some clinical parameters, according to well-established classifications

and protocols.
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Consequently, the cyto- and histopathological features which have been proved

to be of particular importance in the evaluation of cancer’s aggressiveness in the

majority of organs are comprehensively described in the WHO (World Health

Organization) classification of tumors and the pTNM (Tumor-Node-Metastasis)

taxonomy. However, pTNM staging can neither be applied in tumors of the nervous

system nor in hematological malignancies because of their unique morphology,

though some of the basic criteria related to tumor’s aggressiveness are included in

the WHO grading of these neoplasms. According mainly to the WHO and pTNM

criteria, the pathologist estimates in daily praxis a concrete number of cyto- and

histopathological features as markers of tumor’s aggressiveness and applies them as

important prognosticators for disease’s outcome and predictors of patient’s sur-

vival. A synopsis of these factors could be as follows: (a) cellular and (b) vascular

proliferation, (c) cellular dedifferentiation, (d) mitotic count (mitotic index – MI),

(e) tumor necrosis/hemorrhage, and (f) cell’s invasion/migration ability. As far as

the last one is concerned, this comprises the potential of tumor cells to migrate and

infiltrate the surrounding nonneoplastic tissue, their efficacy to enter the blood and

lymphatic vessels, and also their capacity to produce metastases both in the regional

and distant lymph nodes as well as in other organs.

The abovementioned factors have been investigated either alone or in combina-

tion in a variety of tumor diseases and were correlated with the expression levels

(mRNA and/or protein) of PTTG and together with the latter with patient’s sur-

vival. Due to the fact that some of these cyto- and histopathological characteristics

represented preferable and constant prognostic factors in the majority of studies

performed (in contrast to the clinical parameters that were partly dependent on the

organ under investigation), the analysis and interpretation of the role of PTTG can

be structured according to the issues cellular proliferation, vascular proliferation,

and migration.

Cellular Proliferation
Under cellular proliferation is implied the ability of the cell to multiply and thus

increase the number of its descendants in a particular tissue. Since a tumor repre-

sents an uncontrolled cell proliferation, which in turn is strictly associated with

tumor development and growth, it is self-evident that a cancer biomarker should be

capable of estimating the proliferative potential of a particular tumor. So far, only

two markers, namely, Ki-67 and PCNA, have been proved to accomplish this

criterion and have been established as confident in predicting the rate of a tumor

growth.

In order to identify whether PTTG could also be used as a marker of cell

proliferation or of advanced tumor stages, known to be characterized by enhanced

cellularity and mitotic index, a couple of studies have been performed. In such a

study carried out by Genkai et al. (2006), the expression level of PTTG protein was

examined in three different grades of astrocytomas, namely, diffuse astrocytoma

(WHO grade II), anaplastic astrocytoma (WHO grade III), and glioblastoma (WHO

grade IV) by immunohistochemistry. Immunostaining for PTTG differed

among these glioma subtypes, with increased staining in tumors of higher grade,
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i.e., higher mitotic index. In addition, a significant dependency of patient’s overall

survival from a PTTG immunostaining score was observed for glioblastomas, if

patients were classified into two groups according to high or low PTTG score.

Log-rank tests revealed a clearly longer survival of glioblastoma patients with low

PTTG expression ( p � 0.05). The protein may thus provide a basis for a further

prognostic refinement within this group of highly malignant gliomas, which pos-

sesses a well-known potential for an extremely rapid proliferation of residual cells

after resection. The result of log-rank tests remained significant, if the two most

malignant stages of astrocytic tumor disease, i.e., anaplastic astrocytoma and

glioblastoma, were pooled ( p � 0.01) or if all gliomas were pooled ( p � 0.01),

while PTTG played no role for survival times in the slowly growing diffuse

astrocytomas with a generally better prognosis. The immunohistochemical score

used for this study had been calculated from a relative score of staining intensity,

delivered by case-blinded observers, and the percentage of stained areas of the

histologic slices. Similar results were obtained by Wondergem et al. (2012), who

evaluated PTTG mRNA and protein levels in clear cell renal cell carcinomas

(ccRCC). The examination showed a substantially increased amount of PTTG

(mRNA and protein) in high-grade ccRCC (Fuhrman grades III/IV) as compared

to low-grade tumors (Fuhrman grades I/II). Elevated PTTG mRNA expression was

again inversely associated with patient’s postoperative survival ( p � 0.01) (Fig. 3).

In ccRCC the enhanced expression of PTTG may be partly explained by the

frequent amplification of chromosome arm 5q, which harbors this gene. In

29 patients of a large cohort with treated prolactin-secreting pituitary adenoma,

Raverot and colleagues (2010) performed an analysis of several genes aiming to

recognize possible candidates associated with pathological grade and disease

progression. Although mRNA quantification by real-time PCR suggested that

PTTG was upregulated remarkably in the most aggressive tumors (referred as

aggressive-invasive), the result did not reach statistical significance on the basis

of the small number of aggressive-invasive tumors in the cohort available for

Fig. 3 PTTG expression
inversely correlated with
patients’ survival in ccRCC.
Kaplan-Meier curves showing

PTTG mRNA expression

being substantially, though

inversely, associated

( p = 0.008) with patient’s

survival in clear cell renal cell

carcinoma (ccRCC) (Modified

according to Wondergem

et al. 2012)
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molecular analysis. However, PTTG was found to be significantly associated with

the tumor recurrence ( p � 0.05).

It is noteworthy to mention that, when PTTG was examined in breast cancer in

parallel to the proliferative marker Ki-67 and to the number of mitoses, the former

exhibited sometimes a better prognostic value in Cox regression analysis than the

latter (Talvinen et al. 2008). By comparing PTTG and Ki-67, Talvinen and colleagues

(2008) found the highest outcome advantage to be related to low PTTG immune

expression, if tumors were grouped according to a content of more than 20 % or less

than 10 % PTTG-positive cells (HR 7.1, p� 0.05). Only PTTG reached a prognostic

value in Kaplan-Meier survival curves (p � 0.05) (Fig. 4). As a conclusion of the

above mentioned, it could be suggested that PTTG possesses even a better potency

than Ki-67 in predicting disease’s outcome and patient’s survival. In contrast to this

suggested superiority of PTTG over Ki-67, another report performed in pituitary

adenomas presented Ki-67 as the most reliable marker in estimating the recurrence

potential of these tumors. Nevertheless, even in this study a good positive correlation

existed between PTTG and Ki-67 (r= 0.85, p� 0.001) and higher PTTG expression

was significantly associated with postsurgical recurrence of adenomas (p � 0.01),

justifying once again its role as a disease prognosticator (Filippella et al. 2006).

Recently, Jia et al. (2013) quantified both PTTG and PCNA mRNA in pituitary

adenomas and confirmed a highly significant positive correlation between these two

factors, but also their higher abundance in the invasive versus noninvasive tumors.

Fig. 4 The amount of PTTG as indicator (prognosticator) of survival in patients with breast
cancer. Kaplan-Meier curves indicating a noteworthy association ( p = 0.0112) concerning the

amount of PTTG protein and the survival rate of patients suffering from breast cancer. When these

cases were examined by immunohistochemistry for PTTG, three groups were built according to

cutoff points of 10 % and 20 % immunopositive cells, namely, cases with low PTTG (<10 %

positive cells), intermediate PTTG (>10 % and <20 % positive cells), and high PTTG (>20 %

positive cells). The higher the PTTG immunoreactivity, the lower the survival rate of the patient,

and vice versa (Modified according to Talvinen et al. 2008)
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Vascular Proliferation
The formation of new blood vessels (angiogenesis) is closely related to the tumor’s

anaplastic behavior. Without a doubt, the needs of a neoplasm both in nutrients and

oxygen supply, as it progresses to a larger tumor volume and a more rapidly

growing, aggressive phenotype, become exponentially larger. Therefore, an exten-

sive vascular network is required, which is actually achieved by the formation of

new vessels. This process is guided by known angiogenic factors, vascular endo-

thelial growth factor (VEGF), and basic fibroblast growth factor (bFGF) being two

of the well-known proteins guiding angiogenesis. The importance of PTTG’s

possible connection with these markers is obvious in a number of studies that

have been carried out till now, trying to identify such a link.

Soon after the isolation and characterization of PTTG, a report was published

describing PTTG’s ability to induce both expression and secretion of bFGF in

NIH3T3 cells (Zhang et al. 1999a). Furthermore, the same group proposed a

mechanism explaining this interaction, by demonstrating abolishment of bFGF

stimulation after directed mutation of proline-rich residues in the PTTG protein.

Several other investigations performed later also confirmed the existence of this

close relationship between PTTG and bFGF. By using a semiquantitative RT-PCR,

Heaney et al. (1999) revealed a concordant expression of these two factors

(r = 0.84, p � 0.01) in a total of 41 human pituitary tumors. Subsequently, this

observation was verified by our group (r = 0.93, p � 0.01) in a larger series of

103 pituitary adenomas using quantitative real-time PCR (Chamaon et al. 2009)

(Fig. 5). The positive correlation between both mRNAs was also underpinned by

the observation that the amounts of both mRNAs were dramatically increased in

invasive pituitary adenomas as compared to noninvasive (Jia et al. 2013). Apart

from this tumor entity, a study carried out in 62 hepatocellular carcinomas proved

also a remarkable positive correlation, not only between mRNA expression of

PTTG versus bFGF (r = 0.78, p < 0.0001) but also between PTTG versus VEGF

(r = 0.47, p = 0.0001) as well as PTTG versus intratumoral microvessel density

(r = 0.80, p < 0.0001) (Fujii et al. 2006). Moreover, in univariate and multivariate

Fig. 5 Strong relation
between PTTG and bFGF
mRNAs in pituitary
adenomas. Scattergram
presenting a linear

distribution and a significant

correlation ( p < 0.01), when

the mRNA levels of PTTG

and bFGF were plotted

against each other, for a total

of 103 pituitary adenomas,

examined by quantitative

real-time PCR (Modified

according to Chamaon

et al. 2009)
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analyses, PTTG was found to possess superiority over the other variables examined

(AFP [α-fetoprotein], tumor multiplicity, tumor size, vascular invasion, liver cir-

rhosis, and pathological stage) both in predicting disease-free and overall survival.

In agreement with the results obtained by Fujii and colleagues (2006) with respect

to PTTG and VEGF, another team also had evidenced a couple of years earlier the

relationship between these two factors, by examining them both in in vitro and in

ex vivo experiments (McCabe et al. 2002). This group noticed an induction of

VEGF’s expression by transfection of PTTG into human teratoma, breast carci-

noma, and choriocarcinoma cell lines. Even more, by a stepwise increase of

PTTG’s amount during transfection of JEG-3 choriocarcinoma cells, a concordant

and significantly correlated increase of VEGF mRNA was noted (r2 = 0.91, p �
0.001). Finally, it was shown in the same study that PTTG induced upregulation of

VEGF independently from bFGF; in other words this process is apparently the

result of PTTG’s direct influence on VEGF rather than an indirect consequence of

bFGF’s transactivation caused by PTTG (McCabe et al. 2002).

Migratory Ability of Tumor Cells
The invasive potential of a solid tumor represents a hallmark of its aggressiveness.

It is reflected in the tumor’s capacity to infiltrate the adjacent non-tumorous tissue

and vasculature, but also in the ability to seed metastases into lymph nodes and

other organs. It is obvious from the abovementioned, that the impact of a cancer

biomarker is enhanced by its ability to distinguish neoplasms with a high potency of

invasiveness, since the latter is related to the rate of disease progression and

prognosis. Actually, the majority of the studies, aiming to establish PTTG as a

cancer biomarker, dealt with the question whether this protein would be able to

predict invasiveness.

Although esophageal carcinoma is not included among the five most common

neoplasms, it is noteworthy that three independent reports were published

concerning this particular tumor. Chronologically, Shibata and colleagues (2002)

were the first who documented an outstanding positive association between PTTG

and tumors of higher pathological stage (IV vs. 0–III, p � 0.05) as well as tumors

with a higher lymph node status (pN; N4 vs. N0-3, p� 0.01). In addition, the results

of univariate analysis recognized PTTG to be among other factors (pathological

stage, tumor factor [T], nodal factor [N], and vein invasion [V]) a valuable predictor

of patient’s survival ( p � 0.05). Some years later, a study performed in 113 esoph-

ageal squamous cell carcinomas (Ito et al. 2008) confirmed the power of high

PTTG expression to distinguish tumors with regional lymph node metastasis

(pN; p � 0.05), distant lymph node metastasis (pM; p � 0.01), and high total

TNM score (pTNM; p� 0.05) from non-metastatic tumors or tumors of lower TNM

score. Likewise, the potency of PTTG in predicting patient’s survival was once

more obvious ( p � 0.05 in log rank test). However, this group and Yan and

colleagues in a nearly simultaneous report (Yan et al. 2009) went a step further

and revealed in vitro and in mouse experiments the ability of PTTG to promote cell

migration/invasion and lymph node metastasis, as already depicted in section

“Motility, Invasion and Metastasis.” Besides esophageal cancer, also other organs
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of the gastrointestinal tract attracted the interest of the researchers. One of the

earliest investigations (Heaney et al. 2000) examined PTTG expression in colorec-

tal tumors and found it to be positively related to high tumor grades (Dukes’ grades

C/D vs. A/B; p � 0.05). Furthermore, by comparing carcinomas with regional

lymph node invasion to others without, significantly higher PTTG values were

noticed in the former group. Tumor’s stage was also one of the parameters, together

with alpha-fetoprotein and portal vein thrombosis, that was significantly associated

with PTTG protein expression in a total of 65 hepatocellular carcinomas (Liang

et al. 2011).

Two further studies carried out by Solbach et al., the first one (2004) in 72 breast

cancers and the second (2006) in 89 squamous cell carcinomas of the head and neck

(HNSCC), showed PTTG to be significantly associated with both lymph node status

and tumor recurrence. Medullary thyroid carcinoma was in the focus of another

investigation, which revealed positive correlations between PTTG (mRNA and

protein) levels and tumor diameter as well as between PTTG mRNA expression

and TNM status (Zatelli et al. 2010). Last but not least, in a large series of 136 small

cell lung carcinomas (SCLC) and 91 non-small cell lung carcinomas (NSCLC),

differing results were obtained (Rehfeld et al. 2006). In NSCLC, Pearson’s corre-

lation analysis showed a parallelism between PTTG expression, i.e., staining

intensity of tumor cells, and extended lymph node involvement and distant metas-

tases, a result which was in accordance with previous studies in other tumor

diseases. Deviating results regarding a potential prognostic role of PTTG were

detected for SCLC. Even though Cox regression model considered PTTG staining

intensity as an independent prognostic factor in both tumor types ( p � 0.05), its

association with respect to patient’s survival was completely opposite. Thus, PTTG

expression was at the same time related to better (SCLC) and poorer (NSCLC)

prognosis in patients with different histological types of lung cancer. Such contra-

dictory results are probably due to different mechanisms underlying the genesis and

progression of these lung cancer subtypes, which are underpinned by the well-

known dissimilarities concerning their clinical behavior.

Perspectives for a Prognostic Application of PTTG in Clinical Practice

A critical review of the above-cited literature was performed, which excluded all

studies merely demonstrating a correlation between PTTG and tumor grading,

proliferation index, or other clinicopathologic or histologic findings without sur-

vival statistics. The remaining studies still clearly reveal that enhanced PTTG

expression could be used as a potential prognostic marker, according to Kaplan-

Meier statistics for tumor diseases occurring in various organs (Fig. 6). In malignant

carcinomas and gliomas, i.e., in esophageal cancer (Shibata et al. 2002; Ito

et al. 2008), clear cell renal cell carcinoma (Wondergem et al. 2012), breast cancer

(Talvinen et al. 2008), anaplastic astrocytoma and glioblastoma (Genkai

et al. 2006), and hepatocellular carcinoma (Fujii et al. 2006), enhanced PTTG

expression characterized patients with shorter survival. In the less aggressive
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tumor disease, which had originally been associated with this oncogene, i.e.,

pituitary adenoma, enhanced PTTG expression identified patients with a shorter

interval of recurrence-free survival (Filippella et al. 2006). Only in lung cancer, an

opposite result was surprisingly observed for the group of small cell lung cancers

(SCLC), i.e., shorter survival was evident for cases with lower PTTG expression

(Rehfeld et al. 2006), which actually does not fit with the molecular role of PTTG as

an oncogene. However, the group of non-small cell lung cancer (NSCLC) showed

the expected inverse association between PTTG and survival time (Rehfeld

et al. 2006). Taken together, these studies imply that PTTG is very likely to be a

useful prognostic marker in a number of human tumor diseases, which may still

grow over time. Nevertheless, a critical statement seems to be necessary regarding

potential methodic problems associated with the introduction of PTTG as a marker

in routine procedures, which are executable at pathological institutions.

Four of the above-cited studies (Fig. 6) used immunohistochemical staining

(IHC) of routine paraffin sections, a method which clearly has the advantage of

meeting the demands of routine processing of tissue samples, from surgical sample

acquisition to routine processing in the histologic laboratory, i.e., embedding in

paraffin blocks and preparation of histologic slices. No further efforts have to be

taken and the relative stability of the protein does not warrant specific precautions

during sampling. However, a major drawback of IHC seems to be the lack of

Fig. 6 PTTG’s expression inversely associated with patients’ survival in various tumors. The
expression of PTTG above a threshold, which had been defined by immunohistochemistry (blue
color), RNA-based protocols (red color), or both methods (red and blue color), was significantly
associated with shorter recurrence-free survival (pituitary adenomas) or shorter overall survival

(several malignant tumor diseases) according to Kaplan-Meier statistics. The large spectrum of

cell types, from which these diseases originate, suggests a basic role of the oncogene PTTG in

tumor disease. Small cell lung cancer (SCLC) exhibited an unexpected positive association

between PTTG and survival. NSCLC non-small cell lung cancer. RCC renal cell carcinoma. The

term “glioma” refers to anaplastic astrocytomas and glioblastomas
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standardization, which would clearly be required in order to validate IHC as a

relevant procedure for measuring PTTG in clinical routine in the future. It is

striking that all cited studies used different PTTG antibodies and some focused

on nuclear staining (Filippella et al. 2006), while others used cytoplasmic staining

(Ito et al. 2008). Although usually more than one case-blinded pathologists evalu-

ated the stained sections, the precise criteria for IHC scoring differed among

studies, e.g., by building classes for the percentage of PTTG-positive cells with

somewhat differing borders (e.g.,<10 %, 10–20 % and >20 % or<10 %, 10–30 %

and >30 % of cells). Some scores were built by calculating the mean of scores

suggested by three case-blinded observers, while in other cases pathologists

discussed to find a final consensus, or the precise way of scoring was not sufficiently

communicated in the publication. In one study (Filippella et al. 2006), the most

representative high-power field per slice was subjected to counting of positive

nuclei, although random sampling by using many high-power fields (HPFs) might

have been an alternative choice. It is obvious that a meaningful standardization of

quantitative IHC is difficult to achieve and its lack does not decrease the merits of

the cited authors, who did their best to plan the study and analyze the sections

carefully. However, a decision for quantitative IHC as the method of choice in a

given tumor type would still require a better validated standard protocol for staining

and scoring.

Alternatively, two of the cited studies used real-time PCR to quantify the mRNA

of PTTG. This method required an aliquot of tumor tissue, which had been snap-

frozen in liquid nitrogen immediately after surgical resection of the tumor to avoid

RNA degradation. In general, this procedure necessitates fast isolation of RNA and

synthesis of cDNA, which are less compatible with standard sampling and routine

procedures of a histologic laboratory. While PTTG immunostains can be performed

in serial sections, allowing a direct assignment of PTTG expression to histologi-

cally proven tumor areas, this is not possible with snap-frozen tumor material.

Although probably a minor problem in large solid tumors, this missing spatial

relationship is a major problem in small samples with doubtful tumor content

(e.g., stereotactic biopsies of brain tumors). However, the major advantage of this

method is an easier and better standardization, if standard operating protocols

(SOP) for PCR and interpretation of results are established. Real-time PCR allows

the determination of a quantitative threshold of PTTG expression, which optimally

defines the groups of low expression (favorable prognosis) and high expression

(unfavorable prognosis) for a given tumor type. A carefully validated protocol does

not depend on the subjective interpretation of experienced observers. Nevertheless,

such standard protocols would be required prior to clinical implementation of

PTTG mRNA levels as a prognostic marker. For instance, the usage of a gene-

specific fluorescent probe (Shibata et al. 2002) should be superior to SYBR Green-

based PCR (Fujii et al. 2006), because the former possesses enhanced specificity

compared to the latter. On the other hand, the idea of Fujii and colleagues (Fujii

et al. 2006) is convincing, not to define the prognostic classes of high and low

mRNA levels of PTTG solely by measuring the tumor samples, but by determining

the fold increase of expression as compared to adjacent normal tissue (if available).
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Yet, the usage of two or three reference genes would still enhance the reliability of

results as compared to the usage of only a single “housekeeping” gene, such as

GAPDH (Shibata et al. 2002) or β-actin (Fujii et al. 2006). Taken together, real-

time PCR represents a highly sensitive and much more objective approach, but

requires an appropriate apparatus, as well as appropriate sampling and sample

processing, which are less compatible with established histopathologic routines.

Data of PTTG expression extracted from the large datasets delivered by human

genome expression arrays (Affymetrix) supported the usefulness of PTTG mRNA

as a prognostic tool (Wondergem et al. 2012). However, the usage of such arrays

will not be discussed here in detail, because it requires sophisticated technology and

should not be superior to real-time PCR for the intended purpose, i.e., quantification

of a single mRNA of interest.

Last but not least, future studies intended to validate standard operating pro-

tocols (SOP) for real-time PCR or IHC should at the same time evaluate the

surplus – if any – which PTTG may have as a prognostic marker compared to

other established or upcoming molecular markers in the same tumor type. As

described above, some comparisons between PTTG and general proliferation

markers had already been performed, although not with sufficiently standardized

methods, in studies calculating Kaplan-Meier statistics. Comparisons with more

tumor-type specific prognostic molecular markers would be important. They would

help to better define the clinical benefit from introducing a new marker. This

includes the detection of a special impact, which the new marker may have in

groups of patients defined by molecular criteria with previously recognized signif-

icance in the given tumor disease. This aspect is especially important, if established

molecular markers already guide the therapeutic regimens (e.g., lung cancer) or are

suggested to do so in the near future (e.g., in older patients with glioblastoma).

This matter may first be illustrated in the field of anaplastic astrocytomas and

glioblastomas (GBM), where PTTG was reported to possess a negative prognostic

value (Genkai et al. 2006). There is a consensus that methylation of the promoter of

the gene MGMT (methylguanine-DNA methyltransferase) (Chen et al. 2013) as

well as inactivating missense mutations in codon 132 of the gene IDH1 (isocitrate

dehydrogenase 1) are favorable prognostic markers in glioblastomas (Hartmann

et al. 2010, 2013; Cohen et al. 2013), although methodic details regarding the best

way to determine promoter methylation of MGMT and choosing the most relevant

promoter region to be analyzed are still debated. But, it became clear that lowered

expression of MGMT mRNA (evaluated by real-time PCR) and the more easily

accessible surrogate marker on the DNA level (promoter methylation) clearly

identify a group of GBM with a more favorable outcome, i.e., longer progression-

free and overall survival under treatment with radiotherapy and alkylating drugs.

Due to the fact that the protein MGMT mediates resistance to alkylating drugs by

removal of alkyl adducts from the DNA, methylation of the promoter improved the

response to the current gold standard of GBM chemotherapy, namely,

temozolomide (Hegi et al. 2005), and can thus be considered as a predictive marker,

which is already on its way to guide future therapeutic decision-making in sub-

groups of GBM patients (Weller et al. 2012). Although, in the case of IDH1, the
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biochemical basis for a benefit from enzyme inactivation did not become clear and

IDH1 status does not guide therapeutic decisions, the presence of mutation in this

gene currently seems to be the strongest prognostic molecular marker in GBM. This

may be explained by the fact that the mutation is preferentially associated with a

slower molecular pathway of GBM genesis, which leads to so-called secondary

GBM via various pre-stages. Secondary GBM had been recognized since a long

time to have a significantly longer median survival. Both variables, i.e., MGMT
promoter methylation and IDH1 mutation can reliably be assessed from routine

paraffin sections, because these two features can be determined from chromosomal

DNA. The most common IDH1 mutation (in codon 132 of the gene), which

comprises more than 95 % of cases, can be demonstrated in addition by IHC

using a well-validated antibody. To estimate the prognostic benefit of a standard-

ized PTTG measurement in GBM and other astrocytic tumors, a comparison with

these two markers would be valuable. To name non-small cell lung cancer as

another example, it may be meaningful to look separately for the prognostic

value of PTTG on the one hand in patients with a wild-type EGFR (epidermal

growth factor receptor) and on the other hand in patients with an EGFR mutation,

the latter predicting them to respond well to EGFR antagonists, since both groups

nowadays receive a different first-line chemotherapy. When asking for the clinical

benefit of a new survival-associated marker, the different treatment of patients with

and without EGFR mutation would have to be taken into account.

Currently, PTTG can thus be viewed as a promising marker in a spectrum of

human tumors. However, protocols for its easy determination still need to be refined

and standardized. A direct comparison with a few well-established predictive or

prognostic markers will be required to better define a potential benefit of PTTG

determination in a given tumor disease, but within different genetic groups of

patients or within genetically stratified groups of patients, which already nowadays

receive different treatments.

Therapeutic Aspects

Since the importance of PTTG for estimating disease outcome and patient’s

survival has been comprehensively discussed in the previous sections, it remains

to be seen whether this protein could represent a therapeutic target, due to its

suggested active involvement in tumor growth and metastatic spread. Numerous

studies have tried to answer this particular question and they indeed recognized first

hints for a potential role for PTTG as a target of treatment in various neoplasms.

The recognition of “RNA interference” as a reliable method in achieving “gene

silencing” by the use of short interfering RNAs (siRNAs) has revealed new

perspectives in the treatment of malignancy. Hence, nowadays there is an extensive

experimentation in the targeting of oncogenes in tumor cells through the use of

siRNAs. Using viral vectors, short hairpin RNAs (shRNAs) against virtually all

thinkable targets can be expressed for some time in experimental solid tumors in

animals to test the efficacy of gene silencing for any particular gene of interest.
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Viral vectors could finally be used to introduce gene silencing shRNAs into residual

human tumors or into the resection margins following surgery. Although still a

“local” therapeutic approach, silencing of a relevant oncogene may be developed to

a meaningful additional tool for cancer treatment in some tumor types. In view of

that, almost all studies investigating the therapeutic implication of PTTG in differ-

ent tumors were focused on silencing of this gene via RNA interference. The results

of these preclinical studies in cell cultures and mouse models, although preliminary,

warrant further observation and shall thus be described here in brief as an outlook

beyond the role of PTTG as a prognostic marker.

One of the first efforts which confronted with this challenge was undertaken by

Solbach and colleagues (2005), who investigated the effect of an antisense oligo-

nucleotide, directed against PTTG mRNA, on the growth of HeLa-S3 human

cervical cancer cells. They in fact observed an inhibition of proliferation in

siRNA-transfected tumor cells as compared to controls. The proliferation of

HepG2 and SMMC-7721 cells (hepatocyte carcinoma cell lines), transfected with

siRNA (directed against PTTG mRNA), was also remarkably decreased compared

to untransfected cells and those transfected with a negative control siRNA

( p � 0.01) (Liang et al. 2011). In addition, other studies using RNA interference

for PTTG silencing determined further the importance of this gene not only in

proliferation but also in invasion and migration of tumor cells. In this context,

Genkai and colleagues (2006) managed to suppress PTTG expression in three

different glioma cell lines (U251, ON12 and T98G) and to achieve a striking

inhibition of both, proliferation and invasion of glioma cells measured in vitro.

Correspondingly, two esophageal carcinoma cell lines (EC9706 and KYSE)

transfected with PTTG siRNA showed a significant decrease ( p � 0.05) in their

migratory and invasive capacity in vitro (Yan et al. 2009).

Two different reports published by the team of Kakar (2006 and 2007) proved

that PTTG silencing was able to suppress tumor growth in nude mice. In the first

case, transfection of H1299 lung tumor cells with PTTG siRNA resulted in a

decrease of PTTG expression both on mRNA and protein level and inhibited colony

formation in soft agar in the same cell line. Although the subsequent injection of

H1299 cells (carrying PTTG siRNA) in nude mice also resulted in tumor develop-

ment, there was a substantial difference in tumor mass of these animals (67.85 �
45.87 mg) compared to mice with untransfected cells (232.12 � 102.78) or cells

transfected with a control siRNA (231.57� 83.76) (Kakar and Malik 2006). In their

next study and opposite to their previous one, the same group generated stable

constructs of PTTG siRNA and control siRNA introduced in a plasmid vector,

instead of using a couple of siRNA oligos targeting PTTG mRNA. By using an

ovarian cell line (A2780) as a recipient of their constructs, they observed a

reduction of PTTG expression up to 50 % and colony formation up to 70 % in

PTTG siRNA-treated cells compared to untransfected control and control-siRNA-

transfected cells. Successive experimentation with two different PTTG siRNA

clones (A2780 cells) in athymic nude mice revealed that partial silencing of

PTTG could also result in the development of tumors in these animals and

only the complete abolishment of PTTG expression was consistent with almost
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tumor-free animals; one out of five mice produced tumors at the site of inoculation,

yet these latter were smaller in size than in the corresponding controls. A confir-

mation of their results was obtained further by the use of HCT116 wild-type and

HCT116/PTTG (�/�) cells, after their subcutaneous injection in nude mice

(El-Naggar et al. 2007).

Through the incorporation of PTTG siRNA in an adenoviral vector and the

following transfection of an invasive hepatoma cell line (SH-J1) with this construct,

Cho-Rok and colleagues (2006) achieved abolishment of endogenous PTTG, which

concurrently promoted the apoptotic death of these cells. In a next step, they sought

to evaluate the role of PTTG both in genesis and progression of tumors in vivo. For

that reason, they transfected Huh-7 hepatoma cells with their construct and inocu-

lated them in nude mice. Indeed, they noticed a pronounced suppression of tumor

development from hepatoma cells carrying their PTTG siRNA. In a subsequent

experiment, the authors injected their adenoviral vectors into preexisting tumors

(3–5 mm in diameter), which had been initiated by subcutaneous inoculation of

SH-J1 cells in nude mice. They observed that inhibition of PTTG expression was

sufficient even to decelerate the growth rate of these preformed neoplasms

(Cho-Rok et al. 2006), while a lower efficacy of tumor outgrowth in the previous

experiment might have been influenced by an altered ability of PTTG-depleted

Huh-7 cells to adhere and survive under the mouse skin, before tumor outgrowth

can start. Above and beyond, Ito and colleagues (2008) experimented in a popliteal

lymph node metastatic model in nude mice and proved that PTTG knockdown

substantially reduced the metastatic potential of tumors in vivo, as described above

in more detail (section “Motility, Invasion, and Metastasis.”)

At least a few hints suggest that PTTG expression in tumors may not only be

knocked down by RNA interference but also be attacked successfully by systemic

drug application. Using luciferase reporter assays, Chintharlapalli et al. (2011)

showed that two recently developed compounds, namely, CDODA-Me and

CF3DODA-Me, decreased the PTTG promoter activity in thyroid, colon, and

pancreatic cancer cells. The drugs also managed to suppress PTTG expression

both on mRNA and protein level, in four different thyroid cancer cell lines. Such

findings may be starting points for the development of a PTTG-based pharmaceu-

tical intervention.

PTTG may also influence the efficacy of known therapeutic agents, thus apprais-

ing its potential function as a predictive factor. In this context, a study published in

Oncogene revealed a direct influence of PTTG in the expression of NIS (sodium-

iodide symporter) and iodide uptake in vitro. In particular, the overexpression of

PTTG caused a significant decrease in mRNA levels of NIS ( p � 0.001), and this

effect went hand in hand with a reduction in 125I uptake in primary human

thyrocytes ( p � 0.001) (Boelaert et al. 2007). By suppressing cellular iodide

accumulation, PTTG may diminish the efficacy of a radioiodide therapy.

Using a human colon carcinoma cell line (HCT116), Tong and colleagues

(2011) demonstrated that the inhibition of DNA synthesis by the topoisomerase

inhibitor doxorubicin and by the histone deacetylase inhibitor Trichostatin A were

much more pronounced in HCT1116 cells with homozygous knockout of the PTTG
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gene as compared to wild-type cells. Further, by using β-galactosidase (β-Gal)
staining as a marker of cellular senescence, they observed a positive β-Gal staining
in the majority of treated HCT116 PTTG�/� cells as compared to 5 % staining in

the controls.

The effect of PTTG-mediated senescence in conjunction with anticancer agents

was confirmed also in vivo. Tumors, which developed after subcutaneous inocula-

tion of HCT116 PTTG�/� cells in athymic mice, exhibited consistently a dramat-

ically slower growth as their PTTG-expressing counterparts, as concluded from

tumor volume estimation over 19 days and from the tumor weights, which were

finally reached. Moreover, growth curves of doxorubicin-treated groups revealed a

much better response of tumors with PTTG knockout. Staining for β-Gal activity
demonstrated correspondingly an increased cellular senescence in the doxorubicin-

treated tumors with PTTG knockout (Tong et al. 2011).

Last of all, a retrospective study of 64 patients, who underwent prostate needle

biopsy and received combined androgen blockade (CAB) therapy, showed that the

level of PTTG immunohistochemical expression could predict disease progression

and patient’s prognosis. Thus, the results of both univariate and multivariate

analysis showed PTTG overexpression to be significantly correlated with decreased

patient’s disease-free survival after CAB treatment (Cao et al. 2012).

Concluding Remarks

It was shown above that PTTG was able to predict patient’s survival not only in

parallel to other widely accepted biomarkers but also independently. A number of

in vitro and in vivo experiments suggested that PTTG may be a useful target for

antineoplastic treatment either alone or in conjunction with other therapeutic

regimens. In particular, the genetic silencing of this oncogene may be established

in the future to a valuable method for decelerating the development of malignan-

cies. The studies performed until now are promising and warrant further

extension.

Summary Points

• Three homologous PTTG genes were found in humans at chromosomal loci

5q33 (hPTTG-1), 4p12 (hPTTG-2), and 8q22 (hPTTG-3).

• Only the homologue hPTTG-1 is significantly overexpressed in human tumors

and is thus often referred simply as PTTG in the literature.

• PTTG functions as a securin, which assures equal distribution of chromosomes

during mitosis. Enforced expression of abnormally high amounts of PTTG leads

to aneuploidy and enhances DNA instability.

• PTTG builds complexes with transcription factors, thereby regulating many

downstream genes, some of which are involved in cell cycle, apoptosis, angio-

genesis, migration, and invasion.
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• PTTG transforms normal cells into cells which develop tumors when

xenografted to immunocompromised mice.

• PTTG silencing results in deceleration of tumor expansion both in vitro and

in vivo.

• Experimental overexpression of PTTG in the mouse pituitary gland led to

hyperplasia, but not to adenomas.

• PTTG is a “weak” oncogene in the mouse genital tract, inducing carcinoma

development at a low rate.

• PTTG expression is associated with both tumor cell and vascular proliferation

but also with neoplasm’s invasion/migration capacity, thus effecting patient’s

survival in various tumor entities.

• PTTG exhibits notable interactions with some known antineoplastic regimens.
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Abstract

Cancer is the second most common cause of death in western countries today.

Despite of modern therapeutic approaches leading to longer survival rates, the only

cure for the most solid tumors is resection of the entire tumor. However, cure is

generally only possible in patients with limited disease without distant metastases.

Therefore, detection of precancerous conditions or early cancer stages is crucial to

reduce the mortality of cancer.
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To date, blood-based biomarkers which can be assayed within the patient’s

clinical chemistry workup are the most frequently used markers for detecting

cancer. Unfortunately, most of these markers are neither able to detect precan-

cerous conditions nor early cancer stages at the required high sensitivity and

specificity levels to be of use in any screening procedure.

Recently, RNA fragments derived from the noncoding RNA U2 snRNA were

detected at elevated levels among others in the blood of patients suffering from

pancreatic, colorectal, and non-small-cell lung cancer as compared to

noncancerous controls. Sensitivity and specificity levels reached with the pro-

posed U2 snRNA fragment detection assays were well above the levels reported

for current noninvasive blood-based tumor markers used in clinical routine. U2

snRNA fragments proved to be highly stable in the serum and plasma from

cancer patients and could be detected by a simple routine PCR-based assay,

crucial requirements for an analyte to be successfully implemented into a

clinical routine diagnostic procedure. Importantly, the fragments were also

found to be significantly elevated in a fraction of early colon and lung cancer

patients. Therefore, detection of U2 snRNA fragments in the blood cannot only

be regarded as a novel strategy to detect cancer but may also hold promise for

detecting some cancer types at a curable stage.

List of Abbreviations

Ago Argonaute Protein

AUC Area Under the Curve

BSiR Branch Site-Interacting Region

CA19-9 Carbohydrate Antigen 19-9

CEA Carcinoembryonic Antigen

CI Confidence Interval

COPD Chronic Obstructive Pulmonary Disease

CRC Colorectal Carcinoma

Ct Cycle Threshold

Cyfra 21-1 Cytokeratin 19 Fragments

EDTA Ethylenediaminetetraacetic Acid

miRNA MicroRNA

ncRNA Noncoding RNA

NGS Next-Generation Sequencing

NSCLC Non-small-Cell Lung Cancer

PDAC Pancreatic Ductal Adenocarcinoma

piRNA PIWI-Associated RNAs

pre-mRNA Precursor Messenger RNA

PSA Prostate-Specific Antigen

qRT-PCR Quantitative Real-Time Polymerase Chain Reaction

RNP Ribonucleoprotein Particle

ROC Receiver Operating Characteristic

rRNA Ribosomal RNA
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siRNA Small Interfering RNA

snoRNA Small Nucleolar RNAs

snRNA Small Nuclear RNAs

snRNP Small Nuclear Ribonucleoprotein Particle

tRNA Transfer RNA

UICC Union Internationale Contre Le Cancer

Key Facts of Noncoding RNAs as Biomarkers

• Noncoding RNAs (ncRNAs) can be used as biomarkers in pathological

condition.

• A fragment of U2 snRNA (RNU2-1f) shows high potential as a diagnostic

biomarker in various malignant conditions such as pancreatic cancer, colorectal

cancer, or non-small-cell lung cancer.

• Functionally U2 snRNA plays a major role in splicing of pre-mRNA.

• Structurally miR-1246 which itself was described as biomarker in different

cancers is identical to RNU2-1f.

• Current literature identified miR-1246 as a pseudo-miRNA and attributed

miR-1246 data to RNU2-1f.

Definition of Words and Terms

Colorectal Cancer Colorectal cancer is the fourth most common cancer and ranks

third in mortality statistics worldwide. It arises from the epithelial tissue of the large

intestine with the vast majority of cases being adenocarcinomas. The molecular

progression model of CRCs was first described by Fearon and Vogelstein at the end

of the 1980s with the adenoma-carcinoma sequence being the general model for

carcinogenesis for many years (Fearon and Vogelstein 1990). As adenomas are

precancerous lesions which can be detected by colonoscopy, prevention and early

detection of CRCs are possible. Unfortunately acceptance of preventive colonos-

copy is not high in the general population, and many patients are diagnosed in

advanced stages of the disease; hence the mortality rate is still high. That illustrates

why even for a highly preventable disease, new and easy accessible noninvasive

screening biomarkers could be valuable.

Pancreatic Cancer The majority of pancreatic carcinoma is thought to arise from

the epithelial tissue of the pancreatic ducts. Pancreatic cancer is the 10th most

common cancer but number 4 in cancer deaths with a devastating 5-year survival of

about 5 % in advanced stages and less than 20 % in earlier stages. Early diagnosis

through systematic screening is to date next to impossible, and most patients

present in advanced stages of the disease due to the lack of early signs and

symptoms and rapid progression of the disease.
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Lung Cancer Lung cancer is the most common cause for cancer-associated death

worldwide in male patients and the second most common cause in female patients.

In 2008 13 % of all cancer patients suffered from lung cancer, and 18 % of all

cancer-associated deaths were due to lung cancer. The major risk factor for the

development of lung cancer is cigarette smoking, with some studies showing a

decrease in incidence with reduction of smoking in the USA. Lung cancers are

histologically classified in small-cell lung cancers (SCLC) and non-small-cell lung

cancers (NSCLC). The latter comprise different tumor entities such as squamous

cell carcinomas or adenocarcinomas. Lung cancer arises from the epithelium of the

lung. Usually it is detected in advanced stages of disease leaving no option for

curative treatment. Though early detection by computed tomography has been

suggested by some authors, this has not found its way into daily clinical routine.

Hence, new screening markers could aid enormously in early detection of lung

cancer.

miRNA MicroRNAs are small (19–21 nt), noncoding, and highly conserved RNA

molecules encoded in the genome. Associated with multiple proteins in a

RNA-induced silencing complex (RISC), they regulate the expression of target

genes by base-pairing with complementary sequences in the 30-untranslated regions
(30-UTR) of their target mRNAs. Discovered in 1993, much effort has gone into

understanding the function of miRNAs. To date, they have been described to act as

key regulators of processes as diverse as early development, cell proliferation,

apoptosis, and cell differentiation. A large body of evidence implicates aberrant

miRNA expression patterns in most if not all human malignancies so that they

provide potential as diagnostic, prognostic, and therapeutic tools.

ncRNA A noncoding RNA is a functional RNA that does not encode a protein.

Noncoding RNAs include transfer RNAs (tRNAs), ribosomal RNAs (rRNAs),

miRNAs, and snRNAs. The number of ncRNAs within the human genome is

unknown, and many of the newly identified ncRNAs have not been validated for

their function.

qRT-PCR The quantitative real-time PCR is a technique that enables reliable

detection and quantification of products generated during each cycle of a PCR

process. Compared to standard PCR, the process is monitored in real time as the

amount of amplified cDNA is detected after each PCR cycle by the use of fluores-

cent markers. This ability to monitor the reaction during its exponential phase

enables users to determine the initial amount of target with great precision. Fluo-

rescent markers are used to measure the amount of cDNA. As the fluorescent

markers are incorporated into the PCR product (amplicon), the fluorescent signal

is directly proportional to the number of amplicon molecules generated in the

exponential phase of the reaction. The most common fluorescent reporters are

double-stranded DNA-binding dyes (e.g., SYBR Green) or dye molecules attached

to PCR primers or probes that are incorporated into the product during

amplification.
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snRNP Small nuclear ribonucleic particles are components of the spliceosome. As

the name suggests, they consist of RNA molecules (U snRNA) and proteins. The

five most common kinds of snRNPs involved in splicing are U1, U2, U4, U5, and

U6. They are named after their snRNA.

Spike-In Control Sample contaminants including co-extracted inhibitors such as

ethylenediaminetetraacetic acid (EDTA) phenol, heparin, and ethanol can affect

reaction steps in qRT-PCR. A spike-in control is used to identify the presence of

those inhibitors and to measure sensitivity, accuracy, and biases of the qRT-PCR

assay. As a spike-in, synthetic RNA molecules are added to the sample, purified,

and reverse transcribed with the RNA sample, and the resulting cDNA is analyzed.

Common spike-in controls are miRNA mimics of C. elegans that are distinguish-

able from endogenous human transcripts. To ensure accurate and reliable measure-

ments via qRT-PCR, the use of a spike-in control is recommended.

Spliceosome The spliceosome (also called splicing body) is a large ribonucleo-

protein complex that catalyzes the removal of introns (noncoding intervening

sequences) from nuclear pre-mRNAs. This process is generally known as splicing.

Each spliceosome is composed of the five U snRNA U1, U2, U4, U5, and U6 and a

variety of associated proteins. These form complexes called snRNPs. The

spliceosome must assemble anew on each intron.

U snRNA A class of eukaryotic small RNA molecules (100–215 nt) found in the

nucleus as snRNPs and apparently involved in processing heterogeneous nuclear

RNA. They became known as U snRNA because these RNAs appeared to be

ubiquitous and were uridine rich. The most common U snRNAs are U1, U2, U4,

U5, and U6.

Xenograft Model of generating human tumors through injection of human cancer

cell lines or through implantation of tumor pieces in immunocompromised animals

such as athymic nude mice. The tumors are usually generated subcutaneously and

can then be either subject for further analysis, for example, testing of new sub-

stances with antitumor activity.

Introduction

Cancer is one of the major challenges in modern medicine. In 2008, approximately

12.8 million people suffered of a cancerous disease, and about 7.6 million people

died due to cancer (Jemal et al. 2011). More than one third of people in the western

world will suffer from cancer during lifetime.

The development of cancer is a complex process that involves the accumulation of

genetic and epigenetic alterations, such as gene amplifications, chromosomal trans-

locations, point mutations, and promoter methylation, respectively. Lifestyle and

environmental or occupational factors can influence the transformation from a normal
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cell to a malignant cell. The hallmarks of these cells – as stated by Hanahan and

Weinberg in 2011 – are a limitless replicative potential, self-sufficiency in growth

signals and insensitivity to antigrowth signals, a sustained angiogenesis, evading

apoptosis, and finally tissue invasion and metastasis (Hanahan and Weinberg 2011).

Modern therapeutic approaches have had a major impact on a wide variety of

cancers leading to longer overall and disease- or progression-free survival rates.

Nevertheless, resection of the entire tumor remains the only cure for the vast majority

of solid tumors. Surgery as a curative measure is usually only possible in limited

disease without distant metastases. Unfortunately, most patients present in advanced

stages of the disease where a curative treatment is no longer possible. Therefore,

screening for early cancer stages or precancerous conditions is a recognized preven-

tive approach in many countries and currently the most effective way to reduce

cancer mortality. Such screening approaches include ultrasound and mammography

for breast cancer or colonoscopy for colorectal cancer. Unfortunately, for many other

cancers, early detection methods are lacking. In addition, acceptance of patients to

take part in invasive screening procedures such as colonoscopy is generally very low

(Brenner et al. 2009; Taylor et al. 2011). Hence, the development of new biomarkers

for noninvasive screening procedures is crucial to aid early diagnosis of cancers and

to help in reducing mortality and morbidity especially in diseases such as lung or

pancreatic cancer in which early detection and screening are to date next to

impossible.

In recent years, miRNAs belonging to the family of noncoding RNAs

(ncRNAs) have gained much attention as potential new biomarkers for noninva-

sive diagnostic procedures, not least because it was shown that miRNAs circulate

in a cell-free form in body fluids. In addition, they proved to be very stable in

blood, urine, stool, and other body fluids, what can be regarded as hostile

environment for standard RNA molecules. Furthermore, even low amounts of

miRNAs can be detected by quantitative real-time polymerase chain reaction

(qRT-PCR) with high sensitivity and reproducibility at relatively low costs,

making miRNAs good candidates for biomarkers arguably superior to protein

markers (Madhavan et al. 2013; Valadi et al. 2007).

From the remaining noncoding RNA (ncRNAs) family members, which are

PIWI-associated RNAs (piRNAs), small Cajal body-specific RNAs (scaRNAs),

small nucleolar RNAs (snoRNAs), and small nuclear RNAs (snRNAs), only the

latter two very recently surfaced as novel biomarkers. More specifically, fragments

of U2 snRNA have been reported to function as a biomarker among others in

pancreatic, colorectal, and lung cancer (Baraniskin et al. 2013; Mazières

et al. 2013). Furthermore, three members of the snoRNAs (SNORD33,

SNORD66, and SNORD76) were detected at elevated levels in lung patient plasma

indicating their potential usefulness as a diagnostic cancer biomarker for non-small-

cell lung cancer (Liao et al. 2010).

This chapter focuses on the potential use of U2 snRNA fragments as biomarker.

First, the cell biological context where U2 snRNA is active is described. Second,

the U2 snRNA genomic localization and the two current modes suggested for U2

snRNA fragment biogenesis are presented. Third, the sequence characteristics
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linked to an important aspect of the U2 snRNA fragment assay, which is the cross-

reactivity with miR-1246 and miR-1290 molecules, will be discussed. Finally, the

potential clinical use of the U2 snRNA fragment assay will be highlighted, laying

focus on three common and often fatal cancers, which are pancreatic, colorectal,

and lung carcinoma.

U2 snRNA and the Splicing Process of Pre-mRNAs

As mentioned above, fragments of U2 snRNA were recently discovered at

increased levels in patient serum and plasma suffering from a variety of

cancer types. U2 snRNA is highly abundant in cells and is essential for

the splicing of pre-mRNA. For initiating splicing a spliceosome is formed.

Today, two spliceosomes – the minor U12-dependent and the major

U2-dependent complex (Will and L€uhrmann 2005), the latter being composed

of >200 proteins – and five snRNAs which form four RNA-protein complexes,

the so-called small nuclear ribonucleoprotein particles (snRNP), are known.

These are named after their RNA component: U1, U2, U4/U6, and U5 snRNP.

The protein components can be divided into common proteins that are present in

all U snRNPs on the one hand and in specific proteins that are associated

with individual snRNPs on the other hand. The common proteins are also

known as Sm proteins. This family contains Sm motives which are necessary

for Sm protein-protein interactions to form Sm protein complexes. Consequently,

these complexes assemble around the conserved, uridyl-rich Sm site (Fig. 1)

Fig. 1 Primary and secondary structure of the human U2 snRNA. Nucleotides indicated by

asterisks correspond to the mature miR-1246 sequence. The red letters localize the sequence

differences between U2-1 and U2-2 snRNAs. Stem loops are numbered with Roman numerals.

The branch site-interacting region (BSiR) is underlined, and the Sm site is highlighted by a bar

above the corresponding nucleotides. Letters marked in green correspond to the 30-extended
sequence newly discovered by Mazières et al.
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present in the U snRNAs except U6 snRNA. As it will be discussed in more detail

in a following paragraph, the interaction between Sm complex and the U2 snRNA

Sm site may play together with the high abundance of the U2 snRNA, a role in the

U2 snRNA fragment generation. The formation of the snRNPs occurs in the

cytoplasm where the specific proteins also interact with the snRNPs immediately

after translation. The snRNPs are then transferred into the nucleus. In addition to

the snRNPs, at least another 100 splicing factors, the non-snRNPs, are required

for the splicing process (Kambach et al. 1999). The splicing cycle follows an

ordered pathway (Fig. 2).

Fig. 2 U2-type spliceosome and its conserved two-step splicing mechanism. (a) Conserved
sequences found at the 50 and 30 splice sites and branch site of U2-type pre-mRNA introns. The

conserved sequences of human U2-dependant introns are shown, where Y = pyrimidine and R =
purine. Exons (boxes), introns (lettering or solid line), the branch adenosine (bold lettering), and
the polypyrimidine tract are indicated by (Yn). (b) Assembly and disassembly of the canonical

two-step mechanism of pre-mRNA splicing pathway of the U2-dependent spliceosome. For

simplicity, the ordered interactions of the snRNPs (indicated by circles), but not those of

non-snRNP proteins, are shown. Exon and intron sequences are indicated by boxes and solid
lines, respectively
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Genomic Organization and Sequence Characteristics of U2 snRNA

There are two variants of U2 snRNA existing in the human genome: RNU2-1 and

RNU2-2, located at 17q21.31 and 11q12.3, respectively. These genes of 187 nt are

paralogous with differences being limited to four bases near the Sm protein-binding

sequence and two point mutations at the 30 end (Fig. 1). The RNU2-1 gene is

arranged as a genomic cluster containing up to 30 clusters of tandem repeated

copies, each repeat containing a single RNU2-1 gene, whereas the RNU2-2 gene is

present at a single copy. In line with the higher copy number of RNU2-1, both the

levels of U2-1 snRNA and its fragments detected to date in cells and blood are

much higher compared to the levels of U2-2 snRNA and its fragments (Mazières

et al. 2013). Therefore, the data reported are mainly focusing on RNU2-1 fragments

(also termed RNU2-1f) as biomarker. Another important sequence characteristic of

the RNU2-1 gene is that it contains at its 30 region the proposed mature sequence of

miR-1246 and – with only one mismatch – the sequence of miR-1290 (Fig. 3).

Indeed, this fact led to the identification of U2 snRNA fragments as a biomarker for

pancreatic and colorectal cancer. Baraniskin et al. (2013) analyzed sera from mice

bearing human pancreatic cancer xenograft tumors to identify circulating miRNAs

in a hybridization-based global miRNA array experiment. miR-1246 and miR-1290

were found to be able to discriminate between cancer-bearing and tumor-free

control mice, a finding which was validated in serum samples from pancreatic

and colon cancer patients. Similar results were subsequently also reported for lung

cancer (Mazières et al. 2013). Unexpectedly, sequencing proved that the molecules

found to be overrepresented in cancer serum are fragments of RNU2-1 and not

miR-1246. The false detection of miR-1246/miR-1290 via the array experiment

data can be explained by the cross-reactivity of the probes on the arrays due to the

Fig. 3 Sequence relationship between U2-1 snRNA, miR-1246, and miR-1290. Common

sequence regions are shown between human mature miR-1246 and RNU2-1 (asterisk) and

miR-1290 and RNU2-1 (dot)
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high similarity between miR-1246 (100 % identical) and miR-1290 (one mismatch)

and the RNU2-1 sequence (Fig. 3). Importantly, most commercially available

miR-1290 and miR-1246 qRT-PCR assays are also cross-reactive with RNU2-1f

(Baraniskin et al. 2013). Furthermore, deep sequencing revealed that miR-1246 and

miR-1290 are a result of false mapping indicating that currently published data in

the literature linked to either miR-1246 or miR-1290 should be assigned to RNU2-1

(Baraniskin et al. 2013; Mazières et al. 2013). Taking this into consideration, it is

worth to mention that a recent manuscript proposed that circulating miR-1290 can

be used for early diagnosis of pancreatic cancer, a finding likely also attributable to

RNU2-1 (Li et al. 2013).

RNU2-1 Fragment Biogenesis and Stability

The mechanism behind the generation of the observed RNU2-1f is still poorly

understood. Baraniskin et al. observed a rise in extracellular RNU2-1f concentration

following induction of apoptosis both in a pancreatic and colon cancer cell line in vitro

model but were unable to detect intracellular RNU2-1f. This led to the hypothesis that

RNU2-1f is only generated as the consequence of a random RNA degradation process

initiated within the apoptotic program (Fig. 4a). During this process, the Sm proteins

which form a heteroheptameric ring structure surrounding the RNU2-1-Sm-binding

site may help to prevent further degradation of RNU2-1 giving rise to the observed

RNU2-1f. In addition, the facts that RNU2-1f were found to be resistant toward

nuclease treatment and exhibited a partial stability toward protein as treatment

suggested that RNU2-1f is not protected by its binding to proteins such as Argonaute2,

as shown for many miRNAs (Arroyo et al. 2011). In consequence, it appears more

likely that RNU2-1f are protected by their inclusion into a vesicle-like structure, such

as apoptotic bodies (Fig. 4a). These structures are known to contain snRNPs (includ-

ing U2-snRNA) and can be released into the peripheral blood via the compromised

capillary network which is characteristic of tumor tissues (Biggiogera et al. 1997;

Halicka et al. 2000). In line with the proposed link between apoptosis and RNU2-1f

abundance, a recent study showed that photodynamic therapy which involves the

light-induced activation of a photosensitizing compound to destroy tumor cells via

dose-dependent induction of apoptosis was able to increase RNU2-1f abundance in an

in vitro model (Bach et al. 2013). Furthermore, Palma et al. found RNU2-1f to be

included in nucleosomes derived from breast cancer cell lines. In their model DNA-

damage-induced apoptosis increased, similar to pancreatic and colon cancer lines,

both the abundance of nucleosomes and RNU2-1f (Palma et al. 2012).

In contrast to the summarized data from above, Mazières et al. were able to

identify cellular RNU2-1f. They also noted that the detected RNU2-1f exhibit a

rather conserved sequence length, reminiscent of the so-called isomiRs,

representing length variants observed for many miRNAs. In addition, a newly 30

end sequence of RNU2-1 not present in the current RNA sequence databases was

discovered by the deep sequencing effort of Mazières et al. This 30 end is essential

for U2 snRNA to be able to form a hairpin-like structure (Fig. 1) but awaits

242 S.A. Hahn et al.



confirmation by independent sequencing efforts. Therefore, they concluded that it is

more likely that RNU2-1 fragment generation is the end product of microRNA-like

specific maturation steps than being formed in the course of the above introduced

random degradation process during apoptosis (Fig. 4b). The hypothesis of specific

processing was further supported by data from Burroughs et al. (2011)who identi-

fied Ago-bound fragments from U2 snRNA. In consequence, Mazières et al. named

this sequence product miR-U2-1, a term which will for simplicity reasons not be

used throughout this manuscript. Clearly, more work needs to be done to experi-

mentally prove either of these hypotheses.

Fig. 4 Schematic illustration of the two currently suggested modes for RNU2-1f biogenesis
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RNU2-1f in Serum of Pancreatic and Colorectal Cancer Patients

As mentioned above, RNU2-1f were first discovered in a patient-derived pancreatic

carcinoma mouse xenograft model. Since the sequence of RNU2-1f is not contained

in the mouse transcriptome, it was evident that the observed fragments released into

the mouse bloodstream originated from the human tumor, suggesting them to be

promising tumor biomarker candidates (Patent application SNRNA RNU2 – 1 ALS

TUMORMARKER, 22 July 2011, European patent office, PCT/EP 2012/064321).

In a comprehensive RNU2-1f qRT-PCR study using a cohort of 320 serum and

plasma samples (80 pancreatic cancer, 111 colon cancer, and 129 controls), it was

shown that correct discrimination between cancer and noncancerous samples is

possible with a specificity and sensitivity of 97.7 % [95 % CI = (87.7, 99.9)] and

90.6 % [95 % CI = (80.7, 96.5)], respectively, with an area under the ROC curve

(AUC) of 0.972. The data also showed a somewhat higher detection rate for

pancreatic carcinoma (78/80 samples, 97.5 %) as compared to colon cancer

(92/111 samples, 82.8 %; UICC stages II–IV). A similar high detection rate

(AUC 0.96) was recently also reported for pancreatic cancer in comparison to

normal controls with the use of a miR-1290 qRT-PCR assay (also cross-reactive

with RNU2-1f, see above; Li et al. 2013). In this study, discrimination between

chronic pancreatitis and pancreatic carcinoma was lower (AUC 0.81), suggesting

that RNU2-1f measurements may not be optimal to discriminate between pancre-

atic carcinoma and chronic pancreatitis. Furthermore, abundance of RNU2-1f

seemed to drop below the diagnostic threshold for most stage I pancreatic carcino-

mas. This is in line with the data reported for colorectal carcinoma (CRC) where

RNU2-1f abundance did not reach the required abundance to enable the detection of

UICC stage I cancers. Nevertheless, levels of RNU2-1f tended to be higher in more

advanced CRC stages, indicating that there is a correlation between tumor mass and

RNU2-1f serum levels, enabling the detection of CRC as early as UICC stage II

with a high sensitivity of 81 %. An additional finding was that RNU2-1f levels

dropped below the diagnostic threshold 5 to 14 days after resection of the tumor

(Baraniskin et al. 2013), opening the possibility to use this biomarker for therapy

response and relapse monitoring.

RNU2-1f in Lung Cancer

As already introduced above, Mazières et al. (2013) detected similar fragments of

U2 snRNA in serum of lung cancer patients using next-generation sequencing

(NGS). In order to search for the origin of RNU2-1f in serum of non-small-cell

lung cancer (NSCLC) patients, they profiled 19 primary tumors as well as eight

adjacent paired normal lung tissues by microRNA microarray analyses. This

revealed a > threefold overexpression of RNU2-1f in most cancers compared to

normal tissues, suggesting that lung cancer may indeed be at least in part the source

of the augmented RNU2-1f concentration observed in patient sera. Subsequently, a

larger cohort of controls and lung cancer patient (N = 158; controls without
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symptoms, COPD, not lung cancer; other lung disease, not lung cancer; COPD and

lung cancer; lung cancer, not COPD) was tested. The authors verified that a

significant overexpression of RNU2-1f was only detectable in lung cancer patients

but not in patients with other lung diseases. The best sensitivity and specificity

levels reached in their study were 72.6 % and 91.7 %, respectively, with an area

under the curve (AUC) of 0.878. Mazières et al. also analyzed in a very small pilot

study the ability of RNU2-1f to detect lung cancer in its very early stage of

development. They included six stage I and seven stage II patients in their study.

They observed increased RNU2-1f levels at stage I similar to stages III and IV but a

somewhat unexpected significant decrease of the amount of RNU2-1f at stage II.

They hypothesized that the transition from stage I to stage II induces or depends on

very specific molecular mechanisms and gene-regulation mechanisms that involve

RNU2-1f. These data hint toward the ability of detecting NSCLL as early as in

UICC stage I by measuring RNU2-1f but have to be treated with caution until

further verification in much larger and representative cohorts is provided.

RNU2-1f as Biomarker in Other Cancer Types

Currently, a limited number of additional solid tumor types, namely, cervical

cancer and esophageal squamous cell carcinoma (Chen et al. 2013; Jones

et al. 2012; Takeshita et al. 2013), were found to be associated with elevated

RNU2-1f levels in patient serum. Not unexpectedly, RNU2-1f were detected in

these studies via standard miRNA array technology leading to the misclassification

of RNU2-1f as miR-1246. In line with the lung cancer data described above, RNU2-

1f were also detected to be elevated in primary ovarian cancer but not in esophageal

squamous cell carcinoma (ESCC) tissue.

For ESCC, 101 patients and 46 controls were analyzed via a RNU2-1f assay, and

detection of ESCC was achieved with a sensitivity and specificity of 71.3 % and

73.9 %, respectively, and with an AUC of 0.754. RNU2-1f levels correlated in

ESCC patients with the T- and M-stage, likely due to the increased tumor mass

associated with more advanced T-stages as well as with metastatic disease, a

finding which is in line with previous reports from colon and lung carcinoma

(Baraniskin et al. 2013; Mazières et al. 2013). In addition, Takeshita

et al. reported that RNU2-1f may serve as a prognostic marker for esophageal

carcinoma. The 2-year overall survival rate for patients with lower serum levels of

RNU2-1f was 77.3 % compared to 21.7 % for patients with higher levels. Lastly,

they also noted an increased RNU2-1f level in the proximal lymph node, suggestive

for draining of RNU2-1f via the lymphatic system.

For cervical carcinoma, RNU2-1f together with five additional miRNAs

(miR-20a, miR-2392, miR-3147, miR-3162-5p, and miR-4484) were established

as a marker panel predicting lymph node metastasis with sensitivity and specificity

of 86 % and 85 %, respectively.

Although not yet tested in the patient setting, it is worth to mention that serum

from mice carrying human breast cancer tissue was also positive for RNU2-1f,
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suggesting that breast cancer is a likely additional tumor type amenable via RNU2-

1f blood testing (Pigati et al. 2010).

Besides the aforementioned epithelial cancer types, one malignant hematolog-

ical disease, multiple myeloma, was also found to be linked to higher RNU2-1f

serum levels compared to controls. The discriminatory value of miR-1246 was

rather limited (AUC < 0.67) for multiple myeloma and controls (Jones

et al. 2012).

Potential Applications of RNU2-1f Tests to Prognosis, Other
Diseases, or Conditions

To date, RNU2-1f detection was firmly established in serum of six solid cancer

types (lung, colon, pancreas, ovarian, esophageal, and possibly also breast cancer)

and one hematological malignancy (multiple myeloma; Table 1). In the absence

of prostate cancer, RNU2-1f seem to be positive in a significant fraction of tumors

belonging to the major tumor types such as lung, colon, and breast cancer; the

latter only provided the animal data that can be confirmed in the human setting.

This rather “pan”-tumor-like mode of RNU2-1f release into patient serum clearly

indicates that RNU2-1f are not a tumor type-specific diagnostic biomarker, rather

a more general tumor screening marker. For RNU2-1f to be successfully used in

the setting of a population-type cancer screening, a very low false-positive rate for

RNU2-1f tests will be essential to prevent additional costs to the healthcare

system generated by the imaging tests required during follow-up of false-positive

patients. The reported false-positive rates for RNU2-1f in colon and pancreatic

were very low indeed (~3 %). Combined with a >80 % sensitivity to detect UICC

stage II colon cancer, serum RNU2-1f measurements can be considered a valid

candidate to replace the currently used noninvasive fecal occult blood screening

tool known for its overall lower performance characteristics. In contrast to this

exceptionally high assay specificity reported by Baraniskin et al., false-positive

detection rates for RNU2-1f measurements were in the range of 8–33 % in other

studies (Jones et al. 2012; Mazières et al. 2013; Takeshita et al. 2013). Off note,

all RNU2-1f reports published to date differ in the RNU2-1f detection technology

and normalization procedure applied to their data (Table 1). Therefore, test

system harmonization followed by larger studies will be necessary to firmly

establish the false-positive rate for the RNU2-1f assay, critical to its potential

usefulness as a population-based screening tool. An immediate and more cautious

recommendation would be to use this assay for the screening of patients from

familial cancer syndromes associated with a high risk for colon and pancreatic

cancer or patients with other conditions known to significantly increase cancer

risk, such as smoking for lung cancer or chronic inflammatory bowel disease for

colon cancer. In this context, it is important to mention that neither acute nor

chronic inflammation had a strong influence on RNU2-1f serum levels. In addi-

tion, the abundance of RNU2-1f in serum was not age dependent (Baraniskin

et al. 2013).
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Apart from serum and plasma, which have been successfully used for the

detection of RNU2-1f, other body fluids are also potential sources to be used for

RNU2-1f detection (Fig. 5). This would further increase the applicability of this

new biomarker for cancer detection and help to localize the origin of RNU2-1f

release to a certain organ or anatomic region. From the many body fluids (urine;

stool; biliary and pancreatic juice; liquor cerebrospinalis; ascites; saliva; ductal

fluids from the breast, pancreas, and biliary; cystic fluids) which are likely amena-

ble to RNU2-1f detection, ductal lavages from the breast were already shown to

contain RNU2-1f (Pigati et al. 2010). If confirmed in larger studies, it would open

the possibility for women at high risk of breast cancer to use RNU2-1f measure-

ments to supplement current early detection strategies.

Another potential clinical application is the use of RNU2-1f measurements to

monitor the response to therapy in order to detect relapse or progression of the

disease after the initial response. Results from three studies (Baraniskin et al. 2013;

Mazières et al. 2013; Takeshita et al. 2013) showed a rapid decline of serum and

plasma levels of RNU2-1f after surgical removal of tumors. Similarly one could

assume declining levels of RNU2-1f in patients responding to chemotherapy or

radiation and rising levels in patients with relapse of disease. In order to prove

superiority of RNU2-1f detection to established serum markers already used in

daily routine such as CEA in colorectal cancer, CA19-9 in pancreatic cancer, or

Cyfra 21–1 in NSCLC, comparative studies are required.

Taken together, RNU2-1f are an emerging new pan-cancer biomarker which exhibit

favorable characteristics for its successful implementation into the clinical routine,

such as high stability in the serum and plasma and sensitive and specific detection via a

standard PCR-based assay. Larger studies are now warranted in different cancerous

and noncancerous conditions to fully explore and define its potential as a biomarker for

diagnosis, prognosis, and therapy monitoring. Finally, a common standard RNU2-1f

detection assay needs to be established to ensure comparability of study results.

Fig. 5 Schematic workflow for RNU2-1f biomarker applications
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Summary Points

• This chapter focuses on circulating fragments of the noncoding U2 snRNA

(called RNU2-1f) as a novel biomarker for cancer.

• U2 snRNA plays a key role in the splicing of pre-mRNA and is therefore

abundant in all eukaryotic cells.

• A large proportion of the identified U2 snRNA fragments share the same

sequence with miR-1246, leading to the initial identification of RNU2-1f via

miR-1246-specific assays.

• The current data in the literature support that miR-1246 is likely a pseudo-

miRNA; thus miR-1246-related data should be attributed to U2 snRNA

fragments.

• Elevated U2 snRNA fragment levels were to date reported in the blood of lung,

pancreatic, colorectal, cervical, esophageal, and likely also breast cancer patients

as well as in patients suffering from multiple myeloma.

• The present data suggest that a fragment of RNU2-1 is likely a new pan-tumor

biomarker candidate which can be applied as a screening tool in cancer-risk

populations and for therapy response and relapse monitoring and may also have

some prognostic value.

• The high stability of RNU2-1 fragments warrants its evaluation in additional

body fluids where tumors potentially drain RNU2-1f, such as urine; stool; biliary

and pancreatic juice; liquor cerebrospinalis; ascites; saliva; ductal fluids from the

breast, pancreas, and biliary; as well as cystic fluids.
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Abstract

This chapter discusses the influence of chromosomal instability and its causative

phenomenon, centrosome amplification (CA), and on patient prognosis; summa-

rizes recent urine biomarker developments; and details their implications for

prognosis and decision making in non-muscle-invasive bladder cancer

(NMIBC). Several urine biomarkers have been reported as FDA-approved adjunc-

tive tests for use in the initial diagnosis of bladder cancer and surveillance of

patients with bladder cancer, and a few have been developed as markers for the

prediction of patient outcome. CA is a compelling phenomenon that is closely

associated with aneuploidy and tumorigenesis. Recent studies have revealed that

overexpression of Aurora-A is a major cause of CA and that CA identified using

bladder washing solution predicts disease progression in NMIBC. Other urine
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biomarkers, such as the combination of FGFR3 mutation and Ki-67 (MIB-1)

overexpression and UroVysion (multicolor fluorescence in situ hybridization kit

for detecting copy number aberrations in chromosomes 3, 7, and 17, and the 9p21

locus), are promising for predicting disease progression and tumor recurrence in

NMIBC. Further validation with a prospective multi-institutional study is needed

for augmentation or replacement of conventional markers with new biomarkers

for clinical management of patients with NMIBC.

List of Abbreviations

AURKA Aurora Kinase A Gene

BRCA1 Breast Cancer Susceptibility Gene I

BWC Bladder Washing Cytology

CA Centrosome Amplification

CCND1 Cyclin D1 Gene

CGH Comparative Genomic Hybridization

CIN Chromosomal Instability

EAU European Association of Urology

FDA Food and Drug Administration

FISH Fluorescence In Situ Hybridization

FGFR3 Fibroblast Growth Factor Receptor 3

MIBC Muscle-Invasive Bladder Cancer

MSI Microsatellite Instability

NMIBC Non-muscle-Invasive Bladder Cancer

PBS Phosphate-Buffered Saline

PLK-1 Polo-Like Kinase 1

Rb1 Retinoblastoma 1 Gene

ROS Reactive Oxygen Species

TURBT Transurethral Resection of the Bladder Tumor

XRCC2 X-ray Repair Complementing Defective Repair in Chinese Hamster

Cells 2

Key Facts of Centrosome Amplification

• Centrosomes are organelles comprising the protein assembly of the major

microtubule-organizing center that forms a bipolar spindle pole and plays a

key role in the accurate segregation of chromosomes during mitosis.

• Alterations of cell cycle-related genes such as p53, AURA, and BubR1 cause CA

defined as three or more centrosomes per cell.

• CA occurs frequently in a variety of malignancies, including bladder cancer, and

causes chromosomal instability (CIN) with unfavorable prognosis.

• Specimens from presurgical touch preparations or BWC detect CA equally well

and predict patient outcomes including recurrence and disease progression.

254 H. Matsuyama



Definitions of Words and Terms

Aneuploidy Abnormal number of chromosomes.

Aurora-A A serine–threonine kinase with a variety of functions in centrosome

maturation and separation, bipolar spindle assembly, chromosome alignment and

the transition from prophase to metaphase, and cytokinesis. Overexpression of

Aurora-A causes CA and tetraploidy, which eventually leads to CIN.

Cell Division Separation of a cell into two daughter cells.

Checkpoints Monitors of cell cycle progression that confirm that DNA replica-

tion (S phase) and segregation (mitosis) have occurred in an orderly fashion.

Checkpoints delay the cell cycle until conditions are met or induce apoptosis

under irreversible DNA damage or high levels of stress. Checkpoints are activated

by DNA damage (G1, S, and G2/M checkpoint), stress responses (G1–G2 check-

point), or mitotic disorders (mitotic checkpoint).

CIN Continuous gain or loss of chromosomes with structural chromosome aber-

rations in cell populations during abnormal cell division.

Cytokinesis Failure Inability to separate two daughter cells during cell

division. Cytokinesis is a final stage of cell division via cleavage furrow

formation, midbody maturation, and abscission of daughter cell. Failure to com-

plete cytokinesis has been proposed to promote tumorigenesis via tetraploid

formation.

Immunofluorescence Staining Fluorescence microscopy technique for visualiz-

ing cellular components with specific binding of fluorescent-labeled antibodies to

antigens of interest.

Hybridization Association of two complementary DNA or RNA strands to form

double-stranded molecules for detecting specific DNA or RNA sequences of

interest.

Mitotic Spindle A football-shaped structure that appears temporarily during mito-

sis, which captures the chromosomes and pulls them to the opposite side of a

dividing cell.

Polymerase Chain Reaction A technique to amplify a specific DNA segment

through multiple cycles of DNA synthesis from a primer and a nucleic acid

sequence of base pairs with a complementary template starting point.
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Introduction

Bladder cancer is the second most common genitourinary cancer, and its

management involves the greatest expenditure than that for other solid

tumors, including surveillance costs after transurethral resection. Approxi-

mately 75 % of bladder cancer cases are low grade and non-muscle-

invasive bladder cancer (NMIBC) for which transurethral resection of the

bladder tumor is curative, whereas tumor recurrence and progression, defined

as a muscle-invasive tumor when recurrent or the appearance of distant

metastases, develop in 70 % and 15–30 % of these cases, respectively.

Muscle-invasive bladder cancer, comprising the remaining 25 % of bladder

cancer cases, has poor prognosis despite radical cystectomy (total removal of

the bladder), with a 5-year survival of 50–60 %. This outcome highlights the

urgent need for biomarkers predicting tumor progression in NMIBC (Netto and

Cheng 2012).

Centrosomes are organelles comprising the protein assembly of the major

microtubule-organizing center that forms the bipolar spindle pole and plays a

central role in the accurate segregation of chromosome during mitosis. Thus, the

number of centrosomes is strictly regulated by cell cycle-related proteins such as

p53 (Fukasawa et al. 1996), STK15/BTAK/Aurora-A kinase (Zhou et al. 1998),

Polo-like kinase (Li and Li 2006), or BubR1. Recent evidence has suggested that

centrosome amplification (CA), which is defined as the presence of three or more

centrosomes per cell, occurs frequently in a variety of malignancies, including

urothelial cancer.

CA was first proposed in the early 1900s by Boveri, who stated that an

excessive number of centrosomes lead to aneuploidy and cause cancer. Since

then, CA has been associated with oncogenetic processes and accepted as a

hypothesis of oncogenesis. Knudson (1971) introduced the two-hit theory in the

1970s; Rb1 was discovered as a tumor suppressor gene in the 1980s (Cavenee

et al. 1983), and Vogelstein and colleagues proposed in the 1990s that multistep

gene alterations transform tissue from adenoma into colorectal cancer. In 1997,

Lengauer et al. proposed the concept of chromosomal instability (CIN), an early

oncogenic event affecting proto-oncogene activation or the structural loss of

tumor suppressor genes. The concept of CIN triggered the reevaluation of CA

because aneuploidy changes cellular phenotypes more efficiently than gene muta-

tion does (Duesberg 1999), and CA may lead to CIN by producing unequal

segregation of chromosomes. Fujiwara et al. (2005) have shown direct association

of CIN with oncogenesis in a study revealing that hyperploid cell (tetraploid)-

associated CA induced by cytokinesis failure transforms p53�/� mammary

epithelial cells into cancer cells in a mouse model. In this chapter, the clinical

significance of CA in bladder cancer and new molecular biomarkers using urine

(or cytological bladder washing) specimens for the prediction of tumor progres-

sion in NMIBC are discussed.
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Mechanism of Centrosome Amplification

Centrosomes, organelles normally localized at the periphery of the nucleus, play a

key role in cell division by forming bipolar spindle poles that anchor microtubules

during mitosis (Fig. 1). To divide a cell into two daughter cells, a centrosome must

duplicate once before the next mitosis. During S and G2, the procentrioles – central

parts of centrosome – elongate, and two centrosomes mature and are generated by

late G2 (Fig. 2). If centrosomes duplicate more than once within a cell cycle, CA

occurs. CA is frequently seen in cells with cytokinesis failure owing to

overexpression of Aurora-A kinase (Goepfert et al. 2002) or mutations of cell

cycle regulator genes such as p53 (Kawamura et al. 2004). Cytokinesis is the

final stage of cell division during which the two daughter cells separate completely.

Failure of this process in mammals is associated with carcinogenesis. Cytokinesis

failure causes tetraploid (binucleated) cell formation with simple centrosome

duplication in G1. Although most tetraploid cells go into apoptosis due to G1

arrest, provided p53 is wild type and altered p53 produces CA in multinucleated

cells owing to cell cycle progression (Fig. 3).

CA has several possible mechanisms: (1) Overduplication of centrioles during

S phase; (2) cytokinesis failure – doubling of the genome as well as the number

of centrosomes; (3) amplified centrosomes arising from de novo assembly and

occurring independently of preexisting centrioles induced by overexpression

of the pericentrin; (4) cell fusion, which occurs in both nonmalignant

Fig. 1 Relationship between centrosome number and chromosomal segregation. Normal copy

number of centrosomes (arrow) forms bipolar spindle pole. The microtubule is anchored between

the spindle and chromosome on the equatorial plate, followed by the start of segregation (a).
Centrosome amplification causes unequal segregation of chromosomes (b). Immunofluorescence

staining was applied by using anti-pericentrin antibody for centrosomes (orange); chromosomes

(blue) were counterstained with 4,6-diamidino-2-phenylindole (DAPI)
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(syncytial formation) and malignant tissues – e.g., human papillomavirus-induced

cell fusion might trigger the development of cervical cancer; and (5) mitotic

skipping (slippage) in which the cell cycle of malignant cells enters G1 phase

owing to disturbances in the mitotic (or spindle) checkpoint or escape from mitotic

catastrophe (Anderhub et al. 2012). Figure 3 depicts possible mechanisms of CA

and the progression to aneuploid cells via a tetraploid cell. Recent studies have

suggested that tetraploid cells may lead to malignant cells when combined with p53

mutation (Fukasawa et al. 1996; Kawamura et al. 2004; Fujiwara et al. 2005).

Deregulation of mitotic checkpoints is also frequently reported to cause

CA. BubR1, a checkpoint protein regulating the proper attachment of microtubules

to the kinetochores of chromosomes, inhibits the onset of anaphase, which leads

polyploid cells to mitotic catastrophe. Defects in BubR1 are known to contribute to

CIN via chromosome destabilization through Polo-like kinase activation as well as

CA. Interestingly, overexpression of BubR1 seems to confer a higher malignant

potential to tumor cells because of its strong association with CIN, DNA aneu-

ploidy, CA, and disease progression in bladder cancer. Alternatively, DNA damage

by irradiation or cytotoxic reagents may cause CA if BRCA1, XRCC2, or DNA
repair genes acquire genetic alterations. Such alterations provoke the G2/M

Interphase (G2)

Prophase

Metaphase

AnaphaseInterphase (G1)

Mechanically duplicated centrosome

M

G1

S

G2

CDK2/
Cyclin E

Matured centrosome

p53

p21 activation

Fig. 2 Cell cycle and centrosomes. Centrosome duplication starts in late G1 by triggering CDK2/

cyclin E expression, which is also a key event starting DNA synthesis and entrance into S phase.

Centrosomes in late G2 are mechanically duplicated but not mature. Mature centrosomes are

formed during S and G2 by proteins such as Aurora-A
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checkpoint, which results in cell arrest, allowing centrosomes to mature and gain

duplication competency.

Whether CA arises as a consequence of oncogene-induced changes or initiates

cancer formation in humans, it remains unclear. However, several studies have

demonstrated that premalignant tissue harboring CA develops into tumors in an

experimental mouse model (Bergmann et al. 2005). Taken together, the evidence

suggests a causative role of CA in consequential aneuploidy and eventual tumor

development (Anderhub et al. 2012).

Copy Number Aberrations and Centrosome Amplification

Accumulating evidence has suggested that nonrandom copy number aberrations of

chromosomes 7, 9, and 17 and mutation of p53 (Sarkis et al. 1993) occur

frequently in bladder cancer, and CA could cause copy number aberrations

in chromosomes (aneuploidy) in bladder cancer (Kawamura et al. 2004;

4N 2N 2N

2N 2N

Aneuploid cell

Cytokinesis failure

3N
1N

Asymmetric
segregation

2N2N

Apoptosis
(Cell death)

mutant 

normal G1 arrest

aberrant normal 

Mitotic catastrophe
(Cell death)

Polyploid cellMitotic slippage

G1/2 checkpoint
by p53

Mitotic/Spindle checkpoint

2N

4N

Tripolar
centrosomes

Deteriorated
karyotype alteration

Cell death

2N2N
Bipolar
mitosis

a b

c

d

Fig. 3 Relationship between centrosome amplification and tetraploid cells. A sequence of white

cells (top line) denotes cell division with normal DNA content and centrosomes. A substantial

portion of tetraploid cells (yellow) arising from tripolar centrosomes owing to reduplication of one

duplicated centrosome (a), asymmetric segregation owing to furrow regression (b), and cytokine-

sis failure owing to Aurora-A overexpression (c) will ultimately develop aneuploid cells if other

checkpoints are disturbed. A small portion of tetraploid cells may reproduce permanent tetraploid

cells owing to (pseudo-) bipolar mitosis (d ). Star: centrosome, 2N: diploid cell, 4N: tetraploid cell
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Yamamoto et al. 2004, 2006). The number of centrosomes seems to be directly

proportional to the number of chromosomes in cells with CA, whereas large

intercellular variation in chromosomal copy number is detected in cells with normal

numbers of centrosomes. The data imply that each amplified centrosome plays a

crucial role in chromosomal segregation, and cells without CA seem to depend on

various pathways to induce aneuploidy in human bladder cell lines. Interestingly,

cancer cells with four centrosomes more frequently display even numbers of

chromosomes in cell lines showing both Aurora-A and p53 overexpression. As

mentioned above, Aurora-A kinase overexpression may cause cytokinesis failure,

which would produce an even number of centrosomes as well as tetraploid cells.

Figure 4 depicts data obtained with array comparative genomic hybridization

(array CGH) stratified by the presence or absence of CA using eight established

bladder cancer cell lines. A close association occurs between CA and gain of copy

number of 20q13 on which AURKA, a gene encoding Aurora-A, is located. The data
were confirmed in clinical bladder cancer specimens (Table 1), in which a signif-

icant correlation occurred among CA, 20q13 gain, and Aurora-A overexpression.

Interestingly, all cases with 20q13 gain had CA. These data clearly demonstrate that

overexpression of Aurora-A derived from the copy number gain of 20q13 is a

13 14 15 16

17 18 19 20 21 22

12

1 2
3 4 5

7
8 9 10

11

6

20q13 gain in cell lines with CA

centrosome amplification (CA)  n= 6

no centrosome amplification  n= 2

Red : loss(G/R ratios <0.8)
Green : gain(G/R ratios >1.2)

Fig. 4 Summary of array comparative genomic hybridization (array CGH) data in eight bladder

cancer cell lines stratified by the status of centrosome amplification (CA). Red and green lines
denote the loss and gain, respectively, of copy number of the corresponding region. Six cell lines

with CA (solid line) demonstrated chromosomal gain of the 20q13 region, in which the Aurora-A

gene (AURA) is located, whereas no copy number alteration on 20q13 was detected in two cell

lines without CA (dotted line)
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causative mechanism of CA in clinical bladder cancer through cytokinesis failure

(Yamamoto et al. 2004). Park et al. (2008) have reported that overexpression of

AURKA (Aurora-A kinase) can cause both CA and aneuploidy in urothelial cells,

and AURKA copy number is a promising biomarker for the detection of bladder

cancer. This conclusion is supported by the results of another study that showed that

20q13 gain (Aurora-A overexpression), CA, or both have significant association

with CIN, and patients with such alterations have significantly worse prognoses

(Yamamoto et al. 2006).

Clinical Significance of Centrosome Amplification

Although CA has become a promising and pivotal phenomenon in both oncogenesis

and cancer progression, few reports have described its clinical application as a

prognostic biomarker. Yamamoto et al. (2004) have reported a striking association

between CA caused by 20q13 gain (Aurora-A overexpression) and prognosis in

bladder cancer. They detected CA under a fluorescent microscope by immunoflu-

orescence staining with a mouse anti-γ-tubulin antibody and defined it as the

presence of more than 5 % of a cell population in a specimen with three or more

centrosomes per cell. A cutoff value of 5 % was set on the basis of a simple

experiment using established bladder cancer cell lines. Two distinct groups with

different biological characteristics have been identified. One group (six cell lines)

was characterized by 20q13 gain on CGH and fluorescence in situ hybridization

(FISH) and Aurora-A overexpression, with %CA (fraction of cell population with

three or more centrosomes per cell) ranging from 6.1 % to 16 %. The other group

(two cell lines) was characterized by no 20q13 gain and no Aurora-A

overexpression, with %CA ranging from 0.7 % to 1.2 %.

Of clinical specimens from 50 patients with bladder cancer, 30 were positive for

CA (CA+ patients). The mean %CA was 15.5 % in CA+ patients but only 1.7 %

in CA– patients. CA was significantly associated with tumor grade, DNA ploidy

(aneuploidy), CIN, recurrence, and disease progression. CINwas defined asmore than

25 % of the average variant fractions, the sum of the fractions of non-modal chromo-

some number, in chromosomes 7, 9, and 17, with reference to the data of Lengauer

et al. (1997). The mean variant fractions of chromosomes 7, 9, and 17 in patients with

CAwere 33.1%, 34.6%, and 34.0%, whereas fractions of 9.4%, 19.4%, and 11.7%,

respectively, were found in those without CA (p < 0.0001, p < 0.0005, p < 0.0001,

respectively). All of the 20 cases with aneuploidy were CA+. Tumor recurrence

Table 1 Correlation among centrosome amplification, Aurora-A overexpression, and copy

number gain of 20q13

20q13 gain

P-value

Aurora-A overexpression

P-value+ � + �
CA + 30 19 <0.0001 43 6 <0.0001

� 0 33 7 26
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occurred in 23 of 43 patients with NMIBC.Multivariate analysis revealed CA+ as the

strongest predictor for tumor recurrence.

Two types of genetic instabilities occur: (1) microsatellite instability (MSI)

characterized by mutation of DNA repair genes with favorable prognosis and

(2) CIN defined as tumors with a large intercellular variation in chromosomal

copy number with poor prognosis. To elucidate the differences in biological

characteristics between the two types of genetic instability in bladder cancer,

Yamamoto et al. (2006) studied mismatched repair proteins (MLH1 and MSH2),

Aurora-A, p53 protein, copy number of chromosomes 3, 9, 17, and 20q13, and CA

in 100 bladder cancer specimens. Decreased expression level of either MLH1 or

MSH2, surrogate markers for MSI, was detected in only 9 (9 %) cases with

favorable prognosis and no association with CA, 20q13 gain, or overexpression

of p53 or Aurora-A. Furthermore, MSI was a significant predictor of favorable

progression-free survival. CIN cancer was detected in 49 (49 %) cases with

unfavorable prognosis and significant association with CA, 20q13 gain, and

overexpression of p53 and Aurora-A. CA proved to be the strongest predictor for

disease progression on multivariate analysis.

The authors further grouped the 100 cases into group 1, with tumors displaying

both 20q13 gain and CA (42 cases); group 2, with tumors displaying CA but

no 20q13 gain (22); and group 3, with tumors lacking both 20q13 gain and

CA (36). All MSI cases were included in group 3. Frequency of CIN was signif-

icantly different among the groups (group 1: 95.2 %, group 2: 31.8 %, and group

3: 5.6 %, p < 0.0001). Patients in group 3 had significantly better prognosis than

those in groups 1 or 2. These results suggest that CA predicts patient prognosis, and

the addition of an Aurora-A-related molecular marker may improve objective

classification similar to that with molecular grading (van Rhijn et al. 2003). Figure 5

depicts cells with and without CIN, which were determined using FISH analysis.

Likewise, positive correlation between CIN positivity, centrosome abnormalities,

and CCND1 (cyclin D1 gene) amplification has been reported in T1G3 bladder

cancer (Del Rey et al. 2010). As mentioned previously, cyclin D1 overexpression is

a key genetic event for not only CA but also cell cycle progression. Patients with

CCND1 amplification in primary bladder tumors had a significantly shorter overall

survival.

Array-based CGH using 70 urothelial carcinomas demonstrated that the total

DNA copy number aberrations and frequency of CIN were larger in tumors with

CA than in those without CA, and these parameters were more closely associated

with CA than with the subjectively assigned tumor grade. DNA copy number gains

at 20p12.2, 5p15.2, 5p15.31, and 17q25.3 and losses at 17p12, 8p22, 2q37.3,

5q31.1, and 2q37.3 were more frequent in tumors with CA than in those without

CA (Yamamoto et al. 2011). Figure 6 illustrates the hypothesis of the varying

mechanism of CA in bladder cancer. Centrosome amplification may occur owing to

Aurora-A overexpression through genotoxic stress such as reactive oxygen species,

irradiation, or chemotherapy. This type of CA is temporary, however, and is

abolished if p53 is intact. Although p53 is altered, polyploid (aneuploid) cells

with CA enter mitotic catastrophe provided the mitotic checkpoint intact. A small

262 H. Matsuyama



C
hr

.7
  :

  6
%

C
hr

.9
  :

  4
5%

C
hr

.1
7:

 1
4%

1
2

02040608010
0 0

1
3

5
7

9
11

13

20406080

3
4

C
IN

:(
+)

C
IN

:(
-)

A
ve

ra
ge

va
ria

nt
 fr

ac
tio

ns
: 2

1.
7%

A
ve

ra
ge

va
ria

nt
 fr

ac
tio

ns
: 4

3 
%

C
hr

.7
  :

 5
2%

C
hr

.9
  :

 2
2%

C
hr

.1
7:

 5
5%

C
op

y 
nu

m
be

r

C
op

y 
nu

m
be

r

%

a
b

c
d

%

F
ig
.
5

B
la
d
d
er

ca
n
ce
r
ce
ll
li
n
es

w
it
h
an
d
w
it
h
o
u
t
ch
ro
m
o
so
m
al

in
st
ab
il
it
y
(C

IN
).
C
IN

w
as

d
efi
n
ed

as
m
o
re

th
an

2
5
%

o
f
th
e
av
er
ag
e
v
ar
ia
n
t
fr
ac
ti
o
n
s
o
f

ch
ro
m
o
so
m
es

7
(r
ed
),
9
(g
re
en
),
an
d
1
7
(b
lu
e)

o
n
fl
u
o
re
sc
en
ce

in
si
tu

h
y
b
ri
d
iz
at
io
n
(F
IS
H
).
H
is
to
g
ra
m

o
f
th
e
co
p
y
n
u
m
b
er

o
f
ch
ro
m
o
so
m
es

7
,
9
,
an
d
1
7
in

K
K
4
7
w
it
h
o
u
t
C
IN

b
y
an

av
er
ag
e
v
ar
ia
n
t
fr
ac
ti
o
n
o
f
2
1
.7

%
(a
)
an
d
in

tr
an
si
ti
o
n
al

ce
ll
ca
rc
in
o
m
a-
su
p
w
it
h
C
IN

b
y
an

av
er
ag
e
v
ar
ia
n
t
fr
ac
ti
o
n
o
f
4
3
%

(c
).

R
ep
re
se
n
ta
ti
v
e
ce
ll
s
w
it
h
o
u
t
(b
)
an
d
w
it
h
(d
)
C
IN

o
n
F
IS
H

11 Centrosome Amplification as Biomarkers in Bladder Cancer Using Touch. . . 263



population of cells with CA advance to cell cycle progression (mitotic slippage),

followed by acquisition of permanent CA, eventually resulting in CIN. Gain

of copy number of chromosome 20q13 (or AURKA amplification) or CCND1
amplification may follow a pathway to produce CA, likely in association with

CIN (see Fig. 6).

Although the clinical significance of CA as a biomarker for patient prognosis has

been reported, the specimens originated from touch biopsies that were prepared by

gently pressing the resected tumor onto slide glass. Miyachika et al. (2013) first

reported CA as a urine (bladder washing cytology [BWC]) biomarker for the

prediction of disease progression in NMIBC. Figure 7 shows a representative

case with CA determined using a touch biopsy specimen and a BWC specimen.

In this study, the BWC specimen was prepared with a bladder washing solution of

90 mL of saline that was centrifuged at 1,500 rpm for 9 min, after which a drop of

resuspended solution (phosphate-buffered saline) was placed onto a slide glass

coated with poly-L-lysine. Immunofluorescence staining and CA determination

were carried out according to a method as described elsewhere (Yamamoto

et al. 2004). CA was identified (CA+) if >5 % of cells contained three centrosomes

per cell (see Fig. 7) under an epifluorescence microscope (BX51; Olympus, Tokyo,

Japan) equipped with triple band-pass filter.

Aurora-A overexpression

Genotoxic stress from ROS etc.

Binucleated cell due to cytokinesis failure (tetraploid cell)

G1/G2 checkpoint by p53

Polyploid (aneuploid) cell

Rb1/p16: wild type

Senescence Apoptosis

Rb1/p16: mutant

Cell cycle progression

Centrosome amplification

Mitotic/Spindle checkpoint (BubR1)

Mitotic catastrophe

Apoptosis

CIN

�Copy number gain of 
  Chromosome 20q13 

�AURKA amplification

mutant wild type

normalaberrant

9 monosomy
9p21 deletion

Permanent 
centrosome amplification

CCND1 amplification

Mitotic slippage

Association with CIN?

Fig. 6 Hypothesis of the mechanism of centrosome amplification in bladder cancer. ROS (reac-

tive oxygen species), Rb1 (retinoblastoma 1 gene), CIN (chromosomal instability), CCND1 (cyclin
D1 gene)
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Disease progression was detected in 11.5 % (9 of 78) of NMIBC patients.

Multivariate analysis revealed that CA in BWC specimens was the strongest

predictor for disease progression (hazard ratio, 2.22; 95 % confidence interval

[CI], 1.13–4.90; p = 0.022). Skepticism may arise about contamination with

nonmalignant cells, including leukocytes or epithelial cells. Significant correlation

in %CA was observed between BWC and touch biopsy preparation (r = 0.56,

p < 0.0001), with a categorical concordance of CA status of 92.3 % between

BWC and touch biopsy specimens (Miyachika et al. 2013). Aspiration specimens

have yielded significantly higher %CA in cancer tissue compared with that in

benign tissue in breast cancer (4.86 % vs. 2.77 %) (Guo et al. 2007). Taken together,

CA in cancer cells seems more distinct than that in nonmalignant cells, even in

specimens contaminated with nonmalignant cells.

Other Biomarkers Using Urine (Bladder Washing Cytology)

Urine biomarkers reported in the literature are listed in Table 2. NMP22 (Matritech

Inc., Newton, MA), BTA stat (Polymedco Inc., Cortlandt Manor, NY), BTA

TRAK® test (Polymedco Inc.), UroVysion® (Vysis–Abbott Laboratories,

Fig. 7 Case presentation of centrosome amplification (CA) predicting disease progression.

A 66-year-old man was diagnosed with non-muscle-invasive bladder cancer and underwent

transurethral resection of the bladder tumor on February 13, 2007. The pathological diagnosis

was transitional cell carcinoma (TCC), grade 3, pT1 (invaded into submucosal layer). Both a touch

biopsy specimen from the tumor (a) and bladder washing specimen (b) showed three centrosomes

(CA; arrow). The percentage of cells with CA in the touch (a) and bladder washing (b) specimens

was 15 % and 17 %, respectively. Five months later, the patient displayed disease progression with

the pathological diagnosis of TCC, grade 3, pT2 (muscle-layer invasion). Indirect immunofluo-

rescence staining was performed using a rabbit pericentrin polyclonal antibody (Sigma, St. Louis,

MO) followed by Alexa 594-conjugated goat anti-rabbit antibody (Molecular Probes, Eugene,

OR) and counterstaining with 40,6-diamidino-2-phenylindole (DAPI)
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Des Plaines, IL), CertNDx™ (Predictive Biosciences, Lexington, MA), and

ImmunoCyt™ test (DiagnoCure Inc., Quebec, Canada) have been approved by

the FDA for urinary tumor marker testing. All urinary tests except ImmunoCyt™
are approved as adjuncts for the initial diagnosis of bladder cancer and surveillance

of patients with bladder cancer in conjunction with standard procedures. NMP22

and BTA stat are point-of-care tests. Most urinary biomarkers have been

established with the aim of increasing detection capability (sensitivity) compared

with that of conventional urine cytology, particularly in low-grade/low-stage

NMIBC. However, the cost, procedural complexity, or false positivity owing to

inflammation of other tests may hamper their use as replacements for urine cytology

as the gold standard in clinical practice.

Notably, CertNDx™ may become a promising urinary biomarker not only for

detection but also for predicting patient outcome. Accumulating evidence has

suggested that FGFR3 mutation is strongly associated with low-grade/low-stage

NMIBC (Knowles 2007) and is considered a potential biomarker for early recurrence

(Hernandez et al. 2006). Molecular grading of urothelial cancer with Ki-67 (or MIB-1)

and FGFR3 is known to have superior predictive capability compared with that of

pathological grade. Three molecular grades (mGs) are identified: mG1 (mutation;

normal expression), favorable prognosis; mG2 (no mutation; normal expression),

intermediate prognosis; and mG3 (no mutation; high expression), poor prognosis

(van Rhijn et al. 2003). Urine can also be used to measure Ki-67 with quantitative

reverse transcription polymerase chain reaction or immunocytological staining.

Multicolor FISH (Matsuyama et al. 1994) using urine or bladder washing

cytological specimens was developed based on the numerical alterations of specific

chromosomes such as 3, 7, 17, or 9p21 loci. UroVysion® can simultaneously detect

such nonrandom numerical aberrations using several DNA probes labeled with

various fluorescence colors and is now commercially available and commonly

used in clinical management. Chromosome 9 alterations, which are frequent and

well-known chromosomal aberrations in bladder cancer, are the earliest genetic

alterations reported in the development of the malignancy (Knowles 2007), and

monosomy of chromosome 9 may be linked with early recurrence of MNIBC

(Tsukamoto et al. 2002). In particular, deletions in 9p21 (p16 locus) seem to be a

promising prognostic marker for tumor progression (Kawauchi et al. 2009; Matsu-

yama et al. 2013). Urine cytology and FISH in post-Bacillus Calmette–Guerin using

bladder washings solution seem to be predictive of failure of Bacillus

Calmette–Guerin therapy in patients with NMIBC (Whitson et al. 2009). Matsu-

yama et al. (2013) have reported that higher variant fraction (the sum of the

non-modal copy number fraction of each chromosome; see Fig. 5), defined as

�16 %, and higher %deletion of 9p21 (fraction of null or one copy number of the

9p21 locus), defined as �12 %, may predict disease progression and recurrence,

respectively, whereas the Maffezzini risk criteria failed to predict outcome. The

authors examined BWC specimens collected just before bladder tumor resection in

118 patients, including tumor grade 1/2 and pTa in 70 (59.3 %) and 62 (52.5 %),

respectively. Multivariate analysis showed that the % 9p21 loss (>12 %) was an

independent prognostic factor for recurrence ( p < 0.001; odds ratio, 3.24; 95 % CI,
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1.85–5.62), and a mean variant fraction of >16 % was a prognostic factor for

disease progression ( p = 0.048; odds ratio, 6.07; 95 % CI, 1.02–57.45). As men-

tioned in the section on clinical significance of centrosome amplification, variant

fraction is a parameter defining CIN (Lengauer et al. 1997). Evaluation of variant

fraction may be a reasonable predictor of poor outcome in patients who develop

CIN. UroVysion® may become a promising urine biomarker, not only for recur-

rence but also for disease progression in NMIBC.

MicroRNAs (miRNAs) are important regulatory molecules for developmental

timing, stem cell division, and apoptosis, and they act as tumor suppressors or

oncogenes. Dyrskjøt et al. (2009) identified several miRNAs, including miR-129,

miR-133b, and miR-518c, with prognostic potential for predicting disease progres-

sion, and they found that miR-129 exerted significant growth inhibition and induced

cell death with a direct link between miR-129 and the two putative targets GALNT1

and SOX4. MiRNA profile alterations as noninvasive diagnostic and prognostic tools

will certainly be a new area of intense investigation in patients with bladder cancer.

Potential Applications to Prognosis

How can CA be applied to clinical practice? One example is the combination of

conventional prognostic factors. In NMIBC, the European Association of Urology

risk stratification model has been widely accepted into daily clinical practice. In this

model, the risks of both recurrence and progression are estimated for individual

patients by using a scoring system and risk tables. The model stratifies patients into

low-, intermediate-, and high-risk groups according to the sum of the risk score of

well-known conventional prognostic factors, including tumor size, number of

tumors, prior recurrence, concurrent carcinoma in situ, tumor grade, and stage.

Figure 8 depicts a Kaplan–Meier plot of progression-free survival in 87 Japanese

NMIBC cases. Although the EAU risk model failed to predict disease progression,

CA combined with tumor size (cutoff, 3 cm) may predict progression well. Because

CA was significantly associated with tumor grade, stage, and carcinoma in situ but

not with tumor size (data not shown), the combination of CA and tumor size may be

complementary parameters for the prediction of disease progression.

Limitations of CA detection using urine include the presence of a relatively

small population of cells with identifiable centrosomes, probably owing to protein

degradation, and subjective observation in centrosome counting. This method must

be validated in a second-stage, multicenter trial to verify its clinical significance.

Although molecular grading using a combination of FGFR3 and Ki-67 (CertNDx)
is also a promising biomarker, it is an order-made system in which clinicians must

have urine specimens sent to a specific laboratory. The cost of the investigation may

also hamper routine application of this technique. Detection of nonrandom chromo-

somal copy number aberrations by UroVysion may be the upcoming biomarker

closest to reaching the clinical setting. Limitations of this technique include the

need for large-cohort prospective validation and a trained technician for specimen

preparation and signal counting, which may introduce inter-observer bias.
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Conclusion

CA causes CIN, leading to tumor recurrence or disease progression in bladder

cancer. Detection of CA provides crucial information about tumor recurrence and

disease progression in bladder cancer. Further prospective multi-institutional trials

are needed. Among several urine biomarkers, detection of copy number aberrations
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Fig. 8 Prediction of disease progression using the European Association of Urology (EAU) risk

model (a) or the centrosome amplification (CA) model (b) in non-muscle-invasive bladder cancer.

Significant difference of time to progression was observed among three risk groups stratified as

low risk (CA– and tumor size < 3 cm), intermediate risk (CA+ and tumor size < 3 cm), and high

risk (CA+ and tumor size � 3 cm) (b), whereas no significant difference was observed between

risk groups stratified using the EAU risk model (a). The number of patients is represented within

parentheses
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by UroVysion, molecular grading in combination with FGFR3 mutation and Ki-67

overexpression, and miRNA may be promising new technologies in MNIBC.

Summary Points

1. Aneuploid cells with abnormal numbers of chromosomes occur frequently

during cell division, and a small population of surviving cells that escape several

cell cycle checkpoints can transform into malignant cells and confer tumors on

further malignant phenotype and CIN.

2. CA seems to be a causative event of aneuploidy as well as CIN, and Aurora-A

overexpression is among the strongest drivers of CA.

3. Detection of CA in bladder washing solution may be a promising biomarker for

predicting patient prognosis.

4. Molecular grading using a combination of FGFR3, which is frequently seen as

an early genetic event in NMIBC with relatively favorable prognosis, and Ki-67,

the overexpression of which implicates poor prognosis, may be promising

biomarkers.

5. Detection of chromosomal copy number aberrations by using multicolor FISH

(UroVysion) may also serve as a next-generation biomarker not only for the

detection and surveillance of tumors but also for the prediction of patient

prognosis, including recurrence and disease progression in NMIBC.

6. MiRNA profile alterations will mark a new area of heavy investigation as

noninvasive diagnostic and prognostic tools in NMIBC.
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Abstract

The incidence of renal cell carcinoma (RCC) has steadily increased during the

last decades. Although technological advances for early recognition of RCC

exist, many tumors are accidentally detected, and clinical decision-making

is still mainly based on morphological evaluation. Being a relatively

chemotherapeutic-resistant and very heterogenic disease, the biological behavior

of this tumor type is difficult to predict. Histologic subtyping, tumor staging, and

grading are still the pathologic parameters with most valid prognostic and diag-

nostic significance. Novel high-throughput methodologies have been developed to

depict the molecular constitution of individual tumors at the DNA, RNA, and

protein levels in order to find relevant biomarkers for optimizing cancer patient

care. In this chapter we recapitulate previous published efforts with different

microarray platforms which were used to identify biomarkers in RCC. As a result,

a large number of such markers, including pathways and gene signatures, have

been described as promising biomarkers with significant prognostic and predictive

value. However, at present and in contrast to other tumor types such as breast

cancer, lung cancer, or melanoma, there is no RCC biomarker that can

unrestrictedly be recommended for the use in routine diagnostics. In light of the

increasing demand of targeted cancer therapies, vigorous biomedical studies will

be needed to translate the molecular findings into clinical applications.

List of Abbreviations

ccRCC Clear Cell Renal Cell Carcinoma

chRCC Chromophobe Renal Cell Carcinoma

CGH Comparative Genomic Hybridization

CNV Copy Number Variant

CNA Copy Number Aberration

FFPE Formalin-Fixed Paraffin-Embedded

(F)ISH (Fluorescence) In Situ Hybridization

IHC Immunohistochemistry

miRNA microRNA

pRCC Papillary Renal Cell Carcinoma

RCC Renal Cell Carcinoma

SNP Single Nuclear Polymorphism

ADFP Adipose Differentiation-Related Protein

AKT Serine/Threonine Protein Kinase Akt (pAKT)

AMACR Alpha-methylacyl-CoA Racemase

ANPEP Alanyl (Membrane) Aminopeptidase

AP1M2 Adaptor-Related Protein Complex 1, mu 2 Subunit

ASCL2 Achaete-scute Complex Homolog 2

ATP5G2 ATP Synthase, H+ Transporting, Mitochondrial Fo Com-

plex, Subunit C2 (Subunit 9)

B7H1 CD274 Molecule

BC029135 TMEM72 Transmembrane Protein 72
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BCL2L2 BCL2-like 2

BIRC5 Baculoviral IAP Repeat-Containing 5

BNC1 Basonuclin 1

BRAF v-Raf Murine Sarcoma Viral Oncogene Homolog B1

CA2 Carbonic Anhydrase II

CA9 Carbonic Anhydrase IX

CA12 Carbonic Anhydrase XII

CCDC8 Coiled-Coil Domain Containing 8

CD10 Membrane Metallo-Endopeptidase

CD95 Fas Cell Surface Death Receptor

CD151 CD151 Molecule (Raph Blood Group)

CDH1 Cadherin 1

CDKN1C Cyclin-Dependent Kinase Inhibitor 1C (p57, Kip2)

CDKN2A Cyclin-Dependent Kinase Inhibitor 2A

CK7 Keratin 7

CKS CDC28 Protein Kinase

CLDN Claudin 7

CMET Met Proto-Oncogene (Hepatocyte Growth Factor

Receptor)

COL14A1 Collagen, Type XIV, Alpha 1

COL15A1 Collagen, Type XV, Alpha 1

CORO6 Coronin 6

CSF1R Colony-Stimulating Factor 1 Receptor

CST6 Cystatin E/M

DNMT DNA (Cytosine-5-)-methyltransferase 1

DNMT3B DNA (Cytosine-5-)-methyltransferase 3 Beta

DOC2 Dorsocross 2

EDNRB Endothelin Receptor Type B

EGFR Epidermal Growth Factor Receptor

ENST00000456816 Ensembl Gene Chr3:194014254–194030493

EPCAM Epithelial Cell Adhesion Molecule

ERK Mitogen-Activated Protein Kinase 1

EZH2 Enhancer of Zeste Homolog 2

FAM150A Family with Sequence Similarity 150, Member A

FAM78A Family with Sequence Similarity 78, Member A

FBN2 Fibrillin 2

FGF14 Fibroblast Growth Factor 14

FH Fumarate Hydratase

FLCN Folliculin

FLJ20171 Epithelial Splicing Regulatory Protein 1

FOXP1 Forkhead Box P1

FRA2 FOS-like Antigen 2

GNG4 Guanine Nucleotide Binding Protein (G Protein),

Gamma 4
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GPR56 G Protein-Coupled Receptor 56

GREM1 Gremlin 1

GRM6 Glutamate Receptor, Metabotropic 6

GSN Gelsolin

GSTA Glutathione S-Transferase Cluster

GSTA1 Glutathione S-Transferase Alpha 1

HER2 v-erb-b2 Erythroblastic Leukemia Viral Oncogene

Homolog 2

HIF1 Hypoxia-Inducible Factor 1

HIF2 Endothelial PAS Domain Protein 1

HIG2 Hypoxia-Inducible Lipid Droplet-Associated

IKBA Nuclear Factor Of Kappa Light Polypeptide Gene

Enhancer in B-Cells Inhibitor, Alpha

KCNQ1 Potassium Voltage-Gated Channel, KQT-like Subfamily,

Member 1

KHDRBS2 KH Domain Containing, RNA Binding, Signal

Transduction-Associated 2

KI67 Antigen KI-67

KLHL35 Kelch-like Family Member 35

MAGEA9 Melanoma Antigen Family A, 9

MAL2 Mal, T-Cell Differentiation Protein 2 (Gene/Pseudogene)

MET Met Proto-Oncogene (Hepatocyte Growth Factor

Receptor)

MLC2 Myosin, Light Chain 2, Regulatory, Cardiac, Slow

MMP16 Matrix Metallopeptidase 16 (Membrane-Inserted)

MTOR Mechanistic Target of Rapamycin (Serine/Threonine

Kinase)

MYC v-myc Myelocytomatosis Viral Oncogene Homolog

(Avian)

NKX6-2 NK6 homeobox 2

NNMT Nicotinamide N-methyltransferase

NR_024418 Uncharacterized LOC389332 Homo sapiens
NRG1 Neuregulin 1

P27 Proteasome (Prosome, Macropain) 26S Subunit,

Non-ATPase, 9

P53 Tumor Protein p53

PACRG PARK2 Co-regulated

PARK2 Parkinson protein 2, E3 Ubiquitin Protein Ligase (Parkin)

PAX2 Paired Box 2

PAX8 Paired Box 8

PBRM1 Polybromo 1

PCDH8 Protocadherin 8

PCDHAC1 Protocadherin Alpha Subfamily C, 1

PDGFR Platelet-Derived Growth Factor Receptor
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PDLIM4 PDZ and LIM Domain 4

PI3K Phosphatidylinositol-4,5-bisphosphate 3-Kinase, Cata-

lytic Subunit Alpha

POSTN Periostin, Osteoblast Specific Factor

PRAC Prostate Cancer Susceptibility Candidate

PROM2 Prominin 2

PRSS8 Protease, Serine, 8

PS6 Taste Receptor, Type 2, Member 63 Pseudogene

PTEN Phosphatase and Tensin Homolog

PTPRJ Protein Tyrosine Phosphatase, Receptor Type, J

PTTG1 Pituitary Tumor-Transforming 1

QPCT Glutaminyl-Peptide Cyclotransferase

RGS5 Regulator of G-Protein Signaling 5

RIMS4 Regulating Synaptic Membrane Exocytosis 4

RPRM Reprimo, TP53 Dependent G2 Arrest Mediator

Candidate

SAV1 Salvador Homolog 1

SCUBE3 Signal Peptide, CUB Domain, EGF-like 3

SFRP1 Secreted Frizzled-Related Protein 1

SKP2 S-phase Kinase-Associated Protein 2, E3 Ubiquitin Pro-

tein Ligase

SLC13A5 Solute Carrier Family 13 (Sodium-Dependent Citrate

Transporter), Member 5

SPARC Secreted Protein, Acidic, Cysteine-Rich (Osteonectin)

STC2 Stanniocalcin 2

TFE3 Transcription Factor Binding to IGHM Enhancer 3

TGF Transforming Growth Factor

TP2A Topoisomerase (DNA) II Alpha 170 kDa

TRAIL(R) Tumor Necrosis Factor (Ligand) Superfamily, Member

10 (Receptor)

TRH Thyrotropin-Releasing Hormone

TRIM63 Tripartite Motif Containing 63, E3 Ubiquitin Protein

Ligase

VCAM Vascular Cell Adhesion Molecule

VCAM1 Vascular Cell Adhesion Molecule 1

VCAN Versican

VEGFR Kinase Insert Domain Receptor (a Type III Receptor

Tyrosine Kinase)

VEZF1 Vascular Endothelial Zinc Finger 1

VHL von Hippel-Lindau Tumor Suppressor, E3 Ubiquitin Pro-

tein Ligase

VIM Vimentin

WNT3A Wingless-Type MMTV Integration Site Family,

Member 3A
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X91348 Homo sapiens mRNA for KIAA1647 Protein

YAP1 Yes-Associated Protein 1

ZFHX1B Zinc Finger E-Box Binding Homeobox 2

ZFP42 ZFP42 Zinc Finger Protein

ZNF154 Zinc Finger Protein 154

ZNF540 Zinc Finger Protein 540

ZNF671 Zinc finger protein 671

ZSCAN18 Zinc Finger and SCAN Domain Containing 18

Key Facts of Renal Cell Carcinoma

• Renal cell carcinoma (RCC) is a severe disease of the kidney.

• The growth pattern of the tumor and the tumor cells (histologic subtyping)

and the size of the tumor (tumor stage) and the feature of the tumor cell

nuclei (grading) are important parameters used by pathologists to

characterize RCC.

• These parameters help to predict good and bad patient outcome.

• If the disease affects only the kidney, it can be cured with surgery

(nephrectomy).

• If it has spread outside the organ, additional treatment is required.

• Traditional therapies (radio-, chemo-, immunotherapies) are rather ineffective.

• Abnormal alterations of genes or proteins in RCC may serve as biomarkers of

this disease.

• Biomarkers are thought to optimize RCC patient care.

Definitions of Words and Terms

Biomarker Molecular and measureable indicator linked to a specific disease state,

progress of a disease, or to the effects of a specific treatment.

Clustering Grouping a set of individuals (patients) according to molecular alter-

ations (i.e., gene expression, methylation) and/or other parameters in order to

distinguish patient subgroups with different molecular characteristics.

Epigenomics Study of modifications (i.e., DNA methylation) of the genome that

influence gene activities without directly altering the DNA sequence.

Genomics Study of the structure and function of the entire genome of an

individual.

Microarrays High-throughput tool for the simultaneous analysis of molecular

parameters (i.e., human genes) of the same molecular type (DNA, RNA, protein).
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Pathway Distinct cascade of biochemical reactions made by proteins.

Proteomics Study of the structure and function of proteins in a given setting.

Transcriptomics Study of RNA (i.e., gene expression) in a given cell population.

Introduction

About 2–3 % of all cancer diseases are renal cancers with an annual increase of

about 2 % worldwide (Eble et al. 2004). In Europe around 60,000 cases are newly

diagnosed and almost 20,000 patients succumb to this disease. More than 80 % of

kidney cancers are renal cell carcinomas (RCC) which arise from renal tubular

cells. Between 20 % and 30 % of the patients present with locally invasive or

metastatic carcinoma at diagnosis. In addition, one-third of the patients who

undergo surgical resection of organ-confined RCC will have a relapse. Most

advanced RCC are insusceptible to cytokine, chemotherapies, or radiotherapies.

The latter appear to be partly caused by a hypoxia-mediated resistance to radio-

therapy and alkylating agents (Toffoli and Michiels 2008). As a consequence, the

prognosis of advanced RCC is poor, which is reflected by a median survival rate of

about 13 months for patients with metastatic disease (Cohen and McGovern 2005).

RCC is a very heterogeneous disease consisting of three main histological sub-

types that are morphologically, prognostically, and genotypically different (Eble

et al. 2004). With 80 % of all RCC, clear cell RCC (ccRCC) is the most frequent

and aggressive subtype. The cytoplasm of tumor cells is enriched with neutral lipids,

phospholipids, as well as with glycogen. Papillary RCC (pRCC) comprises approx-

imately 10 % of RCC. The histology is characterized by epithelial cells forming

papillae and tubules. pRCC is further subdivided into type 1 tumors with papillae

covered by small cells with scanty cytoplasm and type 2 tumors with eosinophilic

cytoplasm. About 5 % of RCC belongs to the chromophobe subtype (chRCC). This

tumor is characterized by large polygonal cells with reticulated cytoplasm and

prominent cell membranes. pRCC and chRCC have generally a better prognosis

than ccRCC. Based on nephron-specific markers, it has been assumed that ccRCC

and pRCC develop from proximal tubules, whereas chRCC originates from distal

tubules. It is of note that sarcomatoid differentiation occurs in all three tumor

subtypes, which is associated with poor patient outcome (Moch 2013).

Rare RCC subtypes are renal oncocytoma and multilocular cystic RCC which

are considered benign neoplasms and collecting duct carcinoma, an extremely

malignant tumor with frequent metastasis. In the last years new carcinoma types

have been described such as TFE3 translocation carcinoma, mucinous tubular and

spindle cell carcinoma, unclassified RCC, and additional tumor subtypes not yet

considered in the WHO classification. All those cancers account for about 5 % of all

RCC (Moch 2013).
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Several diagnostic and prognostic (bio)markers exist which allow a better

differentiation of RCC subtypes and possibly facilitate therapy decisions. For

example, a diffuse, focal or absent expression pattern of cytokeratin 7 may help

to better characterize RCC subtypes. Moreover, CD10, the RCC marker, but also

PAX2 and PAX8 are recommended to assign metastasis of unclear origin to a

primary RCC (Truong and Shen 2011). However, more detailed analyses are

required to establish those markers as fully reliable for RCC diagnosis. In contrast

to diagnostic biomarkers, the most important prognostic para-meters are

represented by the RCC subtype, the tumor stage, and the nuclear differentiation

grade (Eble 2004). The tumor stage category is the basis for all clinical decisions.

Currently, the Fuhrman system is the commonly accepted system for grading RCC.

It has been suggested, however, that this grading system is less suitable for chRCC

and not applicable to mucinous, tubular, and spindle cell carcinoma and

oncocytoma.

In order to better explain the molecular biology of RCC, restriction fragment

length polymorphism, microsatellite analyses, and, finally, comparative genomic

hybridization (CGH) were the methods of choice in the last decade of the twentieth

century to identify chromosomal aberrations specific for the RCC subtypes. Loss of

the short arm of chromosome 3p is the main characteristic feature of ccRCC.

Subtype-specific but less prominent chromosomal alterations different to ccRCC

were found in pRCC, chRCC, and other subtypes (Moch and Mihatsch 2002; Eble

et al. 2004). Chromosomal losses are thought to contribute to the inactivation of

tumor suppressor genes, whereas gains rather point to hyperactivated oncogenes.

Chromosomal alterations described in RCC are summarized in Table 1.

Intense efforts contributed significantly to better understand the molecular

biology of RCC. A crucial player in ccRCC tumor genesis is the von Hippel-

Lindau (VHL) tumor suppressor gene which was cloned using tissue and cell

lines from von Hippel-Lindau syndrome patients. Mutations and deletions of this

gene were first described in patients with this disease which is characterized by a

multitude of benign and malignant tumors, including ccRCC (Neumann

et al. 1998). Surprisingly, in the vast majority of patients with sporadic ccRCC,

chromosomal and gene alterations affecting VHL were also identified. The gene

product of VHL, pVHL, exerts its function as multiadaptor protein in several

pathways (Frew and Krek 2008) that are considered critical for cancer development

and progression (Fig. 1).

Table 1 Most common chromosomal aberrations in RCC subtypes (Moch and Mihatsch 2002;

Becker et al. 2013)

RCC subtype Frequency (%) Chromosomal gains Chromosomal losses

Clear cell 80 5q, 7, 17 3p, 4q, 6q, 9p, 13q, 14q, Xq

Papillary 10 3, 7, 12q, 16q, 17, 20q 4, 9p, 13, 16, 17p, Y

Chromophobe 5 1, 2, 3, 6, 10, 13q, 17, 21

Oncocytoma 5 1, 6p, 14, 21, Y

Collecting duct <1 13q 1p, 8p, 9p, 16p
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The best-described function of pVHL is its role as negative regulator of the

hypoxia-inducible factor (HIF). Hydroxylation of the HIF subunits HIF-1α and

HIF-2α by prolyl hydroxylases (PHD1-3) under normoxia facilitates the binding of

pVHL and leads to ubiquitination and proteasomal degradation of HIFα. In ccRCC,
both hypoxia and abrogation of pVHL function lead to HIF-α stabilization and

consequently to HIF activation. HIF then promotes transcriptionally regulating

programs toward angiogenesis and cell survival. HIF-responsive genes, such as

VEGFR (vascular endothelial growth factor receptor), PDGFR (platelet-derived

growth factor receptor), CA9 (carbonic anhydrase 9), and many others, may repre-

sent therapeutic targets of locally advanced and metastatic ccRCC (Frew and Krek

2008). In contrast to hereditary and sporadic ccRCC in which pVHL’s integrity is

critical, the genes found to be involved in other hereditary forms of RCC (CMET,
FH in pRCC; FLCN in chRCC) seem to play a minor role in the sporadic tumors

(Eble et al. 2004). It is therefore much more challenging to identify molecular

pathways with potential drug targets being responsible for the oncogenesis of these

tumor subtypes.

The implementation of customized high-throughput microarray technologies at

the beginning of this century has revolutionized the strategies that had been

formerly used to identify cancer-causing genes and deregulated molecular path-

ways. Microarrays have been very useful in the essaying of molecules and the

identification of biomarkers for different conditions. Their advantage is seen in the

standardized procedure, the little material input, and the simultaneous comparison

of a large amount of different molecules. Being built as compact chips, microarrays

Fig. 1 The multiadaptor protein pVHL, its binding partners, and its functions in the biology

of ccRCC
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present well-defined immobilized probes binding to their target molecules. There

are several platforms overall covering different fields of microarray analysis on the

genomics, transcriptomics, and proteomics levels. The technologies have steadily

improved with time and extend to different platforms such as single nuclear

polymorphism (SNP) arrays, DNA methylation microarrays, tissue microarrays

(TMA), and gene expression microarrays, the latter currently being the most

commonly used microarray type.

The use of these technical high-throughput tools has dramatically increased data

and knowledge about molecular mechanisms leading to RCC. They enabled the

screening for markers in early stage and recurrent tumors after nephrectomy as well

as for predictive markers for treatment response. In the following we describe

microarray technology approaches that have been applied to uncover such potential

RCC biomarkers.

Genomic Approaches

Array-Based CGH (aCGH) and SNP Arrays for Tracking Potential
Chromosomal and Gene Marker Loci

In contrast to CGH in which normal metaphase chromosomes are used as hybrid-

ization targets, aCGH (Albertson et al. 2000) is performed with 100–200 kb DNA

clones in array format. aCGH studies first applied to RCC have globally addressed

the correct pathologic classification of benign and malignant neoplasia, focusing

mainly on their use for diagnostic purposes (Wilhelm et al. 2002). By combining

whole-genome amplification and genomic copy number analysis employing aCGH

(Fiegler et al. 2007), it was possible to narrow down copy number changes to only a

few Mb in microdissected 769P ccRCC cells. A summary illustration of published

chromosomal and aCGH RCC data is shown in Fig. 2.

The data in Fig. 2 clearly demonstrate that in ccRCC distinct chromosomes are

preferably affected and that losses and gains can occur on all chromosomes.

Chromosomal losses may indicate the existence of one or more tumor suppressor

75%
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Fig. 2 CGH data of 599 ccRCC. Regional genomic CNAs are shown as percentage of analyzed

cases. Note the higher frequency of distinct affected chromosomal regions. Genomic gains:

yellow; Genomic losses: blue (With kind permission of Dr. Michael Baudis, Progenetix.org,

Zurich University, Zurich, Switzerland)
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genes on the remaining parental chromosomes, whereas gains may point to abnor-

mally active oncogenes. One such potential candidate is SAV1 which was found

frequently deleted on 14q22.1 in advanced high-grade ccRCC (Matsuura et al. 2011).

SAV1 is a component of the Hippo pathway and negatively regulates YAP1 activity.

It was thus hypothesized that this pathway may be relevant for RCC therapy.

aCGH was also used to find genetic markers associated with papillary renal cell

tumor progression (Szponar et al. 2009). Three genetically defined developmental

stages have been proposed with papillary renal cell adenoma characterized by

combined trisomy of chromosomes 7 and 17, pRCC with additional changes

without progression, and pRCC with deadly outcome characterized by 1q gain.

This was independent of histological morphology and tumor size and suggested a

classification system superior to morphological classification.

SNP arrays are ideal tools to assess copy number alterations in a much higher

resolution compared to aCGH. An example of copy number variation is shown in

Fig. 3. Using this technology (Monzon et al. 2008) identified both known charac-

teristic chromosomal changes and additional copy number aberrations unique for

each RCC analyzed. Even three RCCs with unclear subclassification could be

assigned to oncocytoma and ccRCC by SNP array analysis. Data obtained from a

similar study with unclassified RCC suggested that virtual karyotypes generated by

SNP arrays help to increase diagnostic accuracy, particularly in morphologically

challenging RCC in routine diagnostics (Kim et al. 2009).

However, genome-wide SNP array analysis not only confirmed large chromo-

somal aberrations already described by CGH and aCGH studies but also refined

these affected regions and detected unknown microalterations (Chen et al. 2009).

A comprehensive study with 80 ccRCC showed chromosomal losses spanning

3p21-36, 8p12-pter, 6q23.3-27, 14q24.1-qter, 9q32-qter, 10q22.3-qter, 9p13.3-

pter, 4q28.3-qter, and 13q12.1-21.1. The smallest deletion had a size of 0.29 Mb

on 8p12 containing NRG1. Concordance between SNP array data and gene expres-

sion was found for FOXP1 on 3p and PARK2 as well as for PACRG on 6q. The most

13q32.1

GPC6
FGF14

13q32.2 13q32.3

13 (93000000 - 108000000)

13q33.1 13q33.2 13q33.3

Fig. 3 DNA copy number analysis in one ccRCC in the chromosomal region 13q32.1-13q33.3

using a Genome-Wide Human SNP 6.0 array. SNPs are indicated by circles. Chromosomal gain of

about 170 kb within the gene FGF14 is shown
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frequent chromosome gains were at 5q32-ter with one tumor harboring a focal gain

of 0.42 Mb in 5q35.3. Upregulation was observed for CSF1R. Additional gains
were 1q25.1-qter, 7q21.13-qter, and 8q24.12-qter. These regions and genes may

represent diagnostic, prognostic, and predictive biomarkers of ccRCC.

PTTG1, a recently discovered oncogene, was detected in amplified regions of 5q

and was moreover associated with high tumor grade and poor patient prognosis.

A depletion of this gene in functional in vitro studies demonstrated a decreased

tumorigenic and invasive behavior, potentially pinpointing it as a novel therapeutic

target (Wondergem et al. 2012).

By analyzing 112 ccRCC with SNP arrays, (Monzon et al. 2011) found a signif-

icant correlation between loss of chromosome 14q, gain of 8q, and worse patient

outcome, particularly in patients with organ-confined ccRCC. 14q loss was associated

with decreased HIF-1α mRNA and protein expression. It was concluded that 8q gain

and MYC upregulation as well as 14q loss and HIF1A downregulation may serve as

molecular markers of prognosis and personalized medicine for ccRCC patients.

DNA Methylation Arrays for Unmasking Silenced RCC Markers

DNA methylation is a chemical modification that primarily affects cytosine within

CpG islands. Abnormal hypermethylated gene promoter regions in tumors can prevent

transcription. These epigenetic events were first described for several tumor suppres-

sor genes including VHL (Herman et al. 1994). In addition to deletions and mutations,

hypermethylation of the VHL promoter can lead to gene silencing in up to 20 %

ccRCC. The methylation status of a DNA sequence of interest is commonly deter-

mined either by using methylation-sensitive and methylation-nonsensitive restriction

enzymes or by DNA bisulphite treatment which converts unmethylated cytosine to

uracil but leaves methylated cytosine unaffected. Various DNA microarray

approaches exist to investigate tumor-specific DNA methylation patterns.

The influence of histopathology and VHL mutation status to CpG methylation

rates was explored in VHL-related and VHL-unrelated RCC by (McRonald

et al. 2009). Forty-three genes were found methylated in over 20 % of RCC

analyzed. CpG methylation was most prevalent in pRCC and least in ccRCC of

VHL syndrome patients. Many of the genes preferentially methylated in pRCC

were linked to TGF-beta or ERK/Akt signaling and may represent potential CpG

methylation biomarkers for RCC.

In another epigenetic study high-density gene expression microarrays were used

for analyzing the promoter methylation status of genes in 11 RCC cell lines (Morris

et al. 2010). Of 28 selected genes BNC1, PDLIM4, RPRM, CST6, SFRP1, GREM1,
COL14A1, and COL15A1 showed frequent promoter hypermethylation in cell lines

and tumor tissue, which was associated with transcriptional silencing. Functional

studies demonstrated tumor suppressive properties of BNC1, CST6, RPRM, SFRP1,
and COL14A1. BNC1 or COL14A1 methylation was associated with a poorer

outcome which was independent of tumor size, stage, or grade. The authors

concluded that these genes may be biomarkers for prognosis and RCC detection.
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Using a bead-based methylation array platform (1,413 CpG loci in ~800 cancer-

associated genes), (Avissar-Whiting et al. 2011) assessed DNAmethylation profiles

in RCC and associated these profiles with the expression of genes. The

downregulation of DNMT, DNMT3B, VEZF1, and EZH2 correlated with a high

methylation status in RCC. A greater differential methylation between RCC and

non-diseased kidney tissue was found with EZH2, a member of the polycomb

repressive complex 2, and additional polycomb group targets. This work indicates

how repressive marks on DNA and chromatin are deregulated in RCC which may

contribute to the development of therapies or preventive strategies.

To identify frequently methylated and silenced marker genes, a more complex

strategy was chosen by (Morris et al. 2011) who used methylated DNA immuno-

precipitation and whole-genome array analysis in combination with high-density

expression array analysis. Frequent promoter methylation was seen for KLHL35,
QPCT, SCUBE3, ZSCAN18, CCDC8, FBN2, ATP5G2, PCDH8, and CORO6.
Knockdown of KLHL35, QPCT, SCUBE3, ZSCAN18, CCDC8, and FBN2 resulted

in an anchorage-independent growth advantage. SCUBE3 hypermethylation was

correlated with increased risk of cancer death or relapse.

Arai et al. (2012) performed single-CpG-resolution analysis at 4830 CpG sites to

uncover DNA methylation alterations during renal carcinogenesis using normal renal

cortex tissue, noncancerous renal cortex tissue, and tumorous tissue samples. They

identified RCC clusters with different methylation status, tumor aggressiveness, and

survival rates. A CpG island methylator phenotype of RCC was identified with DNA

hypermethylation of the CpG sites on 17 genes (FAM150A, GRM6, ZNF540, ZFP42,
ZNF154, RIMS4, PCDHAC1, KHDRBS2, ASCL2, KCNQ1, PRAC, WNT3A, TRH,
FAM78A, ZNF671, SLC13A5, and NKX6-2). They suggested that accumulation

of DNA hypermethylation on specific CpG islands and genome-wide DNA

hypomethylation may represent distinct pathways of renal carcinogenesis.

All chromosomal genetic and epigenetic changes occurring in RCC comprise

mainly DNA losses and gains, specific gene mutations, as well as methylation of

distinct DNA sequences. These abnormalities greatly influence the gene expression

profile in a tumor and lead to the malignant, uncontrolled behavior of RCC. DNA

microarray technology enables the study of such global gene expression patterns

which give more insight into affected pathways and genes with known and

unknown functions as well as their correlation with clinical data. The most impor-

tant findings are described in the following chapter.

Transcriptomic Approaches

DNA Microarrays for Screening RCC-Specific Marker
Expression Patterns

Gene expression microarrays have extensively been implemented in the stratifica-

tion and restratification of RCC. As they simultaneously contain thousands of gene-

specific probes, each experiment represents a global analysis of genes enabling an
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indirect illustration of upstream and downstream events, eventually leading to their

manifestation on the gene expression level. Despite the uniqueness of individual

RCC, sophisticated approaches with cDNA, cRNA, and customized DNA oligonu-

cleotides microarrays have been used to identify common gene expression patterns

and individual biomarkers associated with prognostic or predictive value.

Among the first published cDNA microarray studies on RCC, (Boer et al. 2001)

investigated gene expression differences between 37 paired neoplastic and

noncancerous renal epithelial specimens. Subsequent functional annotations

pointed to 167 upregulated transcripts which participate in cell adhesion, signal

transduction, and nucleotide metabolism processes. The identified 154

downregulated genes were primarily involved in mechanisms affecting small

molecule transport, ion homeostasis, and oxygen metabolism. Genome-wide

expression profiles in 10 ccRCC uncovered hypoxia-inducible protein-2 (HIG2)

as novel putative diagnostic and therapeutic marker for ccRCC (Togashi

et al. 2005). Functional analyses demonstrated HIG2’s involvement in cell growth

and Wnt signaling.

Further gene profiling of ccRCC identified signatures segregating this tumor

subtype in subgroups with different prognostic characteristics. By analyzing

29 ccRCC, Takahashi et al. (Takahashi et al. 2001) identified a 40-gene signature

which was able to separate tumors of nonaggressive and aggressive phenotype. In a

prospective pilot study, the prediction even exceeded the accuracy of prediction by

tumor staging. Other authors complemented this data by integrating ccRCC with

similar numbers and the use of supervised and nonsupervised clustering methods.

In particular, three groups (Vasselli et al. 2003; Jones et al. 2005; Kosari et al. 2005)

reported the existence of distinct “metastatic signatures” already being present in

the primary tumor. As candidate biomarkers BIRC5, V-CAM and genes coding for

secreted proteins and membrane receptors were found correlated with cancer-

specific survival, they were suggested potential therapeutic or diagnostic targets.

Among the 12 top-ranked genes which were the most tightly linked to positive

outcome upon high-expression levels were VCAM1, EDNRB, and RGS5 (Yao

et al. 2008). It was concluded that a scoring system based on the expression levels

of these genes may be useful in the prediction of survival for ccRCC patients.

Recently, a panel of potential biomarkers for calculating the individual metastatic

risk in ccRCC was proposed (Sanjmyatav et al. 2011). These genes resided in a

cluster of 127 transcripts for increased metastasic probability involving prominent

candidates, such as downregulated CD151 and IKBA as well as upregulated

MMP16, B7H1, BCL2L2, and FRA2.
In an attempt to gain biologic insight into VHL-dependent and

VHL-independent ccRCC development, (Maina et al. 2005) compared the gene

expression levels of VHL wild-type and VHL-null RCC cell lines. Eleven novel

VHL/HIF targets, among them CDKN1C, SPARC, GPR56, GNG4, MLC2, and
DOC2, were identified.

A meta-analysis of more than 480 ccRCC tumors pointed to a VHL-independent

segregation into two subclasses termed ccA and ccB. ccA tumors had an overall

better prognosis and were correlated to hypoxia and angiogenic processes, whereas
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ccB tumors had worse survival prognosis and displayed genes of epithelial-

mesenchymal transition, wound healing, and cell cycle processes (Brannon

et al. 2010). These data also indicate that the proposed subclassification system of

ccRCC may provide prognostic information independent of standard clinical

parameters.

Most of the microarray studies directly addressed the correlation of gene expres-

sion profiles to the histopathologic RCC subtypes. An example showing hierarchi-

cal clustering of genes in ccRCC and pRCC (Beleut et al. 2012) is shown in Fig. 4.

Fig. 4 Two-way supervised hierarchical clustering of a gene set distinguishing ccRCC and pRCC

(own microarray data; see also (Beleut et al. 2012)). blue, relative increase; white, relative
decrease of gene expression
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Distinct gene expression patterns were found for all subtypes and up- or

downregulated genes. GSTA, NNMT, and ADFP were highly expressed in

ccRCC, AMACR in pRCC, and CA2 in chRCC and proposed as diagnostic markers

(Higgins et al. 2003; Takahashi et al. 2003; Yao et al. 2005). Critical biologic

processes were suggested for ccRCC (angiogenic and immune response), oxidative

phosphorylation for chRCC, and serine protease inhibitors as well as extracellular

matrix products for pRCC (Schuetz et al. 2005). Other global gene expression

patterns involving different candidates to further subclassify ccRCC did not only

show subtype specificity, they were moreover able to separate tumor grades, thus

confirming the histopathologic grading system on the molecular level (Skubitz

et al. 2006; Maruschke et al. 2011).

Possible molecular variations of RCC in different countries were analyzed by

Wozniak et al. (Wozniak et al. 2013). A cohort of 101 paired healthy and tumor

samples from Eastern Europe were analyzed using gene expression microarrays.

The data were set into relation with already existing RNA sequencing data derived

from a publically available cohort of Western Europe/USA patients. 60 %

downregulation and 74 % upregulation overlay were found between both cohorts.

Subsequent biological characterization suggested common deregulations in meta-

bolic and catabolic processes, excretion, oxidation reduction, ion transport and

response to chemical stimulus, immune and inflammatory responses, response to

hypoxia, stress, wounding, vasculature development, and cell activation.

Novel approaches to further complement the understanding of ccRCC carcino-

genesis focused on the detection of aberrantly expressed clusters of long noncoding

RNAs, supporting their involvement in tumorigenic processes. ENST00000456816,
X91348, BC029135, and NR_024418 are the most promising candidates

(Yu et al. 2012).

Comprehensive gene expression profiling was also performed with RCC different

to the clear cell subtype. By analyzing 34 pRCC using an Affymetrix GeneChip with

54,675 probe sets, two highly distinct molecular pRCC subclasses characterized by a

seven-transcript predictor with morphologic correlation were identified (Yang

et al. 2005). Class 1 pRCC tumors were defined by CK-7 and class 2 tumors by

TP2A expression. (Rohan et al. 2006) compared gene expression profiles of 9 chRCC

and 9 benign oncocytoma. Five genes, AP1M2, MAL2, PROM2, PRSS8, and

FLJ20171, were detected which discriminate chRCC from oncocytoma. Selective

and differential expression of MAL2 was observed in distal renal tubules as well as

between chromophobe RCC and oncocytoma, respectively. Microarray analysis of

two renal medullary carcinoma and 64 other RCC subtypes revealed a distinct

molecular signature of this rare RCC (Yang et al. 2004). Eighteen genes were

significantly overexpressed or underexpressed in renal medullary carcinoma com-

pared with other types of renal tumors. The authors suggested that this tumor subtype

should be treated as a special malignancy. Finally, whole-genome microarray expres-

sion profiling was performed on 4 TFE3 translocation RCC and 48 other RCC

subtypes (Camparo et al. 2008). More than 80 genes were significantly differentially

expressed between renal translocation tumors and other RCC, with TRIM63, GSTA1,
and ANPEP being the most prominent markers for this group of tumors.
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Despite the tremendous amount of data of gene clusters and potential biomarkers

identified to date, the agreement among these studies is mostly poor. The use of

self-made microarrays and microarrays from different vendors and the lack of

suited bioinformatics programs which select non-reliable samples, genes, and

false positives as well as missing cross-platform validations may explain these

strong discrepancies. A common valid conclusion about RCC biology and convinc-

ing biomarkers can therefore hardly be drawn.

miRNA Microarrays for Identifying RCC Key Players of Gene
Regulation

miRNAs are considered as a novel type of biomarkers in human cancer. They

represent short, single-stranded and noncoding RNAs consisting of approximately

22 nucleotides. miRNAs are considered as multipotent gene expression regulators

being active mainly on the posttranscriptional level. Through binding to their target

RNA, miRNAs may influence translation, induce RNA-degradation, but also pos-

itively stabilize their target for sustained gene expression products. The individual

function of miRNAs is largely unknown. As shown in different cancer types,

however, their expression patterns alter in healthy and diseased conditions. There-

fore, miRNAs are considered as functional modulators facilitating the process of

carcinogenesis on another molecular level. Ready-to-use and tailor-made miRNA

arrays are available, enabling a large-scale analysis of multiple such targets to better

understand global miRNA expression changes in a given tumor entity.

To date there are only few studies in which miRNA array technology has been

applied to analyze RCC. Different research groups have independently demon-

strated a preferred downregulation of miRNAs in primary RCC and metastatic

tissue when compared to their healthy counterparts (Nakada et al. 2008; Yi

et al. 2010; Wotschofsky et al. 2012; Duns et al. 2013). A total of 23 miRNAs

were downregulated in metastatic tissue samples compared with normal tissue

(Wotschofsky et al. 2012). Among them were miR-141 and miR-200c whose

deregulation in ccRCC might be involved in suppression of CDH1/E-cadherin
transcription via upregulation of transcriptional repressor ZFHX1B (Nakada

et al. 2008). An up to 138-fold downregulation was observed for miR-200b, -363,

-429, -200c, -514, and -141 (Jung et al. 2009), and (Duns et al. 2013) identified all

members of the miR-200 family known to be involved in the epithelial to mesen-

chymal transition process significantly decreased in ccRCC. Surprisingly, the

distinct alterations in miRNA expression were not found associated with clinico-

pathological factors, such as tumor stage, grade, or patient survival, suggesting a

general implication of such modulators in the onset of RCC (Gottardo et al. 2007;

Jung et al. 2009) rather than a sustained contribution in disease progression.

One consistently reappearing miRNA having a relative high-expression level upon

hypoxia-induced signaling is miRNA-210. This candidate was identified as a VHL

target to alter cell cycle progression, block apoptotic signaling cascades, and overall

facilitate the process of carcinogenesis (Chen et al. 2010; Valera et al. 2011).
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Its expression was significantly correlated with decreased prognosis in terms of

overall patient survival in RCC (Neal et al. 2010). As relatively stable molecules,

miRNA-1233, miRNA-378, and miRNA-451 were found in sera and proposed to

constitute measurable biomarkers for the diagnosis of RCC (Wulfken et al. 2011;

Redova et al. 2012).

One recent study investigated miRNA pattern alterations as a potential tool for

improved histological stratification in 94 tumors including ccRCC, pRCC, chRCC,

and oncocytoma (Youssef et al. 2011). The authors developed a robust classifica-

tion system distinguishing different RCC subtypes according to unique miRNA

signatures with an accuracy of up to 90 %.

Proteomic Approaches

Tissue Microarrays (TMA) for Evaluating Molecular Markers
with Clinical Relevance in RCC

The invention of the TMA technology (Kononen et al. 1998) enabled researchers to

validate promising gene candidates obtained from DNA microarray data by ana-

lyzing hundreds of tissue cores arrayed on a single glass slide. In the vast majority

of the published studies, formalin-fixed tissue samples have been the material of

choice to generate TMAs for investigating protein expression by immunohisto-

chemistry and gene aberrations by FISH. A few groups showed that TMAs either

consisting of FFPE or even frozen tissue specimen can be used for RNA ISH

analysis, but the procedures and the interpretation of the results are rather time-

consuming and sophisticated. The strategy of a typical TMA analysis is illustrated

in Fig. 5. In light of the many published TMA studies and the restricted number of

references provided by the editors of this book, we are focusing in the following on

studies which describe highly significant outcomes in more than 200 analyzed

ccRCC.

In one of the first RCC-TMA studies, 532 RCC were used to validate the

clinical relevance of molecular changes detected by cDNA microarray analysis

(Moch et al. 1999). In ccRCC vimentin expression was found significantly

associated with poor patient prognosis. (Seligson et al. 2004) investigated

EpCAM, an adhesion protein widely expressed in other human cancers and a

candidate in therapy. Although strong expression was seen in only 10 % of

318 ccRCC, EpCAM positivity correlated with improved survival. These results

were confirmed by (Eichelberg et al. 2013) who also observed no or only weak

EpCAM expression in the majority of the 767 arrayed ccRCC. Positive EpCAM

IHC was significantly linked to prolonged overall survival especially in patients

with localized ccRCC.

To identify subtypes of ccRCC, (Shi et al. 2005) analyzed eight previously

published tumor markers (CA9, CA12, Ki67, GSN, p53, EpCAM, PTEN, and

VIM) in 307 ccRCC using random forest clustering for tumor profiling. They

discovered two clusters corresponding to low- and high-grade tumors, a subgroup
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of long-surviving patients, and two novel tumor subclasses in low-grade ccRCC.

A strong correlation of high HIF-1a expression and worse survival was reported by

(Klatte et al. 2007) who constructed a TMA with 308 ccRCC. By analyzing the

mTOR pathway in 375 RCC, there was an association of nuclear pAKT expression

with a favorable prognosis and cytoplasmic pAKT expression with a poor outcome

(Pantuck et al. 2007). pAKT, PTEN, and pS6 were independent prognostic factors

of tumor-specific survival. In a second and independent TMA study on 386 RCC,

both cytoplasmic and nuclear pAKT levels were found as prognostic factors for

shorter patient survival (Hager et al. 2009). Preferential increase of pAKT and

decrease of PTEN expression in high-grade and high-stage RCC suggested thera-

peutic concepts based on PI3K/pAKT/mTOR pathway inhibitors. Finally, (Darwish

et al. 2013) confirmed the importance of mTOR signaling in ccRCC by examining

9 mTOR pathway components in 419 nonmetastatic ccRCC. Their data showed that

the cumulative number of aberrantly expressed mTOR pathway members corre-

lated with tumor aggression and worse outcome which may support predictive

exploration of the mTOR signaling cascade in ccRCC patients.
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Fig. 5 TMA preparation and analysis for evaluating biomarkers with potential clinical relevance
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A TMA study with 318 RCC revealed Claudin-1, a tight junction protein, a

prognosticator of shortened disease-specific survival in ccRCC patients (Fritzsche

et al. 2008). The prognostic utility of the tumor suppressor p27 and its negative

regulators Skp2 and Cks was studied in 482 RCC (Liu et al. 2008). Only low p27

expression served as independent prognostic factor for both cancer-specific survival

and recurrence-free survival. IHC staining of the catalytic alpha subunit of the Na,

K-adenosine triphosphatase in 317 ccRCC suggested this protein as clinical prog-

nosticator for disease-specific death (Seligson et al. 2008). TRAIL and its receptors

(TRAIL-R) were examined on a large TMA containing 838 RCC (Macher-

Goeppinger et al. 2009). High TRAIL and TRAIL-R2 and low TRAIL-R4 expres-

sion were correlated with worse patient outcome. The authors conclude that

TRAIL-R agonists may be of therapeutical relevance in patients with RCC.

Deep sequencing analysis of ccRCC revealed PBRM1 as second most frequently

mutated gene after VHL. An expression study of this histone/chromatin regulator in

more than 300 RCC demonstrated that loss of PBRM1 was predominant in about

70 % of ccRCC and was associated to tumor stage, grade, and overall patient

survival (Pawlowski et al. 2013). The authors suggested that molecular pathways

deregulated by the inactivation of this protein may lead to new treatment strategies.

A comprehensive TMA analysis was performed by (Dahinden et al. 2010) who

evaluated the expression patterns of 15 different proteins belonging to pathways

controlled by pVHL and PTEN in over 800 ccRCC. They demonstrated that the use

of advanced mathematical models for comprehensive TMA data analysis may

clarify complex molecular contexts and may improve prediction of progression

risk. For example, patients with intermediate grade ccRCC had a prolonged sur-

vival if the tumors were nuclear p27 and cytoplasmic PTEN positive but had

inactive, non-phosphorylated ribosomal protein S6.

More recently even larger TMAs were applied to statistically better support the

clinical relevance of single markers in RCC. Nuclear expression of the enhancer of

EZH2 was defined as prognostic marker of poor cancer-specific survival in a TMA

study with 520 RCC (Wagener et al. 2010). Similarly, a significant association

between high CD95 expression, a member of the death receptor family, and patients

with a poor clinical prognosis was observed (Macher-Goeppinger et al. 2011) by

analyzing an RCC TMA with 617 tumors. (Morra et al. 2011) investigated the

expression pattern of the extracellular matrix N-glycoprotein POSTN, a potential

key player in tumor invasion in over 800 ccRCC patients. Increased presence of

POSTN in tumor epithelia correlatedwith sarcomatoid differentiation and poor overall

survival. High nuclear expression of melanoma-associated antigen MAGE-A9 was

examined in 587 RCC and found independently associated with poor cancer-specific

survival in patients with nonmetastatic RCC (Hatiboglu et al. 2012). The authors

suggested MAGE-A9 assessment in decision-making regarding adjuvant therapy.

As the epidermal growth factor receptor (EGFR) represents an important ther-

apeutic target, its role in RCC was determined by investigating 1,088 arrayed

tumors (Minner et al. 2012). Both strong EGFR expression and high polysomy

were observed in a small subset of ccRCC. The association with high tumor grade

and stage suggested possible utility of anti-EGFR treatment.
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cMET mutations were linked to pRCC with familial history (Eble et al. 2004).

(Gibney et al. 2013) determined cMET expression by automated quantitative

analysis on a TMA with 330 RCC. Strong c-Met expression may serve as indepen-

dent predictor of survival in ccRCC patients suggesting cMET as a potential target

of tyrosine kinase inhibition. Interestingly, PTPRJ, a negative regulator of tyrosine

kinase receptors, including cMET, was found tightly linked to pVHL (Casagrande

et al. 2013). As reliable antibodies against PTPRJ for immunostaining were not

available, RNA-ISH was performed on an RCC-TMA. No or reduced PTPRJ

mRNA expression had a less favorable outcome indicating that both PTPRJ

downregulation and activation of cMET may be critical for ccRCC.

Combinations of Microarray Platforms Used to Validate Potential
Biomarkers in RCC

In cancer research, the use of microarrays has generated huge data and enabled a

simultaneous glance on multiple molecular parameters present in one single tumor

at any given time point. However, one particular microarray platform can only

provide information about molecules of the same sort (DNA or RNA or protein) and

has therefore certain limitations about global biological insights on the whole

molecular constitution of a tumor. To address this problem, very recent studies

have begun to analyze cancers by generating data derived from different microarray

platforms in parallel and integrate the results for further analyses. Some of those

studies have also been focusing on RCC and give a more comprehensive picture on

the complex molecular status of renal cancers.

To identify novel oncogenes and tumor suppressor genes relevant in RCC,

Beroukhim et al. (Beroukhim et al. 2009) integrated data of chromosomal alter-

ations and gene expression patterns from 90 tumors by using SNP and gene

expression microarrays. Besides frequent 3p deletions mainly affecting VHL

expression, CDKN2A and CDKN2B on the chromosome 9p deletion peak were

also identified. Amplifications and accompanying increased gene expression levels

of candidates on chromosome 7q22 as well as on the MYC locus on 8q24 were

found in 30 % and 12 % of the tumors, respectively. The presence of at least eight

additional oncogenes was predicted. A similar approach was used in another study

which merely was focusing on 5q amplification peaks (Dondeti et al. 2012). The

secreted glycoprotein STC2 and the proteoglycan VCAN were identified as poten-

tial oncogenes whose constant overexpression was shown to be sufficient to pro-

mote tumor genesis by limiting cell death.

The most detailed molecular depictions of RCC were achieved by (Sato

et al. 2013) and The Cancer Genome Atlas Research Network (Creighton

et al. 2013) who combined several microarray platforms. Novel and functional

correlations between different molecular levels were unraveled by using array-

based gene expression, copy number, and methylation analyses complemented by

proteomics, sequencing, and clinicopathologic progression data. In line with cur-

rent knowledge, VHL was reconfirmed as the main affected gene in ccRCC.
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Interestingly, in both studies, the PI3K-AKT-mTOR signaling pathway was found

recurrently affected, suggesting proteins of this pathway as potential therapeutic

targets. A general change in metabolism mainly triggered by the deregulation of the

pentose phosphate pathway, the glutamine transport, and acetyl-CoA carboxylase

as well as altered miRNA activities through promoter methylation is currently

regarded as the most relevant “pattern” for ccRCC biology.

In contrast to previous studies in which samples were mostly preselected

according to clinicopathologic criteria, (Beleut et al. 2012) integrated SNP, gene

expression, and tissue microarray data unbiased from regular tumor subgroup

classification. Despite the molecular uniqueness of each RCC, the authors

suggested the presence of common molecular “output” signatures which are inde-

pendent of histological features in RCC and correlate with patient survival.

A schematic illustration of the current and the proposed hypothesis is shown in

Fig. 6. Based on these results it was concluded that any molecular alterations

observed in each RCC are events which represent individual and functional mod-

ules, securing the achievement of distinct cancer-specific programs. This concept

suggests a novel type of RCC classification with potential clinical relevance.

In summary, the use of different microarray technologies has revealed hundreds

of genes as well as dozens of genetic profiles and pathways which are deregulated in

RCC. Many of them are considered potential biomarkers of this cancer type which

may further optimize and facilitate diagnosis, prognosis, and therapeutic decisions.

For tailor-made therapies it will also be important not only to know the putative

molecular key players but also to gain insight into the pathways and biological

processes primarily affected in RCC. To get a clue, we used the Classification

System PANTHER (http://www.pantherdb.org) for the organism of Homo sapiens
to functionally group the entire list of RCC biomarkers described in this article as

annotated by the databank under standard settings. In Fig. 7 the displayed output

highlights the biological processes with the genes being involved. As expected,

many processes seem to be crucial for development, progression, and metastasis of

RCC. For individual RCC patient treatment (and probably for other cancer patients

as well), it will therefore be essential to identify those biomarker alterations which

allow to better predict the biologic tumor behavior.

Potential Applications to Prognosis, Other Diseases, or
Conditions

Molecular biomarkers are thought to support the diagnosis, prognosis, and thera-

peutic strategies of RCC as well as to monitor tumor progression and recurrence.

With the use of high-throughput microarrays, hundreds of biomarkers were identi-

fied and most of them were further evaluated for their potential use as prognostic

and predictive factors in RCC. Some of them such as members of the VHL/HIF axis

or the PI3K/AKT/mTOR pathway are promising but need vigorous validation to

justify their clinical relevance. Predictive biomarkers such as HER2 amplification

in breast cancer or activating gene mutations of EGFR and BRAF in lung cancer
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and melanoma, respectively, have not yet been identified in RCC. Moreover, all of

the potential molecular RCC biomarkers described in the literature lack sufficient

evidence to be unrestrictedly recommended for use in routine diagnostics. A huge

amount of molecular information is available from RCC and many other human

cancers, and a large number of genes have been reported as being cancer relevant. It

is therefore not surprising that almost all of the human genes have already been

identified as implicated (n = 1,412) or possibly implicated (n = 26,292) in cancer

(http://atlasgeneticsoncology.org/). Furthermore, recent data obtained from next-

generation sequencing technologies demonstrate that this number will still be

rapidly increasing. Current cancer research and clinical trials often tend to focus
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on single, relatively frequent molecular alterations ideally representing candi-

dates with drug target potential. This rather isolated consideration of genes and

pathways may fail to explain the more complex nature of carcinogenesis. As

many genes and pathways proposed as being relevant in RCC are also found

altered in other human cancers, it is tempting to speculate that the entity of

molecular alterations (i.e., mutations, CNAs and methylation) existing in a single

tumor would lead to common cancer-specific outputs (i.e., gene expression

profiles) independent of histologic tumor classification. The application of this

novel concept may imply additional potential impacts on cancer diagnostics and

therapies.

Summary Points

• The biological behavior of RCC can still not be sufficiently predicted.

• Microarrays have been applied to identify molecular alterations at the DNA,

RNA, and protein levels specific for RCC.

• Many potential biomarkers were identified and suggested to optimize diagnos-

tics, prognosis, and treatment of RCC.

• None of these biomarkers is currently used in clinical routine.

• Pathways regulated by VHL/HIF and PI3K/AKT/mTOR seem to be crucial

for RCC.

• Drugs targeting members of those pathways are currently used to treat RCC

patients.

• Comprehensive biomedical studies and novel research concepts are needed to

validate the prognostic and predictive value of molecular RCC biomarkers.
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Primary and secondary liver cancers are still a major medical and social problem
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biomarkers for better diagnosis, therapy stratification, and monitoring are highly

needed. Beyond conventional clinical and tumor markers, immunogenic cell death

(ICD) markers are promising new candidates. They comprise an inhomogeneous

group of molecules that are released from apoptotic or necrotic cells. In blood,

these danger-associated molecular patterns (DAMPs) such as the high-mobility

group box 1 protein (HMGB1) are able to exert activating and suppressive effects

on the immunity system and promote tumor growth and invasiveness.

Here, we review the pathophysiology of primary and secondary liver cancer,

the current therapeutic approaches, and the role of immunogenic cell death

markers for the development and progression of cancer disease. Further, we

report on their relevance as serum biomarkers for the diagnosis, estimation of

prognosis, as well as the prediction and monitoring of response to cytotoxic

therapy in cancer patients.

Key Facts

• Primary and secondary liver cancers are still a major medical and social problem

because they often are diagnosed late and have a poor prognosis.

• Meaningful biomarkers for better diagnosis, therapy stratification, and monitor-

ing are highly needed. Beyond conventional clinical and tumor markers, immu-

nogenic cell death (ICD) markers are promising new candidates.

• ICD markers comprise an inhomogeneous group of molecules that are released

from apoptotic or necrotic cells. In blood, these danger-associated molecular

patterns (DAMPs) such as the high-mobility group box 1 protein (HMGB1),

calreticulin, AFP, as well as nucleosomes are able to exert activating and suppres-

sive effects on the immunity system and promote tumor growth and invasiveness.

• In the case of HMGB1, these immunologic effects are mediated by diverse toll-

like receptors and the receptor of advanced glycation end products (RAGE).

• While circulating, HMGB1 and nucleosomes exert pro-immunogenic effects

that may be enhanced when they are present in blood in form of HMGB1-

nucleosome complexes; soluble RAGE and serum DNAse act as anti-

immunogenic – by binding to HMGB1 as decoy receptor and by degrading

nucleosomal DNA, respectively.

• In cancer patients, serum levels of HMGB1 and nucleosomes are found to be

elevated and further increased already 24 h after cytotoxic therapies are applied.

The extent of HMGB1 and nucleosome increase correlates with poor patient

prognosis and poor response to locoregional therapies in patients with liver

malignancies and in patients with diverse cancers during systemic therapies.

• In contrast, serum levels of sRAGE are decreased in cancer patients and further

decline 24 h after therapeutic intervention. Low sRAGE levels correlate with

poor prognosis and therapy response in diverse settings.

• Inclusion of ICD markers into large, prospective anticancer therapy trials is

needed to validate these promising findings and to define biomarker-based pro-

cedures for a better individual management of cancer patients.
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• Studies on the functional effects of immunogenic factors on tumor cells, immune

cells, and cells of the tumor microenvironment will be conducted to identify new

therapeutic approaches that improve the efficiency of cytotoxic therapies.

Introduction

Liver malignancies are a serious health problem worldwide. The liver can be

affected by primary liver cancer, which arises in the liver, or by secondary liver

cancer that originates from other sites and then spreads to the liver.

Primary liver cancer includes hepatocellular carcinoma (HCC), which is the

most frequent form with 80–90 %, followed by cholangiocellular carcinoma with

10–15 %. Rare entities are hepatoblastoma (1–5 %) and sarcomas (<1 %) (Ham-

ilton 2000). HCC is the fifth most common cancer in men and the eighth most

common cancer in women worldwide with over 600,000 new cases each year.

Concerning mortality, HCC accounts for the third most cause of cancer-related

death with approximately 600,000 deaths each year (Parkin et al. 2005; MacSween

et al. 2007).

In western countries, secondary liver malignancies are 40 times more frequent

than primary liver malignancies, whereas primary liver malignancies prevail sec-

ondary liver malignancies in high-risk regions for HCC. The development of liver

metastases is based on hematogenous dissemination via portal vein or via hepatic

artery accordingly to the drainage of the primary neoplasia. The most liver metas-

tases arise from colorectal cancers (CRC) due to the portal venous drainage.

Further, liver metastases originate from primary neoplasia from upper gastrointes-

tinal tract, like esophagus, stomach, gall bladder, and pancreas, and from breast,

lung, and urogenital tract (Hamilton 2000). In this review, we will focus on the most

frequent pathologies, HCC, and liver metastases from CRC and on biomarkers that

are useful for diagnosis, prognosis, therapy prediction, and monitoring.

Hepatocellular Carcinoma (HCC)

As mentioned above, HCC is one of the most common cancers worldwide. The

geographical extension of HCC is imbalanced in view of the different risk factors,

like hepatitis B and C virus infections as well as alcohol abuse. The highest

incidence rates are observed in Africa and Asia (20–40/100,000), whereas the

incidence rates in Europe and the United States (6/100,000) are considerably

lower. Nevertheless, the incidence of HCC is increasing in western countries in

recent years, which depends on the increasing dissemination of hepatitis C virus

(HCV) and on the rising alcohol abuse (Hamilton 2000). In Europe and the United

States, median age at diagnosis is between 50 and 60 years, whereas HCC is

diagnosed in the fourth and fifth decades of life in high-risk regions in Asia and

Africa, respectively (Parkin et al. 2005). Most patients have at least two concom-

itant diseases such as chronic liver disease and HCC, and complex interactions
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between them have major implications for diagnosis, prognosis, and the manage-

ment of HCC.

The diagnosis of HCC is usually made by combination of clinical, laboratory,

imaging, and pathology examinations. Ultrasound, computed tomography (CT),

and magnetic resonance imaging (MRI) are the most widely used diagnostic

imaging modalities. In most cases, ultrasound is the first used modality, because

it’s widely available, noninvasive, and cheap. Detecting a suspicious lesion on

ultrasound is followed by additional imaging studies to confirm the stage of the

tumor (Gomaa et al. 2009).

The treatment of HCC includes surgical (liver resection, liver transplantation),

locally ablative (percutaneous ethanol injection, radiofrequency ablation), intra-

arterial (transarterial chemoembolization, selective internal radiation) as well as

systemically cytotoxic (sorafenib) modalities. The first-line option for patients with

a small resectable lesion in the non-cirrhotic liver is surgical resection.

In western countries, only about 5–15 % of patients are suitable for liver

resection. Hepatic resection offers 5-year survivals of 60 % achievable in carefully

selected patients (El-Serag et al. 2008). In cirrhotic patients, the best results are

achieved by liver transplantation, if patients fulfill Milan criteria (single

tumor �5 cm; two or three tumors, none >3 cm; no vascular invasion). 4-year

survival rates up to 75 % were published (Mazzafero 1996). In patients, who are not

suitable for surgery due to portal hypertension or comorbidity, ablative therapies

are another therapy option. Percutaneous ethanol ablation (PEI) has an excellent

outcome in patients with tumors <2 cm, where complete necrosis is achieved in

most HCC lesions (Vilana et al. 1992). However, radiofrequency ablation (RFA) is

currently more frequently used as ablative therapy option, as more favorable results

are achieved in tumors >2 cm than by PEI.

Since many patients are asymptomatic in early stages, HCC is diagnosed in

advanced stages of disease in 60–70 % of all patients. Here, curative therapy

options are often not applicable and intra-arterial therapies are the best options

available in palliative situations. The most widely used modality is transarterial

chemoembolization (TACE), achieving partial response in 15–55 % of patients and

improvement of median survival (Llovet 2003). A newer intra-arterial therapy for

treatment of unresectable, multifocal HCC is selective internal radiation therapy

(SIRT) that yielded similar results as observed by TACE treatment (Sangro

et al. 2006). The multikinase inhibitor sorafenib is a new molecular targeted therapy

option in patients, who are not suitable for interventional therapies anymore.

Sorafenib showed better overall survival in comparison to best supportive care

with good tolerance of drug (Villanueva et al. 2010).

Liver Metastases from Colorectal Cancer (CRC)

Most liver metastases arise from colorectal cancers due to the portal venous

drainage. Colorectal cancer (CRC) is the most common gastrointestinal tumor

and represents the third most common malignancy in the world with an estimated
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one million new cases and a half million deaths each year. The prognosis of CRC is

better than in other carcinomas with a 5-year survival in Western Europe of 54 %

(Parkin et al. 2005). While more immoderate consumption of meat, alcohol abuse,

and smoking are well-known risk factors for CRC, vegetable nutrition is protective.

Furthermore, chronic inflammatory bowel disease and genetic mutations arise the

risk of developing CRC (Hamilton 2000).

Sixty percent of cases in patients suffering from CRC will develop liver metas-

tases, and in 20 % of these, the liver represents the only site of the disease at death

(Weiss et al. 1986). Synchronous liver metastases are detectable in 20–30 % of

patients with CRC at diagnosis, while risk of developing metachronous liver

metastases accounts to 10–30 % after 5 years dependent on primary tumor stage

(Mentha et al. 2007; Nordlinger 2009). Surgical resection of liver metastases is the

only curative possibility to obtain long-term survival. It is generally assumed that

10–15 % of patients with synchronous colorectal liver metastases will benefit from

hepatic resection (Schlag et al. 2002).

In all kind of malignancies, staging of other organs is necessary for treatment

decision. Thereby, the staging of the liver is an important aspect due to the high

rates of secondary liver malignancies. The most widely used imaging modality for

liver staging is ultrasound with a sensitivity of 71 % (Albrecht 1999). More

expensive are CT and MRI that reach even higher sensitivities up to 90 %. While

MRI plays an increasing role, CT is still the most commonly used method for

hepatic imaging (Winterer et al. 2006).

Although metastases are often causes of death in malignancies, liver metastases

of colorectal cancer or neuroendocrine tumors seem to be curable in certain cases.

The precondition for curability is R0 resection of the lesion and the lack of

extrahepatic metastases. However, only 15–20 % of CRC patients with hepatic

metastases are primary resectable. In these cases, the 5-year survival amounts

20–45 % (Malafosse et al. 2001). For patients with unresectable disease, treatment

with best supportive care alone is associated with a median survival of <10 months

(Delaunoit et al. 2005). New local therapy options such as radiofrequency ablation

(RFA) and cryotherapy are often performed when surgical resection is not feasible

anymore. But also in these therapies, local recurrence rates are directly related to

the diameter of the lesions treated and considerably increase in lesions over 4 cm

(Seifert and Morris 1998). In disseminated liver metastases, surgical resection as

well as RFA and cryotherapy cannot be applied anymore. In these cases SIRT or

TACE are valuable alternatives to systemic chemotherapy (Jakobs et al. 2007; Vogl

et al. 2007).

Locoregional Therapies

Interventional radiology plays an important role as palliative therapy or as bridging

treatment before definite surgery or liver transplantation. Two options of

locoregional therapies are transarterial chemoembolization (TACE) and selective

internal radiation therapy (SIRT) for both HCC and colorectal liver metastases
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(Llovet 2003; Jakobs et al. 2007; Vogl et al. 2007). Transarterial therapies comprise

of a catheter-based group of procedures by which cytotoxic and/or embolic agents

are intra-arterially directed to target tumor lesions. The efficiency of this approach

is based on the unique dual blood supply of the liver. Whereas 90 % of the

vascularization of tumor tissue is dependent on the hepatic artery, normal liver

tissue is mainly delivered by the portal vein. This enables the application of high

cytotoxic doses to the tumor while normal liver tissue is spared (Vogl et al. 2009).

In TACE, a solution of chemotherapy suspended in lipiodol, an oily contrast

medium selectively retained within the tumor, is directly injected into the arteries

supplying the tumor. This is followed by the obstruction of the feeding arteries with

an embolizing agent. The combination of chemotherapeutic agent with embolic

material extends the contact of the cytotoxic drug with the tumor and additionally

causes ischemia in the tumor region. Such mixtures are able to dramatically

increase the local concentration of the chemotherapeutic agent (Bruix

et al. 2004). A number of chemotherapeutic cocktails have been used for TACE

so far including doxorubicin, epirubicin, cisplatin, and mitomycin C. As there is

little evidence for the superiority of any substance, the debate on the most appro-

priate drug is still controversial (Vogl et al. 2009). Nowadays, chemoembolization

is the preferred treatment for palliation of unresectable HCC. Therefore, a

pretherapeutic selection of the patients best responsive to TACE is required. An

important aspect is the presence of sufficient liver function at treatment start. In

patients with advanced liver disease, treatment-induced liver failure may offset the

antitumoral effect or survival benefit of the intervention. Predictors of outcome are

related to tumor burden (tumor size, vascular invasion, and AFP levels), liver

functional impairment (Child-Pugh score, bilirubin), performance status

(Karnofsky index, Eastern Cooperative Oncology Group (ECOG) performance

status scale), and response to treatment. Interestingly, in a comparison of 12 liver

staging systems, the Child-Pugh nominal liver staging system (including serum

bilirubin level, serum albumin level, international normalized ratio (INR), ascites,

and hepatic encephalopathy) was the most accurate in predicting survival of

patients with unresectable HCC treated with TACE (Georgiades et al. 2006). Over-

all, the best candidates are patients with preserved liver function and asymptomatic

lesions without vascular invasion or extrahepatic spread. In selected patients with

well-preserved liver functions, TACE showed a statistically survival advantage in

comparison to best supportive care (Llovet et al. 2002).

The main complication of TACE limiting its applicability is the postembolization

syndrome (PES), which is characterized by nausea, vomiting, abdominal pain, and

fever, occurring in 2–7 % of patients after the procedure. PES is probably caused by a

combination of tissue and inflammation response to chemoembolization. The most

serious complication is hepatic decompensation (Vogl et al. 2009).

Historically, radiation therapy had an extremely limiting role in the treatment of

hepatic malignancies due to the very low tolerance of the liver to radiation. The

application of conventional external beam radiotherapy for liver malignancies

could be performed safely only up to 30–35 Gy, but such doses are not sufficient

for eradication of tumor (Lawrence et al. 1995). However, initial experience with
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traditional external radiotherapy demonstrated palliation of symptoms in >50 % of

patients and 20 % statistically significant tumor shrinkage indicating that liver

malignancies seemed to be sensitive to radiation therapy (Dancey et al. 2000).

Transarterial injection of radioembolic materials to the tumor-feeding artery com-

bines the effect of radiotherapy and embolization, resulting in extremely high local

tumor doses with an average of 200–300 Gy. Similar to TACE, normal liver tissue

is spared due to the different blood supply of liver tissue, from the hepatic artery and

the portal vein (Kennedy et al. 2004).

Unfortunately, some side effects may occur after SIRT application that are

related to the liver or to other organs. The most frequent intrahepatic complication

is postembolization syndrome (PES), including fatigue, nausea, abdominal pain,

and sometimes fever. Furthermore, SIRT could cause radiation-induced liver dis-

ease with anicteric ascites, increased abdominal girth, and rapid weight gain with

hypoalbuminemia. Extrahepatic complications are observed, when microspheres

are shunted to other organs that eventually leads to radiation-induced pneumonitis

or pancreatitis, ulceration, and even perforation of the stomach and duodenum

(Ahmadzadehfar et al. 2010).

Effects of Locoregional Therapy on the Cellular Level

Both, TACE and SIRT, aim at destroying tumor cells by efficient induction of cell

death. There are only few studies on the exact mechanism of cell death caused by

TACE and SIRT. However, it is known from chemo- and radiotherapeutic studies

that biochemical processes show time-, dose-, and cell type-dependent differences

after cytotoxic stimuli. After high exposure to high chemo- or radiotherapeutic

doses in the center of the lesion, cells will rapidly die by necrotic cell death. Other

cells that are only slightly damaged will go into cell cycle arrest to enable repair

processes (Plati et al. 2011). If they are not successful, those cells will die with some

delay and present other morphological and biochemical features such as apoptosis

or a mixture between both cell death types.

As mentioned above, TACE consists of the injection of a lipiodol-anticancer drug

emulsion into the tumor’s feeding arteries, followed by particle embolization. Bland

embolization aims tumor ischemia, depriving it of nutrients, resulting in tumor cell

necrosis and apoptosis. Besides controlling tumor growth, it preserves healthy liver

tissue due to the livers dual blood supply (Llovet 2003; Brown et al. 2008). For TACE

treatment, ischemia is an important part of therapy. It is known that cell death-related

biomarkers such as nucleosomes are released during such ischemic events – as also

found in cerebral stroke – already few hours after the onset into the blood circulation

and showed maximum levels after 2–4 days (Geiger et al. 2006).

As chemotherapeutic agents of TACE, drugs like doxorubicin, epirubicin, or

cisplatin were used in clinical trials, but to date, there is no evidence of the

superiority of any single chemotherapeutic agent or any combination of

them (Vogl et al. 2009). Both doxorubicin and its derivate epirubicin are

anthracyclines, which cause DNA damage and kill cancer cells mainly by
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apoptosis (Lee et al. 2002). Both have the ability to bind to DNA and inhibit

nucleic acid synthesis. This is achieved by DNA intercalation and results in

protein-concealed DNA single- and double-strand breaks as a result of DNA

topoisomerase II poisoning. Another way of cell death due to anthracycline therapy

includes the production of reactive oxygen species (ROS) that react with intracel-

lular components, like nucleic acids or proteins, and disrupt them (Ozkan 2004).

Similar to TACE treatment, SIRT causes tumor ischemia due to embolization as

well. In consequence, nutrition of tumor is stopped resulting in apoptosis and

necrosis. On the other hand, the β-emitter 90Y contributes to cell death, too. In

vitro trials on leukemia cells showed that β-irradiation activates apoptosis path-

ways, including triggering of ligand/receptor pathways, mitochondrial activation,

and caspase activation in leukemia cells (Friesen et al. 2003). De Nardo

et al. supposed that low-dose β-irradiation leads to p53-dependent apoptotic cell

death (De Nardo et al. 1995).

The effects of radiotherapy – single- and doubles-strand DNA breaks – are

mediated directly, by activation of the CD95/Apo1/Fas receptor system and a

proteolytic cascade of caspases, or by stimulation of the mitochondria, or by directed

damage of the DNA (Friesen et al. 2003). After radiation therapy on bronchoe-

pithelial and lung cancer cells, the release of nucleosomes reflects the extent of cell

death (Holdenrieder et al. 2004): In irradiated lung cancer cells, a dosage of 30 Gy

resulted in an early (after 24–48 h) and high maximum of apoptosis seen by elevated

nucleosomes, while a dosage of 10 Gy leads to later (72 h) and less pronounced peak

of apoptotic cell death. In the case of higher dosage, most cells are probably killed

immediately after exposure to radiotherapy and are not able to activate any cell cycle

repair mechanism. In lower dosage of irradiation, cells might still have the possibility

to arrest their cell cycle and enable the repair of DNA damages. Only if they cannot

be compensated appropriately, these cells will be determined to undergo cell death

later on (Holdenrieder et al. 2004). Thereby, tumor cells showed a much more

pronounced release of nucleosomes than normal bronchoepithelial cells pointing on

a higher susceptibility to cytotoxic stimuli. In comparison to TACE treatment, we

expected higher cell damage in SIR therapy due to higher lesions of tissue.

Cell Death Modalities

As mentioned, cytotoxic stimuli could lead to passive necrotic cell death including

cellular swelling after gross cell damages and of active apoptotic cell death with

activation of specific endonucleases that degrade the chromatin and including

packaging of cellular substituents into apoptotic bodies before cellular demise. Of

course, mixtures of both extreme types of cell death concerning morphological and

biochemical features are observed as well. Further, cell death pathways that may

play a role in the response to locoregional therapies are autophagy, mitotic catas-

trophe, paraptosis, and immunogenic cell death (Zitvogel et al. 2010).

Autophagy is an alternative and contrary mechanism to apoptosis by which cells

respond to stressors such as hypoxia and starvation. Autophagy (self-eating) was
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found to be crucial for tumor cell survival particularly in established cancers to

maintain viability in hypoxic, nutrient-limited microenvironments while it is

inhibited during early carcinogenesis thus promoting tumor progression (Weiner

and Lotze 2012). However, autophagy is not only used by tumor cells for self-

protection; administration of chemotherapies to autophagy-competent tumor cells

was also shown to induce tumor infiltration by antigen-presenting dendritic cells

and cytotoxic T cells, which is mediated by the release of the DAMP adenosine

triphosphate (ATP) from dying tumor cells (Weiner and Lotze 2012). ATP was

demonstrated to bind to P2RX7 receptor on dendritic cells resulting in the assembly

and activation of the NLRP3 inflammasome and subsequent secretion of IL-1

(Kepp et al. 2011). While chemotherapy-induced autophagic ATP release was

critical for host-protective antitumor immune response, pericellular ATP levels

were increased in autophagy-deficient tumors by administration of exogenous

ATP or inhibition of ATP-degrading enzymes leading to improved chemothera-

peutic responses in immunocompetent hosts (Michaud et al. 2011).

Immunogenic cell death, finally, is characterized by the stimulation of the

immune system by products of degraded cells. After cancer cells underwent

immunogenic cell death, e.g., as a consequence of exposure to chemotherapeutic

agents such as anthracyclines, dendritic or other antigen-presenting cells engulf

their corpses, process them, and present the resulting tumor antigens at the cellular

surface to cytotoxic CD8+ T-cells or CD4+ T-helper cells. Those T-cells may

directly attack residual tumor cells or stimulate the humoral immune system for

efficient antitumor response (Zitvogel et al. 2010).

Biomarkers of Immunogenic Cell Death

Among the released proteins – so-called DAMPS – are, for example, calreticulin

and adenosine triphosphate (ATP)), which are actively emitted by cells undergoing

immunogenic cell death whereas others are emitted passively (e.g., high-mobility

group box 1 (HMGB1)) (Krysko et al. 2013).

Calreticulin is a soluble protein in the lumen of the endoplasmatic reticulum,

which is involved in several functions inside and outside the endoplasmatic retic-

ulum, such as regulation of chaperone activity and Ca2+ homeostasis. The exposure

of calreticulin on the outer plasma membrane of dying tumor cells is an important

eat-me signal for phagocytes and dendritic cells to engulf tumor cells and their

corpses. It has been shown that the exposure of calreticulin on the cell surface of

cancer cells in response to anthracyclines is dependent on the endoplasmatic

reticulum stress response associated with ROS production (Kepp et al. 2011).

A further important protein in immunogenic cell death is high-mobility group

box 1 (HMGB1), a nuclear protein that is closely associated to the chromatin and

plays an essential role in the regulation of transcription processes (Lotze and

Tracey 2005; Bianchi 2009). In the blood circulation, HMGB1 is known to act as

a danger-associated molecular pattern (DAMP) protein that binds to specific immune

cells and promotes phagocytation and presentation of pathogenic cell death products
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and stimulation of immune responses (Lotze and Tracey 2005; Tesniere et al. 2008).

Those effects are mediated by HMGB1 binding to specific receptors on dendritic or

antigen-presenting cells such as the receptor of advanced glycation end products

(RAGE) or the toll-like receptors 4 (TLR4) (Bianchi 2009; Park et al. 2006). In

cancer diseases, tumor-related particles are phagocytized, processed intracellularly,

and cross-presented at the cellular surface which leads to promotion of tumor-specific

cytotoxic T-cell response (Sims et al. 2010; Tesniere et al. 2008; Kepp et al. 2009).

During recent years, there is growing evidence that DAMP release during this form of

“immunogenic cell death,” which may be based on biochemical features of necrosis

and apoptosis, is crucial for the sustained effects of chemotherapy (Kepp et al. 2009;

Apetoh et al. 2008). Recently it was described that the oxidation status of HMGB1 is

highly relevant for its immunostimulatory functions (Yang et al. 2012). This explains

why HMGB1 can be protective to cancer development by inducing antineoplastic

T-cell responses and, on the other hand, can promote tumor growth, neoangiogenesis,

and metastatic spread (Campana et al. 2008).

The first identified receptor for HMGB1 was the multiligand receptor RAGE,

which is regarded as a decoy marker if present in the circulation as soluble marker.

Via RAGE and TLR-4 receptors, HMGB1 can induce maturation and homing of

dendritic cells and inhibit the intracellular fusion of phagosomes and

endolysosomes in dendritic cells thus facilitating the effective antigen cross-

presentation at the cellular surface and the promotion of tumor-specific cytotoxic

T-cell response. Signaling through RAGE leads to activation of the nuclear factor-

kB (NF-kB) pathway and mitogen-activated protein (MAPK), which are important

for cancer cell growth, invasion, and metastasis (Sims et al. 2010).

Another protein involved in cell death processes is DNase, which is not only

involved in the hydrolysis of nuclear nucleosomal DNA after activation by caspases

during apoptosis but as it also is present in blood and potentially important for the

degradation of circulating nucleosomes (Zhang and Xu 2002).

Cell Death Markers in Blood Circulation

The measurement of markers of cell death and proliferation can provide informa-

tion about the process of carcinogenesis and the response to antitumor treatment.

Whenever apoptosis occurs under normal physiological conditions, most of the

products of cell death are effectively removed by macrophages and neighboring

cells. However, in pathological conditions of malignancy, this recycling system is

impaired or overloaded. Consequently, cell death products can accumulate in

appreciable quantity in the circulation where they can be potentially useful in the

diagnosis, prognosis, and monitoring of disease (Beachy and Repasky 2008;

Holdenrieder and Stieber 2009). Typical products of cell death are nucleosomes,

complexes that are formed from a core particle of several histone components and

DNA on the outside. During cell death, endonucleases preferentially bind to these

easily accessible linking sites between the nucleosomes and cut the chromatin into

multiple mono- and oligonucleosomes. In the cases of enhanced cell death, as during
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chemotherapy, they are also released into the circulation and can be detected specif-

ically by ELISA techniques (Holdenrieder and Stieber 2009). The DNase is involved

in the hydrolysis of nuclear nucleosomal DNA after activation by caspases during

apoptosis. Furthermore, it is also present in blood and potentially important for the

degradation of circulating nucleosomes (Zhang and Xu 2002).

Estimation of Response to Locoregional Therapy

Assessment of response to treatment is a key aspect in cancer therapy. Clinical

symptoms, laboratory markers, or imaging modalities are possible parameters for

determination of treatment success and decision of future therapy. The most widely

used evaluation modality is imaging by ultrasound, CT, MRI, or positron emission

tomography (PET). Evaluating the therapy response by imaging modalities, stan-

dard guidelines are helpful to improve comparability across different studies.

To date, the response evaluation criteria in solid tumors (RECIST) (Therasse

et al. 2000) and the World Health Organization criteria (WHO criteria) (Miller

et al. 1981) are often used for evaluation of response to treatment. Measurement of

the largest diameter in one dimension (RECIST) and in two dimensions (WHO

criteria) illustrates the basis of both methods. Both systems have shortcomings due

to not considering neither tumor necrosis nor metabolic changes, which are the

targets of all efficient locoregional therapies. Furthermore, vague form or diffuse

dissemination of the tumors and changing contrast medium uptake in CT or MRI are

not caught precisely with these measures (Jakobs et al. 2008). Therefore, the

European Association for Study of the Liver (EASL) has proposed amendments to

RECIST in patients with HCC: Only viable tumor (tumoral enhancement in the

arterial phase) should be measured to assess response of target lesions. Determination

of therapy response after locoregional therapy in patients with HCC by the use of

lesion enhancement on contrast-enhanced CT is recommended as the standard

modality by the EASL (Bruix et al. 2001). Regarding metabolic changes in tumor

lesions, the use of fluorodeoxyglucose positron emission tomography (FDG-PET)

seems to be superior to CT or MRI for evaluation of therapy response in patients with

liver metastases from CRC or in patients with HCC undergoing TACE (Dierckx

et al. 2009). Additionally, a considerable investigator-related error has to be men-

tioned. Therefore further investigations are needed to find out the best imaging

modality for evaluation of therapy response. However, beyond treatment efficacy,

improvement of survival and life quality is most relevant for the individual patient.

The Clinical Need of Prognostic and Predictive Markers

Because it is hard to identify patients who will benefit from locoregional treatment

alone by clinical features, further indicators are needed that help to prethera-

peutically estimate the prognosis of a single patient for progression-free and overall

survival. And as the evaluation of therapy response by imaging techniques is only
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possible after several weeks or months, biomarkers that are able to prethera-

peutically predict the efficiency of the treatment and to indicate the response to

therapy already during the first days after application of TACE or SIRT are highly

required.

Is has to be pointed out that prognostic markers are related to the survival

outcome while predictive markers indicate therapy response. Biomarkers may be

identical or different for both indications: An example for a predictive and prog-

nostic marker is the estrogen receptor (ER) that plays a dual role in breast tumors;

on the one hand, ER is a non-favorable prognostic marker as ER-negative tumors

are associated with worse survival; on the other hand, ER is a predictive marker

indicating potential response to antiestrogen drugs while virtually no response is

noted in patients with ER-negative tumors. These predictive and prognostic

markers before and during treatment are important for the therapeutic strategy

meaning i) for the stratification of patients for efficient therapies and ii) for the

early modification of treatment if it is not working sufficiently.

In order to reliably identify prognostic and predictive biomarkers for TACE and

SIRT, prospective studies including a relevant number of cancer patients with a

homogenous stage distribution, similar treatment, and well comparable staging of

treatment success will be most useful. Furthermore, convenient time points of blood

drawing before and during therapy, controlled preanalytical handling of blood

samples, as well as the additional consideration of relevant clinical factors and

biochemical markers are important criteria that affect the quality of those studies.

Immunogenic Cell Death Biomarkers in the Diagnosis
of Liver Cancer

In tissue of liver cancer, HMGB1 was found to be highly expressed as compared

with normal tissue and was associated with pathological grade and distant metas-

tases. Knockdown of HMGB1 downregulated the expression of p-AKT, KI-67, and

MMP-2 and inhibited liver cancer growth and metastasis (Dong et al. 2013).

Indeed, higher levels of HMGB1 mRNA and protein were detected in liver cancer

as compared with para-tumoral and normal tissue. High HMGB1 levels correlated

with incomplete encapsulation, advanced tumor stage, and poor prognosis (Liu

et al. 2012). A similar association of HMGB1 with clinicopathological features was

reported by Jiang et al. who described a particular accumulation of HMGB1 in the

nuclei of liver cancer cells (Jiang et al. 2012). Further, it was shown that HMGB1 is

strongly released from necrotic cells that were treated by doxorubicin and enhances

regrowth and metastasis of those cancer cells that had survived the chemotherapy

via activation of RAGE (Luo et al. 2013). In addition, RAGE was found to be

highly expressed on oval cells and to be a key regulator of oval cell activation and

inflammation-associated liver carcinogenesis in mice (Pusterla et al. 2013). Parallel

high expressions of HMGB1 and RAGE have already been found earlier in diverse

malignant diseases among others in liver cancer (Kostova et al. 2010). While

hypoxia is a common feature in solid tumors and contributes to tumor progression,
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HMGB1 was found to play a key role in inducing an inflammatory response by

activation of TLR-4 and RAGE pathways that led to stimulation of caspase-1 and

proinflammatory cytokines IL-1β and IL-18 and finally promoted invasion and

metastasis in liver cancer. Stable knockdown of HMGB1 attenuated these effects

(Yan et al. 2012).

Whereas numerous studies have addressed the functional aspects of HMGB1,

RAGE, and other ICD markers in cellular and animal models, only few studies have

been published on the diagnostic relevance of immunogenic cell death serum

biomarkers in liver malignancies so far. A study of Cheng et al. showed higher

levels of HMGB1 in sera of 166 patients with hepatocellular carcinoma as com-

pared with 62 patients with liver cirrhosis, 51 patients with chronic hepatitis, and

56 healthy persons. HMGB1 correlated with tumor size, stage, differentiation

grade, and alpha-fetoprotein values (Cheng et al. 2008). Furthermore, it was

shown that liver metastases derived from gastric cancer are associated with

increased HMGB1 serum levels: In detail, pretherapeutic levels of HMGB1 in

227 patients undergoing gastroscopy were found to significantly discriminate

different patient subgroups that will develop or have gastric cancer: while patients

with nonmalignant gastric diseases (e.g., ulcers) had low HMGB1 levels, patients at

high risk for gastric cancer (e.g., adenomas), those with early stage carcinoma, with

locally advanced and those with metastastic gastric cancer exhibited increasing

levels of HMGB1 in serum. Further, an association of HMGB1 levels with tumor

size, lymph node status, and poor prognosis was shown. Thereby HMGB1 was

superior than the established tumor marker carcinoembryonic antigen (Chung

et al. 2009). In addition, HMGB1 serum levels were reported to be elevated in

other cancers such as lung cancer (Shang et al. 2009; Naumnik et al. 2009) as well

as in cervical cancer (Sheng et al. 2009; Table 1).

Immunogenic Cell Death Biomarkers During Cytotoxic Therapy
in Liver Cancer

Although the implications of immunogenic cell death markers in the response to

hypoxia and cytotoxic drugs and the association of high tissue ICD marker levels

with poor prognosis are well known (Luo et al. 2013; Yan et al. 2012), only few

studies have addressed the relevance of immunogenic cell death biomarkers circu-

lating in the serum or plasma of patients with liver malignancies (i) for the

monitoring of cytotoxic therapies, (ii) for the prediction of therapy response, and

(iii) for the estimation of prognosis in a clinical setting.

Recently, we investigated several serum biomarkers involved in immunogenic

cell death such as nucleosomes, DNAse activity, HMGB1, and RAGE in

49 advanced colorectal cancer patients with hepatic metastases who were treated

by local elective internal radiation therapy (SIRT) and compared them with

established cancer markers CEA and CA19-9, with cell death markers CYFRA

21-1 and LDH, with organ-related liver and pancreatic parameters as well as with

the inflammatory marker CRP. These parameters were measured serially before and
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during the first days after SIRT to determine their relevance for the prediction of the

radiologically evaluated therapy response after 3 months and with the patient

survival. In addition, courses of some markers were closely followed already at

the treatment day because the local damaging effects in the liver and the subsequent

immune response after application of high doses of radioactively loaded micro-

spheres into branches of the hepatic artery were expected to be strong and to occur

timely after the therapeutic intervention (Fahmueller et al. 2012). Before the start of

SIR therapy, levels of nucleosomes and HMGB1 were elevated in patients with

liver cancer and particularly in patients with liver metastases from colorectal cancer

while levels of sRAGE were slightly lower than that in healthy controls. Already

24 h after SIRT application, nucleosome and HMGB1 levels further increased

significantly and showed a high correlation with each other. By contrast, sRAGE

levels were decreased 24 h after SIRT (Fahmueller et al. 2013). Similar results with

increases of nucleosomes 24 and 48 h after SIRT have also been found in patients

with liver metastases from other tumor entities such as breast, pancreatic,

cholangiocellular cancer, and carcinoids (Fehr et al. 2011, pp. 91–95). These

consistent observations confirm the early release of the pro-immunogenic markers

nucleosomes and HMGB1 and the reduced presence of anti-immunogenic markers

sRAGE in circulation (Fig. 1).

In a similar study on 50 patients with hepatocellular cancer who were treated with

transarterial chemoembolization (TACE) therapy, comparable courses with increases

of nucleosomes (Kohles et al. 2011) and HMGB1 and decreases of RAGE andDNAse

activity were found. Concerning tumor stage, significantly lower pretherapeutic

RAGE levels were found in T3 than in T1 and T2 tumors while for the other markers

and 24 h values, no correlation with tumor size was found (Kohles et al. 2012a).

Fig. 1 Study setting for therapy monitoring, prediction of therapy response, and estimation of

prognosis in liver malignancies
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Immunogenic Cell Death Biomarkers Predict Response
to Therapy in Liver Cancer

Concerning the prediction of radiological response to SIRT in colorectal cancer

patients with hepatic metastases, nucleosome levels (24 h after SIRT) were signif-

icantly elevated in progressive patients as compared with nonprogressive patients.

In addition, other markers such as CYFRA 21-1, CEA, CA 19-9, AST, and LDH

differentiated between response groups as well. With respect to patient survival, a

multitude of markers showed prognostic relevance in univariate analyses. In mul-

tivariate analysis, the best prognostic model was obtained by the combination of

nucleosomes (24 h), CRP, and AST (Fahmueller et al. 2012). In a second approach

including also HMGB1, RAGE, and DNAse, HMGB1 levels 0 and 24 h after SIRT

were found to be considerably higher in progressive patients as well. Interestingly,

about 40 % of progressive patients had initial levels >10 ng/ml while all

nonprogressive patients had lower HMGB1 values, which enables the specific

and very early identification of a part of progressive patients (Fahmueller

et al. 2013).

For evaluation of response to TACE therapy in patients with HCC, 71 therapies of

44 patients were included. Radiological staging investigations after a median of

70 days after TACE indicated 32 patients having stable disease or remission while

39 patients had progressive disease (Kohles et al. 2011). Although pretherapeutic

values of circulating nucleosomes were not different in both responder groups, higher

values of circulating nucleosomes were measured 24 h after treatment in patients with

progressive disease compared to nonprogressive patients. In consequence, the

percental changes of circulating nucleosomes between pretherapeutic values and

24 h values were significantly greater in the progressive group (p < 0.001) (Kohles

et al. 2011). Besides nucleosomes, pretherapeutic and 24 h values of sRAGE

indicated later response to therapy. Lower sRAGE levels were associated with

progressive disease during therapy while DNase activity and HMGB1 levels did

not indicate later response to therapy (Kohles et al. 2012b). Concerning clinical

factors, tumor size and number of TACE cycles correlated with poor response. In a

multivariate model, the combination of nucleosomes (24 h), alkaline phosphatase

(24 h), and number of TACE cycles was the best model of predictive markers.

Immunogenic Cell Death Biomarkers Indicate Prognosis of
Liver Cancer

Beyond response to a specific treatment, the estimation of prognosis is highly

meaningful for the individual patient.

In the earlier mentioned SIRT study, HMGB1 levels before and 24 h after

application had high prognostic value with high values being associated with shorter

overall survival. In multivariate analysis, the combination of HMGB1 (24 h) and CRP

(24 h) showed similar prognostic strength as compared with established prognostic

liver markers in the earlier evaluation (Fahmueller et al. 2013).
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In the TACE study, several markers have shown to be of prognostic value in

univariate analysis such as CYFRA 21-1, AFP, LDH, AST, CHE, and bilirubin.

Among immunogenic cell death markers, DNase activity revealed high prognostic

impact: Low DNase activity levels measured before and 24 h after TACE were

associated with more favorable outcome. HMGB1 and RAGE levels were not

associated with prognosis. In multivariate analysis, the combination of DNase

(24 h), CHE (24 h), and CYFRA 21-1 (24 h) yielded the best prognostic model

(Kohles et al. 2013).

Application of Immunogenic Cell Death Biomarkers in Other
Cancer Diseases

Immunogenic cell death biomarkers have been investigated in other clinical set-

tings as well. In particular, it showed the high relevance of kinetic nucleosome

measurements for the early prediction of therapy response and estimation in

prognosis in patients with lung cancer, gastrointestinal, and gynecological cancers

(Holdenrieder and Stieber 2009).

In addition, HMGB1 and RAGE were monitored in 51 patients with localized

breast cancer receiving neoadjuvant chemotherapy (Stoetzer et al. 2013) as well as

in 78 patients with advanced pancreatic cancer during palliative chemotherapy

(Wittwer et al. 2013a). Similar to earlier findings, pretherapeutic high HMGB1

and low RAGE levels correlated with insufficient response to therapy in breast

cancer patients and also HMGB1 kinetics revealed predictive potential while

conventional tumor markers CEA and CA 15-3 did not have any predictive value

(Stoetzer et al. 2013).

In pancreatic cancer patients, sRAGE and DNAse activity levels were lower

than in the control group. Concerning therapy response, 42 patients with progres-

sive disease had lower sRAGE levels during chemotherapy than those with stable

disease status (Wittwer et al. 2013b). In addition, patients with low sRAGE and

high HMGB1 levels had shorter time to progression and overall survival. High

nucleosome levels at almost all time points investigated were prognostically unfa-

vorable, too. Although established tumor markers CA 19-9, CEA, und CYFRA

21-1 showed high prognostic value as well, the new immunogenic cell death

markers seem to be highly relevant tools for better therapy monitoring and estima-

tion of patient prognosis.

Perspectives

Immunogenic cell death markers such as HMGB1 and sRAGE are involved in

many acute and chronic pathophysiologic processes. In tumor disease, they play a

key role in pathogenesis and in immune modulating functions that affect the

maintenance of the inflammatory tumor microenvironment, the promotion of

tumor growth, invasivity, angiogenesis, and metastazation. Due to their missing
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organ and tumor-specificity, circulating ICD blood biomarkers are hardly suitable

for early and differential diagnosis of tumor diseases. However, elevated levels of

soluble HMGB1 and nucleosomes and decreased sRAGE-levels may indicate later

therapy response and prognosis of cancer patients. Further, early changes of serum

levels after application of cytotoxic therapy may be meaningful for the early

estimation of therapy response. Future clinical studies on large patient cohorts

with diverse other cancers including immunogenic cell death biomarkers will

show their usefulness in comparison with nowadays established biomarkers. In

addition, it will have to be elucidated whether more specific assays, e.g., for diverse

oxidized HMGB1 isoforms and nucleosomes with tumor-typical histone variants

and modifications will further improve the clinical validity.
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Abstract

Early detection and precise diagnosis of lung cancer are critical to select proper

therapeutic treatments as early as possible. Toward this direction, the discovery

and exploitation of novel innovative, non-invasive, and reliable tumor bio-

markers are of vital importance. In this review, we present emerging blood-

based molecular biomarkers that have been evaluated for the detection and
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monitoring of lung cancer. We specially focus on biomarkers based on a

non-invasive liquid biopsy approach, such as circulating tumor cells (CTCs),

circulating miRNAs, gene promoter methylation, and DNA mutations in cell-

free circulating DNA.

List of Abbreviations

5-Aza-dC 5-Aza-20-deoxycytidine
AD Adenocarcinoma

ALK Anaplastic Lymphoma Kinase

cfDNA Cell-Free DNA

CTCs Circulating Tumor Cells

DFI Disease-Free Interval

EGFR Epidermal Growth Factor Receptor

EGFR-TKIs EGFR Tyrosine Kinase Inhibitors

LCM Laser Cell Microdissection

miRNA MicroRNA

MSP Methylation-Specific PCR

NSCLC Non-small Cell Lung Cancer

OS Overall Survival

RT-qPCR Reverse Transcription Quantitative PCR

SCC Squamous Cell Carcinoma

SCLC Small-Cell Lung Cancer

Key Facts

• A CTC can be used as “liquid biopsy” for the follow-up examinations of lung

cancer patients. CTC molecular characterization has the potential to provide

important information for the biology of metastasizing cancer cells which could

further be utilized to guide individualized targeted treatments.

• Circulating cell-free tumor DNA (cfDNA) released from cancer cells into

plasma represents an alternative important non-invasive liquid biopsy approach.

• miRNAs circulating in the blood have been evaluated as diagnostic and prog-

nostic biomarkers, and it has been shown that they are associated with a clinical

outcome in lung cancer patients.

• Tumor-associated mutations detectable in cfDNA circulating in the blood can

now be used as lung cancer companion diagnostic biomarkers, including epi-

dermal growth factor receptor (EGFR), KRAS, BRAF mutations, and EML4-

anaplastic lymphoma kinase (ALK) rearrangements.

Definitions of Words and Terms

Liquid Biopsy This term refers to the non-invasive procedure where the peripheral

blood can be used as a source of CTC or cell-free DNA to derive information useful
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for describing the status of a primary or metastatic tumor. It is extremely powerful,

especially when the primary tumor is surgically removed.

Circulating Tumor Cells CTCs are cells that have escaped from a primary tumor

or a metastatic site and circulate in the bloodstream.

Tumor Biomarker A tumor biomarker generally refers to a measured charac-

teristic which may be used as an indicator of the presence of a tumor.

DNAMethylation Biomarker This term is describing the condition where a gene

promoter (usually from a tumor suppressor or metastasis suppressor gene) is highly

methylated in tumors, thus indicating the inactivation of the expression of this gene

in cancer.

MicroRNA miRNA is a small noncoding RNA molecule (ca. 22 nucleotides)

which functions in the transcriptional and post-transcriptional regulation of gene

expression.

Introduction

Our understanding of cancer at the cellular and molecular level has increased

exponentially during the last decade, not only by identifying many new targets

for diagnosis and therapy but also by documenting the extraordinary heterogeneity

within and between different cancers. Powerful genomic, proteomic, and

epigenomic technologies provide now important and complementary information

to get the full picture of this difficult puzzle. Mutational analysis of clinical material

is now possible for hundreds of genes, and within the next few years, advances in

next-generation sequencing promise to provide affordable whole genome data for

each patient’s cancer (Diamandis et al. 2013).

Lung cancer is clinically divided into two subtypes, small-cell lung cancer

(SCLC, 10–15 % of lung cancer cases) and non-small cell lung cancer (NSCLC,

85–90 % of cases). Early detection of NSCLC, which is the more common and less

aggressive of the two subtypes, has the highest potential for saving lives. As yet, no

routine screening method that enables early detection exists, and this is a key factor

in the high mortality rate of this disease (Anglim et al. 2008). Patients’ survival

depends significantly on early detection. For patients with operable stage IA, the

5-year survival can be as high as 55–80 % (Wang et al. 2010). Therefore, early

detection and precise diagnosis are critical for the patients to receive proper

therapeutic treatment as early as possible. In NSCLC, only small improvements

in clinical outcome have been achieved, and this is very critical for stage I patients

for whom there are no available biomarkers that will indicate high-risk patients

which should receive adjuvant chemotherapy. However, focusing only on a median

5-year survival may ignore the substantial improvement in survival for subsets of

patients treated with erlotinib or crizotinib for lung cancers that bear the appropriate
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genotypic changes in the epidermal growth factor receptor or anaplastic lymphoma

kinase (Diamandis et al. 2013). Despite late advancements in lung cancer therapies,

the prognosis for patients with advanced NSCLC remains poor, so innovative,

non-invasive, sensitive, and reliable biomarkers still need to be discovered and

exploited.

Tumor biomarkers can play an important role in cancer screening, diagnosis,

prognosis, and therapeutic monitoring. Discovery and validation of novel bio-

markers for early characterization of carcinomas is one of the main aims of

contemporary cancer research. However, the journey of a cancer biomarker from

the bench to the clinic is long, difficult, and challenging (Diamandis 2010). The

major barriers that candidate tumor biomarkers need to overcome to reach the clinic

have been recently clearly addressed (Pavlou et al. 2013). A number of important

principles for both discovery and validation studies have been described with the

goals of minimizing bias and optimizing the likelihood that an effective biomarker

will be able to undergo definitive clinical evaluation. The European Group on

Tumor Markers has recently presented guidelines (MONITOR) for designing

studies on the validity of tumor markers for the serial monitoring of cancer patients,

with the aim of showing whether monitoring improves outcomes, compared with

other routinely used methods (Stenman 2013).

We now know that tumor growth is accompanied by changes at the DNA, RNA,

miRNA, and protein levels. These changes can be used for the discovery and

clinical evaluation of prognostic and predictive biomarkers for lung cancer. Epige-

netic changes such as gene promoter methylation or point mutations that can be

detected at the DNA level or differences in gene expression levels that can be

assessed at the RNA level are now intensely being evaluated as cancer biomarkers.

Based on the advances in our understanding of cancer at the molecular level over

the last decade and on the new and breakthrough technologies that are now

available, we could say that now is an appropriate time to translate and take

advantage of this new knowledge to improve outcomes for cancer patients by

identifying cancer subtypes for which prevention, early detection, and targeted

therapy will affect patient outcomes substantially.

In this review, we describe the current knowledge concerning lung cancer bio-

markers highlighting the exciting recent findings on the non-invasive liquid biopsy

approach such as circulating tumor cells (CTCs), circulating miRNAs, and gene

promoter methylation and DNA mutations in cell-free circulating DNA (Fig. 1).

The Liquid Biopsy Approach in Lung Cancer

The genetic profile of solid tumors is currently obtained from surgical or biopsy

specimens; however, the latter procedure cannot always be performed routinely

owing to its invasive nature. Information acquired from a single biopsy provides a

spatially and temporally limited snapshot of a tumor and might fail to reflect its

heterogeneity. Cancers are continuously evolving and acquire resistance to sys-

temic treatment as a result of clonal evolution and selection. Serial biopsies to study

328 A. Markou et al.



genomic evolution as a result of therapy are difficult to obtain, since they are very

invasive. Moreover, intra-tumor heterogeneity is additionally posing tremendous

limitations.

A “liquid biopsy” or blood sample can provide the genetic landscape of all

cancerous lesions (primary and metastases) as well as offering the opportunity to

systematically track genomic evolution (Alix-Panabières and Pantel 2013; Crowley

et al. 2013). There is now an urgent need for blood-based, non-invasive molecular

tests to assist in the detection and diagnosis of cancers in a cost-effective manner at

an early stage, when curative interventions are still possible. Additionally, blood-

based diagnostics can classify tumors into distinct molecular subtypes and monitor

disease relapse and response to treatment (Hanash et al. 2011).

There is increasing evidence that miRNAs play important and complex roles in

human cancers, including lung cancer (Liu et al. 2004; Volinia et al. 2006; Hui

et al. 2011). miRNAs are endogenous short noncoding RNAs that regulate gene

expression by targeting mRNAs (Bagga et al. 2005), and their involvement in

cancer and their potential as diagnostic, prognostic, and therapeutic tools have

been recently reviewed (Maia et al. 2013; Iorio and Croce 2012; Markou

et al. 2011). In lung cancer, miRNAs circulating in the blood have been evaluated

as diagnostic and prognostic biomarkers (Markou et al. 2013; Keller et al. 2011;

Boeri et al. 2011; Lin et al. 2012), and it is now clearly shown that they are

Fig. 1 Emerging blood-based molecular biomarkers for the detection and monitoring of

lung cancer
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associated with a clinical outcome (Markou et al. 2013; Zhu et al. 2011; Hu

et al. 2010; Silva et al. 2011). With the aim at identifying new biomarkers of lung

cancer, many investigators have carried out miRNA expression profiling studies

firstly in cell lines and tissue samples and more recently in plasma and serum.

It was known since many years ago that tumor cells release circulating cell-free

DNA (cfDNA) into the blood, but since the majority of circulating DNA is often not

of cancerous origin, detection of cancer-associated alleles in the blood has long

been impossible to achieve. Recent technological advances have overcome these

restrictions, making it thus possible to identify both genetic and epigenetic aberra-

tions in cfDNA. Cell-free nucleic acids circulating in the blood can now give

important information as blood-based tumor biomarkers. In the past decade, a

wealth of information indicating the potential use of circulating nucleic acids for

cancer screening, prognosis, and the monitoring of the efficacy of anticancer

therapies has emerged (Schwarzenbach et al. 2011). Recent studies have shown

that genomic alterations in solid cancers can be characterized by massively parallel

sequencing of circulating cell-free tumor DNA released from cancer cells into

plasma, representing a non-invasive liquid biopsy. Especially, in NSCLC, where

the acquisition of sufficient biopsy material is difficult and hinders the evolution of

novel targeted therapies, a liquid biopsy approach is very promising. Murtaza

et al. have recently shown that sequencing of cancer exomes in serial plasma

samples can track the genomic evolution of metastatic cancers in response to

therapy. By quantification of allele fractions in plasma, they identified increased

representation of mutant alleles in association with the emergence of therapy

resistance. Their results establish proof of principle that the exome-wide analysis

of circulating tumor DNA could complement current invasive biopsy approaches to

identify mutations associated with acquired drug resistance in advanced cancers

(Murtaza et al. 2013).

Circulating Tumor Cells and Lung Cancer

Circulating tumor cells (CTCs) were the first to be proposed as “liquid biopsy” for

follow-up examinations. The presence of CTCs in the peripheral blood has been

linked with worse prognosis and early relapse in lung cancer. This topic is covered

in detail in another chapter of this book (Chap. 2, “▶Circulating Tumor Cells as

Biomarkers in Cancer” by Ziman et al).

Circulating miRNAs as Blood-Based Biomarkers in Lung Cancer

Recently, the discovery of miRNAs in body fluids, such as serum and plasma, opens

up the possibility of using them as non-invasive biomarkers of disease and therapy

response. The use of circulating miRNAs as biomarkers of disease and therapy

response and as diagnostic and prognostic markers in lung cancer is an extremely

promising field since it can provide novel non-invasive tools for diagnosis,
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prognosis, and therapy response monitoring in lung cancer. Many research groups

are working toward this direction in order to achieve diagnosis at early (asymp-

tomatic if possible) stages for improving the survival rate of lung cancer patients

which remains poor and to monitor the responsiveness of patients in chemotherapy

leading to individualized therapies.

The first study which characterized miRNAs in serum of NSCLC patients

employed Solexa sequencing and identified a specific expression pattern of 63 cir-

culating miRNAs that were not detectable in healthy controls (Bianchi et al. 2011).

Many other studies have indicated different serum or plasma miRNAs that are

deregulated and can distinguish lung cancer patients from healthy donors (Chen

et al. 2008, 2012; Tang et al. 2013; Hennessey et al. 2012).

The clinical significance of circulating miRNAs as prognostic biomarkers for the

disease progress and lung cancer patients’ outcome is demonstrated by a great

number of research reports and by different technologies over the last years

(Table 1). Zhu et al. showed that the expression levels of miR-96, miR-182, and

miR-183 are positively correlated between specimens as well as that increased

expression compared to healthy controls is associated with poor overall survival

(Zhu et al. 2011). Another study focusing on genome-wide serum miRNA expres-

sion profiling by Solexa indicated that four miRNAs (miR-486, miR-30d, miR-1,

and miR-499) were associated with the overall survival and thus were an indepen-

dent prognostic factor for a clinical outcome (Hu et al. 2010). Using TaqMan

low-density arrays for screening and RT-qPCR for validation, Silva et al. showed

that decreased levels of miR-30e-5p and let-7f in plasma were associated with short

DFI and OS, respectively (Silva et al. 2011). Finally, a very recent study has shown

that high miR-21, decreased miR-10a, and increased miR-30e-5p expression levels

in plasma of NSCLC patients are associated with shorter DFI and OS, respectively

(Markou et al. 2013).

To demonstrate the potential role of miRNAs in early stage NSCLC, several

groups have analyzed miRNA profiles in serum prior to and after lung cancer

diagnosis (Keller et al. 2011). It has been recently reported that an miRNA

signature could detect lung cancer at a very early stage, prior to the symptom

occurrence. Boeri et al. analyzed the miRNA expression profile in plasma samples

collected 1–2 years before the onset of the disease and at the time of computed

tomography (CT) diagnosis and compared them with the ones of healthy smokers

(Boeri et al. 2011). This miRNA signature could predict the development of lung

cancer prior to diagnosis and has a strong diagnostic potential as samples were

collected at the time-point of diagnosis. miRNA profiles were also compared

between early (stage I/II) and advanced (stage IV) disease (Lin et al. 2012). Le

et al. examined the expression of four miRNAs, miR-21, miR-24, miR-30d, and

miR-205, in sera of pre- and postoperative lung cancer patients and normal volun-

teers and indicated that, except from the diagnostic value for the discrimination

between patients and healthy individuals, increased expression levels of miR-21

and miR-24 have also the prognostic value for disease recurrence after surgery,

while elevated miR-21 and miR-30d expression is also correlated with shorter

overall survival in patients (Le et al. 2012). In another study, miRNA expression
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levels were quantified in paired lung tumor tissues and plasma samples from stage I

NSCLC patients by RT-qPCR, and the results showed a significant concordance in

the expression of five miRNAs in both specimens. Four of these, miR-21, miR-126,

miR-210, and miR-486-5p, could distinguish stage I NSCLC from healthy individ-

uals and could also discriminate lung adenocarcinoma (AD) from squamous cell

carcinoma (SCC) (Shen et al. 2011).

Many groups have shown that the expression levels of circulating miRNAs

could alter during treatment with chemotherapy drugs. Increased levels of

miR-21 in plasma of NSCLC patients are related to platinum-based chemotherapy

resistance and to shorter DFI (Gao et al. 2012). The same tendency exhibits

miR-125b as its high expression levels are indicative of non-responsiveness to

cisplatin-based chemotherapy and are associated with poor survival (Cui

et al. 2013; Yuxia et al. 2012). Expression levels of miR-155, miR-197, and

miR-182 that are increased in lung cancer patients, including stage I patients,

have a predictive value for responsiveness to chemotherapy, with the first two

being further increased in patients with metastasis and decreased in patients

responding to chemotherapy (Zheng et al. 2011).

Table 1 The clinical significance of circulating miRNAs as prognostic biomarkers for the disease

progress and lung cancer patients’ outcome

miRNA Clinical significance Sample References

miR-125b(") Association with poor prognosis Serum Cui et al. 2013; Yuxia

et al. 2012

miR-30d (") Association with short OS,

prediction of disease recurrence

Serum Hu et al. 2010; Le et al. 2012

miR-30e-5p(#) Association with short DFI Plasma Markou et al. 2013; Silva

et al. 2011miR-30e-5p(") Association with short OS Plasma

miR-21(") Association with poor outcome Plasma Markou et al. 2013; Boeri

et al. 2011;

Liu et al. 2004; Le et al. 2012
miR-21(") Association with short OS,

prediction of disease recurrence

Serum

miR-182(") Cancer patients vs. normal

samples and further increase in

patients with metastasis

Plasma Zheng et al. 2011;

Zhu et al. 2011

miR-182(") Association with poor OS Serum

let-7f(#) Association with short OS Plasma Silva et al. 2011

miR-10a(#) Association with short DFI Plasma Markou et al. 2013

miR-486 (") Association with poor OS Serum Hu et al. 2010

miR-1(#)
miR-499(#)
miR-96(") Association with poor OS Serum Zhu et al. 2011

miR-183(")
miR-155(") Cancer patients vs. normal

samples and further increase in

patients with metastasis

Plasma Zheng et al. 2011

miR-197(")
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After firstly identifying 12 miRNAs whose aberrant expressions in primary lung

tumors were associated with early stage NSCLC, Shen et al. investigated whether

these miRNAs could be used as potential plasma biomarkers for NSCLC. They

found five miRNAs that displayed significant concordance in their expression

levels in plasma and the corresponding tumor tissues. By using four miRNAs

(miRNA-21, miRNA-126, miRNA-210, and miRNA-486-5p), they reported 86 %

sensitivity and 96 % specificity in distinguishing NSCLC patients from healthy

controls (Shen et al. 2011).

Promoter Hypermethylation of Tumor Suppressor Genes
as a Lung Cancer Biomarker

DNA methylation has emerged as a highly promising biomarker and is being

actively studied in multiple cancers. It is now widely known that aberrant DNA

methylation within the promoter region initiates carcinogenesis and promotes

cancer progression by activating oncogenes, suppressing tumor suppressor genes,

and inducing chromosome instability (Esteller 2008). Since DNA is more stable

than RNA or proteins, DNA methylation has a great potential to be established as a

nucleic acid–based biomarker for many applications. The number of potential

tumor biomarkers based on DNA methylation is rapidly increasing owing to the

development of recent genome-wide approaches for their identification and func-

tional analysis (Carmona and Esteller 2011; Heyn and Esteller 2012). Detection of

these DNA methylation markers in cell-free DNA circulating in plasma or serum

has led to many studies, evaluating the potential of getting precious information in a

minimally invasive way, such as blood draw (Gormally et al. 2007). The sensitive

and specific detection of tumor-specific DNA methylation patterns at distal sites

makes DNA methylation a biomarker of choice for the clinical management of

cancer patients (Table 2).

DNA Methylation Lung Cancer Biomarkers in Circulating
Cell-Free DNA (cfDNA)

In the past decade, there are a multitude of promising studies which are demon-

strating the hyper/hypomethylation of genes that are potentially useful in lung

cancer diagnosis. The analysis of DNA methylation-based biomarkers in lung

cancer is rapidly advancing, and a large number of potential lung cancer biomarkers

have been identified (Anglim et al. 2008). To date, there are many studies on the

potential of DNA methylation biomarkers in lung cancer management. Lung cancer

is characterized by regional hypermethylation of promoters of well-known cancer-

related genes, including RASSF1 (Fischer et al. 2007), CDKN2A (Damman

et al. 2005), RARbeta (Virmani et al. 2000), MGMT (Zöchbauer-M€uller 2012),
APC, CDH13 (Kim et al. 2007), and BRMS1 (Yang et al. 2011). Many studies
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Table 2 DNA methylation lung cancer biomarkers

Gene Sample Finding References

RASSF1A Bronchial

washing

Hypermethylation of promoters

provides 29 % detection of

malignancy in false-negative

cytology outcomes

Van der Drift

et al. 2012

RASSF1A Tumor tissues Hypermethylation of promoters

correlates with early recurrence

and short survival

Fischer et al. 2007;

Brock et al. 2008;

Zhang et al. 2011

RASSF1A cfDNA (plasma) Highly methylated Zhang et al. 2011;

Ponomaryova

et al. 2013; Begum

et al. 2011

p16 Tumor tissues Promoter hypermethylation was

detected in 63 % of NSCLC

Brock et al. 2008;

Bearzatto et al. 2002

p16 Bronchoalveolar

lavage

Promoter hypermethylation was

detected in NSCLCs

Ahrendt et al. 1999

p16 cfDNA (plasma) Detected in 55 % of plasmas Bearzatto et al. 2002

APC Tumor tissues Methylation of the promoter

region in primary tumor and

mediastinal lymph node biopsy

samples strongly correlates with

early recurrence and short survival

Damman et al. 2005;

Brock et al. 2008;

Zhang et al. 2011

APC cfDNA (serum) Aberrant methylation in serum

DNA was accompanied by

methylation in the matched tumor

samples

Begum et al. 2011

CDH13 Tumor tissues Methylation of the promoter

predicts markedly worse

prognosis in patients with stage I

lung cancer (P< 0.001), similar to

patients with stage III disease

Damman et al. 2005;

Brock et al. 2008;

Zhang et al. 2011

DAPK Tumor tissues Hypermethylated in drug-resistant

derivatives from cell lines

Palmisiano et al. 2000

Sputum Promoter hypermethylation was

detected in lung cancer

Palmisiano et al. 2000

BRCA1 Tumor tissues BRCA1 promoter

hypermethylation could provide

information that is clinically

relevant after adjuvant

chemotherapy

Zhang et al. 2011

E-

cadherin

Tumor tissues Methylation of the promoter

region strongly correlates with

early recurrence and short survival

Brock et al. 2008

SHOX2 Bronchial

aspirates

Methylation of the promoter could

distinguish between malignant

lung disease and controls at a

sensitivity of 60 %

Dietrich et al. 2012;

Kneip et al. 2011

(continued)
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illustrate measurable differences between methylation levels in tumor and adjacent

normal tissues as well as associations with clinical data. DNA methylation can be

used as a molecular prognostic biomarker of potentially curable stage I NSCLC

(Brock et al. 2008). Methylation of the promoter region of four genes, p16,

E-cadherin, Rassf1A, and APC, in primary tumor and lymph node biopsy samples

strongly correlates with early recurrence and short survival (Brock et al. 2008). The

validation of this and numerous other findings may allow restaging of NSCLC at a

molecular level. On the other hand, lung cancer is also affected by global

hypomethylation contributing to genomic instability (Daskalos et al. 2009) associ-

ating with poor outcome (Saito et al. 2010).

Cancer cell-specific methylated DNA has been found in the blood of cancer

patients, indicating that cell-free DNA (cfDNA) circulating in the blood is a tumor-

associated DNA marker that can be used as a minimally invasive diagnostic test.

Nowadays, plasma or serum cell-free DNA may be the golden standard for the

detection of DNAmethylation biomarkers. Information on the methylation status of

tumor suppressor genes in cfDNA is a very promising approach, since it can offer a

useful tool for lung cancer diagnostics, the evaluation of cancer treatment effi-

ciency, and the post-treatment monitoring.

Esteller et al. were one of the first that have shown already in 1999 that aberrant

promoter hypermethylation of tumor suppressor genes could be detected in the

serum DNA from NSCLC patients (Esteller et al. 1999). Bearzatto et al. have

shown in 2002 that the p16 (INK4A) tumor suppressor gene that is inactivated in

many solid tumors, including NSCLCs through promoter hypermethylation, could

be detected in plasma with a highly sensitive methylation-specific PCR (MSP)

assay. They reported that p16 (INK4A) promoter hypermethylation was detectable

by this assay in 55 % of plasmas from patients with methylated tumors (Bearzatto

et al. 2002).

Table 2 (continued)

Gene Sample Finding References

RARB2 Tumor tissues Measurable differences between

methylation levels in tumor and

adjacent normal tissues and

associations with clinical data

Virmani et al. 2000;

Zhang et al. 2011

RARB2 cfDNA (plasma) Highly methylated cfDNA

isolated from plasma elevated

two- to threefold in lung cancer

patients compared with healthy

donors

Ponomaryova

et al. 2013

MGMT Tumor tissues,

sputum, serum

Hypermethylation of promoter

aberrant methylation in serum

DNA was accompanied by

methylation in the matched tumor

samples

Begum et al. 2011;

Belinsky et al. 2005,

2006, 2007

BRMS1 Tumor tissues Hypermethylation of promoter Yang et al. 2011
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Zhang et al. showed that the methylation analysis of a panel of five genes (APC,

RASSF1A, CDH13, KLK10, and DLEC1) in plasma DNA reached a sensitivity of

83 % and a specificity of 74 % (Zhang et al. 2011). Ponomaryova et al. investigated

the methylation status in blood samples of 32 healthy donors and 60 lung cancer

patients before and after treatment with neoadjuvant chemotherapy followed by

total tumor resection. Using quantitative methylation-specific PCR, they found that

RASSF1A and RARB2 genes were highly methylated in cfDNA isolated from

plasma and that cell surface-bound cfDNA was elevated two- to threefold in lung

cancer patients compared with healthy donors, showing an 87 % sensitivity and

75 % specificity (Ponomaryova et al. 2013).

Recently, a phase I/II trial of combined epigenetic therapy with azacitidine and

entinostat, inhibitors of DNA methylation and histone deacetylation, respectively,

in extensively pretreated patients with recurrent metastatic NSCLC demonstrated

that combined epigenetic therapy with low-dose azacitidine and entinostat results in

objective, durable responses in patients with solid tumors. Demethylation of a set of

4 epigenetically silenced genes (CDKN2a, CDH13, APC, and RASSF1a) already

known to be associated with lung cancer (Brock et al. 2008) was detectable with

improved progression-free (P = 0.034) and overall survival (P = 0.035) (Juergens

et al. 2011). Analysis of cfDNA in the plasma of these patients supports that

detection of early demethylation in serial blood samples could be a potential

predictor of clinical benefit from this therapy (Juergens et al. 2011). Evaluation

of methylation changes in tumor DNA during cycle 1 of therapy as a predictor of

clinical benefit should be included in future trials of epigenetically directed therapy

(Juergens et al. 2011).

Begum et al. investigated the feasibility of detecting aberrant DNA methylation

of some novel and known genes in the serum of lung cancer patients, by examining

the tumor and the matched serum DNA for aberrant methylation of 15 gene pro-

moters from 10 patients with primary lung tumors by using quantitative

methylation-specific PCR. After testing this 15-gene set and identifying the more

useful DNA methylation changes in serum, they tested the six most promising

genes (APC, CDH1, MGMT, DCC, RASSF1A, and AIM1) for further elucidation

of the diagnostic application of this panel of markers. They report that promoter

hypermethylation of at least one of the genes studied was detected in all 10 lung

primary tumors. In the majority of cases, aberrant methylation in serum DNA was

accompanied by methylation in the matched tumor samples. This approach needs to

be evaluated in a larger set of clinical samples to determine the role of this gene set

in the early detection and surveillance of lung cancer (Begum et al. 2011).

DNA Methylation Lung Cancer Biomarkers in Bronchial
Aspirates and Sputum

Abnormal hypermethylation has also been shown in sputum and bronchial washing

samples that are both easily acquirable. p16 methylation in bronchoalveolar lavage

was firstly shown already in 1999 (Ahrendt et al. 1999). More recently, RASSF1A
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methylation combined with KRAS mutations in bronchial washing is reported to

provide 29 % detection of malignancy in false-negative cytology outcomes (Van

der Drift et al. 2012). DNA methylation of SHOX2, as evaluated in 523 patients,

could distinguish between malignant and benign lung disease, at high specificity

(Schmidt et al. 2010). Two years later, the usefulness and analytical performance of

an in vitro diagnostic kit which quantifies SHOX2 methylation in bronchial aspi-

rates were described (Dietrich et al. 2012). SHOX2 methylation has also been

detected in plasma cell-free DNA and could distinguish between malignant lung

disease and controls at a sensitivity of 60 % (Kneip et al. 2011). A panel of

potentially methylated genes has been examined, including DAPK, GATA5,

MGMT, and PAX5beta (Palmisiano et al. 2000; Belinsky et al. 2005, 2006).

However sputum or bronchial aspirates have certain limitations, as the variability

of lung cell content, so the diagnostic efficiency of DNAmarkers in such samples is

challenged by reports that can detect aberrant methylation in samples from cancer

free controls (Hsu et al. 2007).

DNA Mutations in cfDNA as Companion Diagnostic Lung
Cancer Biomarkers

Analysis of tumor-linked genetic alterations and especially gene mutations in

various types of cancer are now being used for diagnostic, prognostic, and treatment

purposes. More specifically, companion diagnostic tests are now being used in

combination with specific therapies and can prospectively help predict responses to

specific drugs or severe toxicity. Some successful examples include the detection

of BRAF V600E mutations for vemurafenib in melanoma, EML4-ALK

rearrangements for crizotinib and EGFR for erlotinib and gefitinib in NSCLC,

KRAS against the use of cetuximab and panitumumab in colorectal cancer,

ERBB2 (HER2/neu) for trastuzumab in breast cancer, and BCR-ABL for tyrosine

kinase inhibitors in chronic myeloid leukemia. We believe that the co-development

of new drugs with companion diagnostics will govern the progress in oncology in

the immediate future. The role of companion biomarkers in guiding treatment in

patients with cancer has been recently very nicely reviewed (Duffy and Crown

2013; Ong et al. 2012; Vincent et al. 2012) (Table 3).

Tumor-associated mutations detectable in the peripheral blood can now be used

in the clinic after diagnosis, including the assessment of prognosis and early

detection of disease recurrence, and as surrogates for traditional biopsies with the

purpose of predicting response to treatments and the development of acquired

resistance (Crowley et al. 2013). Recently, a number of remarkable studies have

shown that cfDNA circulating in the blood can be isolated from plasma and allows

for tumor-specific analyses, including epidermal growth factor receptor (EGFR),

KRAS, BRAF mutations, and EML4-anaplastic lymphoma kinase (ALK)

rearrangements. These biomarkers are currently used or evaluated as companion

diagnostic biomarkers to select lung cancer patients that are eligible for molecular-

targeted therapies.
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EGFR: It is now known that a secondary EGFR mutation, the substitution of

threonine 790 with methionine (T790M), leads to acquired resistance to reversible

EGFR-tyrosine kinase inhibitors (EGFR-TKIs). EGFR mutations may also have

indirect value as predictors of sensitivity to chemotherapy and to radiotherapy and

molecularly targeted agents (Vincent et al. 2012). Murtaza et al. have recently

identified in plasma an increased representation of a resistance-conferring mutation

in EGFR following treatment with gefitinib in association with the emergence of

therapy resistance. Their results establish a proof of principle that exome-wide

analysis of circulating tumor DNA could complement current invasive biopsy

approaches to identify mutations associated with acquired drug resistance in

advanced cancers (Murtaza et al. 2013). A non-invasive method for detecting

T790M mutation would be desirable to direct patient treatment strategy. Sakai

et al. detected the T790M mutation status in plasma samples obtained after treat-

ment with an EGFR-TKI in 21 of the 75 plasma samples (28 %). When patients

Table 3 DNA mutations related to therapy response, detected in cell-free DNA isolated from

lung cancer patients

Gene Sample Findings References

EGFR

mutations

Cell-free

DNA

(plasma)

Mutations could potentially be used

to monitor EGFR-TKI therapy in

association with the emergence of

therapy resistance to gefitinib

Murtaza et al. 2013;

Sakai et al. 2013

EGFR

mutations

CTC CTCs that carried EGFR mutations

known to cause drug resistance had

faster disease progression than CTCs

who lacked the mutation

Maheswaran

et al. 2008

KRAS

mutations

Cell-free

DNA

(plasma)

Mutation carriers had significantly

shorter OS and PFS compared to the

wild-type patients

Nygaard et al. 2013

BRAF

mutations

Cell-free

DNA

(plasma/

serum)

Mutations occur in 4 % of NSCLCs;

50 % are non-V600E

Cardarella

et al. 2013

EML4-ALK

rearrangements

Tumor

tissues

Functional ALK rearrangements were

mutually exclusive with EGFR and

KRAS mutations in a large Western

patient population. This lack of

overlap was also observed in

ALK-positive cancers with acquired

resistance to crizotinib

Gainor et al. 2013;

Lee et al. 2013;

Peters et al. 2013

EML4-ALK

rearrangements

CTC CTCs harboring a unique ALK

rearrangement and mesenchymal

phenotype may arise from the clonal

selection of tumor cells that have

acquired the potential to drive

metastatic progression of

ALK-positive NSCLC

Pailler et al. 2013
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under 65 years of age who had a partial response were grouped according to their

plasma T790M mutation status, the Progression Free Survival (PFS) of the T790M-

positive patients (n= 11) was significantly shorter than that of the T790M-negative

patients (n= 29, P= 0.03), indicating that the plasma T790Mmutation status could

potentially be used to monitor EGFR-TKI therapy (Sakai et al. 2013). Plasma is a

better source of tumor-derived cfDNA than serum for the detection of EGFR

alterations in lung tumor patients (Vallée et al. 2013).

KRAS: Very recently, in a prospective biomarker trial, Nygaard

et al. investigated the prognostic value of plasma-mutated KRAS in patients with

NSCLC and found that patients with a detectable plasma-KRAS mutation had a

significantly shorter OS and DFI compared to the wild-type (WT) patients. The

presence of KRAS mutations in plasma may be a marker of poor prognosis and may

also hold predictive value. However, further validation of these results in an

independent cohort is necessary (Nygaard et al. 2013).

EML4-ALK rearrangements: ALK gene rearrangements define a distinct

molecular subset of NSCLC. Recently, several case reports and small series have

reported that ALK rearrangements can overlap with other oncogenic drivers in

NSCLC and in crizotinib-naı̈ve and crizotinib-resistant cancers. Gainor et al. have

very recently reviewed clinical genotyping data from 1,683 patients with NSCLC

and investigated the prevalence of concomitant EGFR or KRAS mutations among

patients with ALK-positive NSCLC. They report that functional ALK

rearrangements were mutually exclusive with EGFR and KRAS mutations in a

large Western patient population. This lack of overlap was also observed in

ALK-positive cancers with acquired resistance to crizotinib (Gainor et al. 2013).

The recent approval of crizotinib for the treatment of ALK-rearranged advanced

NSCLC in the USA and other countries has provoked intense interest in ALK

rearrangements as oncogenic drivers and promises to revolutionize the way in

which NSCLC is diagnosed and treated. The therapy was approved by the US

FDA in August 2011 and received conditional marketing approval by the European

Commission in October 2012 for advanced NSCLC. A break-apart Fluorescence In

Situ Hybridization (FISH)-based assay was jointly approved with crizotinib by the

FDA. This assay and an immunohistochemistry assay that uses a D5F3 rabbit

monoclonal primary antibody were also approved for marketing in Europe in

October 2012. While ALK rearrangement has relatively low prevalence, a clinical

benefit is exhibited in more than 85 % of patients with median progression-free

survival of 8–10 months. In a recent paper, Lee et al. described the therapy and

alternative test strategies for identifying NSCLC patients who are likely to respond

to therapy with crizotinib, including key issues for effective and efficient testing.

The key economic considerations regarding the joint companion diagnostic and

therapy are also presented. Given the observed clinical benefit and relatively high

cost of crizotinib therapy, companion diagnostics should be evaluated relative to

response to therapy versus correlation alone whenever possible, and both high inter-

rater reliability and external quality assessment programs are warranted (Lee

et al. 2013; Peters et al. 2013).
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BRAF: BRAF mutations are found in a subset of NSCLC. Cardarella

et al. examined the clinical characteristics and treatment outcomes of patients

with NSCLC harboring BRAF mutations. Using DNA sequencing and after screen-

ing 883 patients with NSCLC, they found that BRAF mutations occur in 4 % of

NSCLC and half are non-V600E. Prospective trials are ongoing to validate BRAF

as a therapeutic target in NSCLC (Cardarella et al. 2013).

Conclusions: Future Challenges

The discovery and exploitation of novel innovative, non-invasive, and reliable

tumor biomarkers for lung cancer, based on a non-invasive liquid biopsy

approach, such as CTCs, circulating miRNAs, gene promoter methylation, and

DNA mutations in cell-free circulating DNA, are very promising for the clinical

management of this disease in the near future. However, great expectations that

cancer biomarkers could revolutionize cancer diagnosis and treatment have not

been fulfilled up to now (Buchen 2011). A point of consideration is that

despite the growing number of relevant studies in the area of developing novel

lung cancer biomarkers, the potential of these novel biomarkers cannot be pre-

cisely estimated. Few of these studies can singly provide adequate validation,

while a meta-analysis is almost impossible due to the large diversity of sample

processing protocols, detection methods, DNA extraction methods, inclusion

criteria, etc. There is still a great need to further validate these promising bio-

markers in large numbers of patients, cross validate these findings in different

labs, and further calculate their diagnostic sensitivity and specificity, as well as

the positive and negative predictive values before their final approval for patient

management.

Summary Points

• The discovery and exploitation of novel, innovative, non-invasive, and reliable

tumor biomarkers are of vital importance toward the early detection and precise

diagnosis of lung cancer. This is very critical to select proper therapeutic

treatments as early as possible.

• Emerging blood-based molecular biomarkers for lung cancer, based on the

non-invasive liquid biopsy approach, such as CTCs, circulating miRNAs, gene

promoter methylation, and DNA mutations in cell-free circulating DNA, are

now very promising.

• However, there is still a great need to further validate these promising bio-

markers in a large number of patients, cross validate these findings in different

labs, and further calculate their diagnostic sensitivity and specificity, as well as

the positive and negative predictive values before their final approval for patient

management.
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Abstract

Maspin is a member of the serine protease inhibitor/non-inhibitor superfamily

(serpin), and it is implicated in inhibition of tumor invasion, cell migration,

angiogenesis and then metastasis, promotion of apoptosis, and cell adhesion.

The role of maspin is different in distinct types of tumor for site and histology.

There is a limited number of studies which have investigated the biological

activity of maspin in primary lung cancer.

The majority of studies found that maspin expression is enhanced in

squamous cell carcinoma of the lung where it is correlated with good prognosis

and its lack is associated with higher metastasis risk and poor outcome. Complete

and standardized methods to study maspin are necessary in order to evaluate its
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therapeutic implications and to understand how different subcellular distributions

and epigenetic alterations could be helpful for a shared interpretation of results.

List of Abbreviations

AC Adenocarcinoma

ATF2 Activating Transcription Factor 2

ECM Extracellular Matrix

MVD Microvessel Density

N Nuclear

N + C Nuclear + Cytoplasmic

NSCLC Non-small Cell Lung Cancer

OS Overall Survival

SCC Squamous Cell Carcinoma

SCLC Small Cell Lung Cancer

VEGF Vascular Endothelial Growth Factor

VM Vasculogenic Mimicry

vs. Versus

Key Facts

Key Facts of Lung Cancer

• Lung cancer is the leading cause of death due to cancer worldwide, despite the

recent progresses in the diagnosis and treatment.

• There are different histological type of lung cancer: non-small cell lung cancer

(predominantly adenocarcinoma and squamous carcinoma) and small cell lung

cancer.

• Complete surgical resection of the primary tumor and local nodal metastasis is

the only potentially curative treatment, but the prognosis of patients who

undergo radical surgery remains poor.

• In advanced or metastatic lung cancer, chemotherapy is the main treatment

strategy next to the recent use of biologic drugs.

• The recent progresses in molecular biology lead up to find biological and

molecular markers that may impact on the choice of therapy.

Key Facts of Maspin

• Maspin is a protein with different biological activity in various types of cancer.

• Maspin is a member of the serine protease superfamily.

• Protease and protease inhibitors play important roles in the progression of malig-

nant tumors as protease may promote tumor invasion and/or metastasis through

degradation of extracellular matrix and protease inhibitors antagonize the process.
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• Tumor invasion means the ability of cancer cells to penetrate through the

membranes that separate them from healthy tissues and blood vessels.

• Metastasis means the spread of cancer cells to other parts of the body from an

original site, usually by way of the blood vessels or lymphatics.

• Maspin can have different tissue distributions: intracellular localization (nuclear

or cytoplasmatic or both) or extracellular localization (secreted form).

• Role of maspin was studied in different cancer.

• Maspin expression correlates to favorable prognosis in lung cancer especially in

squamous carcinoma.

Definitions of Word and Terms

Vascular Endothelial Growth Factor A signal protein that is implicated in

angiogenesis and growth of tumor invasion and metastasis. Solid tumors cannot

grow beyond a limited size without an adequate blood source.

p53 Tumor suppressor protein that regulates the cell cycle, described as “the

guardian of the genome.” It is involved in preventing cancer. Apoptosis, genomic

stability, and inhibition of angiogenesis are the principal functions of p53 gene,

which has several mechanisms: DNA repair in the presence of damage/mutation,

cell cycle arrest at the G1/S regulation point, and promotion of programmed cell

death, if DNA damage seems to be irreparable. If the p53 gene is damaged, tumor

suppression is severely reduced.

Microvessel Density A quantitative evaluation to assess the tumor vessel number

in a particular tumor tissue using endothelial antibodies. High MVD has been found

to be associated with poor outcome.

Prognosis A measure of the probable natural course and outcome of a disease.

Introduction

Tumor progression seems to be promoted by protease and protease inhibitors.

In fact, protease plays a role in tumor invasion and/or process of metastasis

through degradation of extracellular matrix (ECM) with implication of integrin,

and protease inhibitors antagonize this phenomenon.

Maspin is a member of the serine protease inhibitor/non-inhibitor superfamily

(serpin), like plasminogen activator inhibitors 1 and 2 and α1-antitrypsin, which
was first isolated and described as a 42 kDa protein with tumor-suppressing activity

in human mammary epithelial cells (Zou et al. 1994). Its gene is located on

chromosome 18q21.3–q23.

Serpin structure presents a reactive center loop (RCL), a peptide stretch that is

located 9–15 residues amino-terminal to the reactive site peptide bond. RCL allows
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the reactive site to obtain an optimal configuration for binding and subsequent

inhibiting target protease.

The conformational change takes the name of “stressed-to-relaxed” transition.

Maspin, however, contains a relatively short, divergent, not highly conserved,

hydrophobic RCL, not able to perform this modification. Finally maspin takes

place into the non-inhibitory category of the large serpin superfamily and leads

us to focus on its genetic alterations, on its expression in different cancer types, and

how the different subcellular localizations may alter the prognostic significance

(Law et al. 2005; Beecken et al. 2000; Pemberton et al. 1995).

Another important feature of maspin is the G α-helix (G-helix), an internal salt

bridge or the P1 position of the reactive center loop. The maspin G-helix is able to

an “open and closed” conformational change shaping a new distribution of charged

residues into the molecule. The effect of maspin on cell migration required an intact

G-helix, and the function of maspin protein can be mimicked by a short protein

which is equivalent of this structural element. Maspin and the 15-mer G-helix

peptide are linked to α1 integrins and β1 integrin subunit for their effects on cell

migration (D’Andrea et al. 2006). In particular the maspin action in cell migration

needed of the inactivation of β1 integrins (Cella et al. 2006; Ravenhill et al. 2010).

Integrins α5 and α3 could reduce the invasive phenotype of cancer cells,

inhibition of cell surface-associated urokinase-type plasminogen activator and

fibrinogen-bound tissue-type plasminogen activator, and interaction with type I

and III collagen. Their changes could contribute to induce cell adhesion (Latha

et al. 2005; Biliran and Sheng 2001; Blacque and Worrall 2002).

Maspin seems to inhibit angiogenesis and endothelial cell motility in vitro and

in vivo and it seems to increase tumor cell apoptosis through promotion of the

mitochondrial permeability. All these properties may be correlated to tumor sup-

pressor activity of maspin (Zhang et al. 2000).

Therefore, the presence of maspin may contribute to the inhibition of tumor metas-

tasis with the detachment and invasion of tumor cells through the basement membrane

and stroma (Affara and Coussens 2007; Sheng 2005; Jang et al. 2008; Fig. 1).

Several works indicate, however, that maspin tumor suppressor activity is condi-

tioned by its nuclear localization in cancer cells. In fact, themaspin bind to chromatin

is necessary to prevent cells from metastasizing (Goulet et al. 2011; 2012).

About subcellular distribution, maspin is predominantly cytoplasmic but it also

localizes to other cellular compartments and it’s secreted. Secreted maspin could

bind to extracellular matrix components. Alternatively, it is possible that maspin

exerts its role only in the nucleus with regulation of genes or chromatin and thus

indirectly it affects the cell-matrix interaction and is released only as a consequence

of cell damage or necrosis (Zhang et al. 1999; Pemberton et al. 1997; Khalkhali-

Ellis 2006; Khalkhali-Ellis and Hendrix 2007; Goulet et al. 2011; Teoh et al. 2010;

Sood et al. 2002; Fig. 2).

Histone deacetylation, cytosine methylation and loss of gene function through

chromatin accessibility seem to be the tissue-specific way of epigenetical changes

of maspin expression. These alterations could explain different prognostic signif-

icance of maspin expression. Maspin expression, furthermore, has been detected
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not only in several types of tumor cells but it is expressed predominantly by

epithelial cells in distinct manner (Beltran and Blancafort 2011; Wu et al. 2010;

Bodenstine et al. 2012).

Downregulation on maspin expression is often present in breast, prostate, gas-

tric, and melanoma epithelial cancer cells, while pancreatic, gallbladder, colorectal,

and thyroid cancers usually overexpress maspin, thus confirming that it may have

TUMOR CELL

INTRACELLULAR

ECM
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CYTOPLASMIC/NUCLEAR

MASPINMASPINMASPIN

MASPINMASPINMASPIN

Fig. 2 Subcellular and

extracellular distribution of

maspin

Maspin

ANGIOGENESIS METASTASIS
TUMOR INVASION
CELL ADHESION

Fig. 1 Role of maspin in

tumor
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different activity in various cell types (Fig. 3). Maspin has distinct subcellular

localization in cancer cells (cytoplasmic, nuclear or both cytoplasmic-nuclear

expression), with different interactions with extracellular matrix. Studies focused

to interpret discordant expression and also significance of maspin protein are

warranted (Seftor et al. 1998; Klasa-Mazurkiewicz et al. 2009; Lockett

et al. 2006; Chen et al. 2005).

There is a limited number of studies which have investigated the role of maspin

in primary lung cancer where the mechanism of action of maspin remains yet to be

elucidated (Frey et al. 2009; Takanami et al. 2008; Nakagawa et al. 2006).

Non-small cell lung cancer (NSCLC) is the leading cause of death due to cancer

worldwide, despite the recent progresses in the diagnosis and treatment (Jemal

et al. 2011). Radical surgical resection of the primary tumor and local nodal

metastasis is the only potentially curative treatment; nevertheless, the prognosis

of patients who undergo radical surgery still remains poor with a 5-year survival

rate ranging from 25 % to 40 % (Capewell and Sudlow 1990; Naruke et al. 1998;

Van Raemdonck et al. 1992).

The recent studies in molecular biology lead up to find many biological and

molecular markers that may be correlated with patient outcome and that may guide

on the choice of treatment.

Potential Applications to Prognosis, Other Diseases, or Condition

In this section, the evidence that supports the clinical utility of maspin as a marker

for stratifying the prognosis of different subtypes of lung cancer and, possibly,

predicting the effectiveness of lung cancer therapy is elucidated.

Several studies showed that maspin influence the response to cell death in lung

cancer cells and then inhibits the survival pathway (Nam and Park 2010).

Maspin has been found significantly expressed in primary lung cancer samples,

and in particular, it is higher in squamous cell carcinoma (SCC).

OVER-EXPRESSION

MASPIN

Pancreatic cancer Breast cancer

Prostate cancer

Gastric cancer

Melanoma skin cancer

Gallbladder cancers

Colorectal cancers

Thyroid cancers

LOWER EXPRESSION

Fig. 3 Maspin expression in different types of tumor
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Bircan et al. investigated maspin, p53, and VEGF expression in 63 patients with

different histological lung carcinoma: SCC, adenocarcinoma (AC), and small cell

lung carcinoma (SCLC).

The rate was significantly higher in NSCLC and in particular in SCC and AC

than SCLC ( p = 0.0001, p = 0.0001, p = 0.038, respectively). In ACs, maspin-

positive cases had a significantly higher T status compared to negative cases

( p = 0.036). In SCC, the stage of disease was positively correlated with p53

( p = 0.007) and negatively correlated with VEGF expression ( p = 0.013). At

multivariate analysis, stage of disease emerges as a significant independent prog-

nostic parameter in NSCLC ( p = 0.031) (Bircan et al. 2010).

Furthermore, in lung cancer maspin biological functions have been connected to

its subcellular localization. In particular, a nuclear, opposed to a combined nuclear

and cytoplasmic localization, has been associated with increased survival in NSCLC.

Lonardo et al. studiedmaspin expression in amodel of transformation of bronchial

epithelial cells and in 123 resected NSCLC. SCC showed almost exclusively a

combined nuclear-cytosolic stain. In contrast, nuclear maspin, but not combined

nuclear-cytoplasmic maspin, significantly correlated with low histological grade,

lower proliferative rate, absence of invasion and negative p53 stain in AC (Lonardo

et al. 2006).

Frey et al. investigated the role of maspin in 80 adenocarcinomas. Nuclear

versus combined nuclear-cytoplasmic expression of masp was related to favorable

histological and molecular features of lung adenocarcinoma and also, in early stage,

improved prognosis.

Immunohistochemistry formaspin demonstrated immunoreactivity in 75/80 cases.

Forty-seven of them revealed nuclear, while 28 combined nuclear + cytoplasmic

staining. Five cases were negative.

No statistical correlation between maspin expression pattern and age or gender

was detected. Mean survival, for stage I cases only, was higher for the nuclear

compared with nuclear + cytoplasmic group. A statistically significant survival

advantage for cases with only nuclear expression was shown in stage I, but not in

advanced stages.

Finally maspin subcellular expression was related with histological grade and

selected molecular markers. A statistically significant association of nuclear maspin

was observed in low histological grade, negative p53 expression, and lower prolif-

erative rate. The mean proliferative rate of cases with nuclear maspin was 36.6 %,

while that of nuclear + cytoplasmic cases was 56.9 %. A highly significant associ-

ation between nuclear maspin expression and low VEGF-A expression levels was

also present (Frey et al. 2009).

Woenckhaus et al. investigated maspin subcellular localization and p53 expres-

sion in 487 lung cancer samples. Remarkably, nuclear ( p = 0.04) and cytoplasmic

( p = 0.001) maspin staining in at least 10 % of tumor cells was observed more

frequently in primary SCCs than in other tumor types. However, no correlation

was shown between maspin expression and tumor stage and nodal status. Only

nuclear maspin immunoreactivity in at least 10 % of tumor cells was significantly

associated with positive p53 staining ( p = 0.006) (Woenckhaus et al. 2007).

15 Maspin Staining and Its Use as Biomarker in Lung Cancer 351



Hirai et al. examined 112 lung cancer specimens. Cytoplasmic staining pattern was

present in AC and SCC. The cytoplasmic positive rate was 77.8 % (42 out of

54 specimens) for the stage III group and 36.2 % (21 of 58 specimens) for the stage

I group (p < 0.0001). Three-year survival rates after surgery were 30.8 % for the

maspin-positive group and 71.1 % for the maspin-negative group (p = 0.007). Mul-

tivariate analysis showed thatmaspin expressionwas an independent prognostic factor

for overall survival in patients with NSCLC. No correlation between maspin and p53

expression in cancer cells could be observed. The results of this study suggest that

overexpression of maspin in cytoplasm may be a useful marker of tumor progression

and unfavorable prognosis for overall survival in patients with NSCLC. Furthermore,

maspin expression in cytoplasm appears to be unaffected by p53 (Hirai et al. 2005).

Recently, another study showed that maspin expression, with nuclear or cyto-

plasmic localization, together with smoking history, could represent prognostic

factors in NSCLC.

In 424 samples, univariate analysis showed a positive correlation between

maspin expression and SCC ( p < 0.0001).

No correlation with stage of disease or lymph nodes involvement was noted,

while an association with smoking history was documented. A higher cytoplasmic

maspin expression was observed in smokers than in nonsmokers or former smokers

( p = 0.0041), while no differences were evident in nuclear expression. Nuclear

expression of maspin was also found to be an independent prognostic factor.

Interestingly, a statistically significant longer overall survival was present in

patients with higher as compared with lower expression of nuclear maspin

( p = 0.0098) and a significant poorer overall survival was observed in patients

with a higher intensity of cytoplasmic staining ( p = 0.024). Similarly, significant

results were obtained in the different histotypes. In particular, a longer overall

survival was showed in patients with higher versus lower nuclear maspin expres-

sion both in AC ( p = 0.012) and in SCC ( p = 0.0095) (Berardi et al. 2012).

In another recent study, Wu et al. examined maspin expression in NSCLC and its

relationship to vasculogenic mimicry (VM). A total of 160 NSCLC specimens were

analyzed. The loss of maspin expression correlated to the invasion and metastasis of

NSCLC, and a positive relationship to VM in NSCLC was demonstrated

( p < 0.05) (Wu et al. 2012; Table 1).

Again, Nakagawa et al., Katakura et al., and Takanami et al. showed that

enhanced maspin expression was a significant and an independent factor in

predicting a favorable prognosis in lung SCC. In particular Nakagawa et al. studied

maspin expression alongwith intratumoralmicrovessel density, proliferative activity

and p53 status in 210 consecutive patients with stage I–IIIA NSCLC. The incidence

of strong maspin expression was significantly higher in SCC (p < 0.001) than in

other histological types. The incidence of aberrant expression of p53 was signifi-

cantly higher in maspin-strong than in maspin-weak tumors (p = 0.005). Univariate

analysis showed that enhanced maspin expression was a significant factor in

predicting a favorable prognosis in SCC patients, (5-year survival rates, 70.1 % for

maspin-strong tumors and 41.5 % for maspin-weak tumors; p = 0.014), which was

confirmed in a multivariate analysis ( p = 0.032) (Nakagawa et al. 2006).
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Moreover, Katakura et al. examined 55 resected NSCLC patients. Maspin

expression in SCC was significantly higher than that in AC ( p = 0.011). Univariate

and multivariate analysis confirmed that a high maspin expression was an indepen-

dent and significant factor to predict a favorable overall survival ( p = 0.042 and

p = 0.031, respectively) (Katakura et al. 2006).

Takanami et al. investigated maspin expression in 181 patients with curatively

resected NSCLC to determine maspin correlation with the microvessel density

(MVD) level and prognosis. In SCC, there was no significant difference between

maspin expression status and MVD, but strong maspin expression was an indepen-

dent factor in predicting a favorable prognosis in SCC patients ( p = 0.01)

(Takanami et al. 2008; Tables 2 and 3).

Finally, some studies showed that maspin inhibits survival by inactivating Akt

phosphorylation, and this could influence the response to cell death in lung cancer

cells. The activating transcription factor 2, also known as ATF2, linked to

transactivator domains was able to demethylate the maspin promoter. Consistently,

co-treatment of ATF-transduced cells with methyltransferase inhibitors enhanced

maspin expression as well as induction of tumor cell apoptosis.

Therefore, lung cancer cells lacking maspin would be resistant to chemothera-

peutic drugs such as doxorubicin or etoposide, implying that treatment strategies

based on the level of maspin might improve the efficacy of these chemotherapeutic

drugs (Beltran and Blancafort 2011).

Methods

The specimens are usually formalin fixed. Histological sections are deparaffinized

and analyzed by immunohistochemistry, using standard streptavidin-biotin-perox-

idase techniques, with diaminobenzidine as the chromogen. Immunohistochemistry

is performed using different types of IHC Detection Systems and NCL-maspin

primary antibody.

All the neoplastic area presents in the slides is considered and both cytoplasmic

and nuclear stainings are evaluated. In some studies, for example, for the nuclear-

cytoplasmic staining, the cases are classified, according to the positive neoplastic

cells, as follows: negative (<5%), low positive (5–50%), and high positive (>50%).

Moreover, in the positive cases, the intensity of the staining was also considered and

subjectively scored by the two pathologists as 1+ (low), 2+ (medium), and 3+ (high).

Table 1 Maspin expression in normal lung tissue. This table lists maspin expression in normal

lung tissue and its correlation with microvessel density in the tumor, survival, stage, grading, and

presence of lymph node metastasis

Authors N. patients Maspin expression Prognostic implications

Wu

et al. (2012)

20 normal

tissue

51.9 % negative

maspin

Negative maspin = higher vasculogenic

mimicry and microvessel density, lower

OS, high stage, high grade, lymph node

metastasis
100 % positive

maspin
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Table 2 Maspin expression in different lung cancer histotypes. This table lists maspin expression

in different lung cancer histotypes and its prognostic implications, according to several studies. In

particular in squamous cell carcinoma (SCC), in adenocarcinoma (AC), in non-small cell lung

cancer (NSCLC), and small cell lung cancer (SCLC)

Authors N. patients Maspin expression Prognostic implications

Lonardo

et al. (2006)

46 SCC 100 % positive maspin Positive maspin = almost

exclusively nuclear position

77 AC 93.5 % positive

maspin

Positive nuclear maspin in

SCC = low grade, low proliferative

rate, absence of invasion, negative

p53 vs. nuclear-cytoplasmic position

Nakagawa

et al. (2006)

210

NSCLC

73.7 % positive

maspin in SCC

Positive maspin = 70.1 % 5-year OS

26.3 % negative

maspin in SCC

Negative maspin = 41.5 % 5-year

OS

Woenckhaus

et al. (2007)

487 tissue

microarrays

72.3 % positive

maspin

Positive nuclear maspin = 63.9 %

SCC, 16.9 % AC

65.3 % positive

nucleus

Positive cytoplasmic maspin = 78.2

% SCC, 6.8 % AC

37.8 % positive

cytoplasm

Takanami

et al. (2008)

181

NSCLC

40.8 % positive

maspin

Positive maspin in SCC = 52.2 %

5-year OS

65.7 % positive

maspin in SCC

Negative maspin in SCC = 24 % OS

5-year OS

34.3 % negative

maspin in SCC

22.8 % positive

maspin in AC

59.2 % negative

maspin

Frey

et al. (2009)

80 AC 93.7 % positive

maspin

Positive nuclear maspin = 36.6 %

proliferative rate, stage I OS:

87.7 � 6.9 months, 42.5 %moderate

and poor differentiation, 25.5 % p53

+, 4.2 % high VEGF

62.6 % positive

nucleus

37.3 % positive

cytoplasm – nucleus

Positive cytoplasmic maspin = 56.9

% proliferative rate, stage I OS:

58.7 � 6.5 months, 71.4 %moderate

and poor differentiation, 53.5 % p53

+, 39.2 % high VEGF

Bircan

et al. (2010)

28 SCC 89.3 % positive

maspin

18 AC 77.8 % positive

maspin

17 SCLC 52.9 % positive

maspin
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Instead, in other works, maspin immunoreactivity was defined as positive if at least

10 % of tumor cells showed at least moderate staining intensity. The cutoff value of

10 % was chosen for categorization of cytoplasmic and nuclear maspin expression.

It is important to notice that the nuclear expression is an important objective

parameter, while the cytoplasmic maspin expression depends more on the pathol-

ogist’s reading.

Another way to study maspin expression, in particular its mRNA levels, is

represented by quantitative real-time PCR (qRT-PCR) or reverse transcription PCR.

Protein expression and cellular localization were analyzed by immunofluorescence.

Conclusion

Although maspin expression correlates to favorable prognosis in lung cancer,

especially in SCC, further studies are warranted for defining its role and its

therapeutic implications. To this objective could be used, in future studies, both

techniques PCR and IHC. The IHC could be used as a standardized method to

assess the degree of expression, and intracellular localization of maspin and pCR

Table 3 Maspin expression in lung cancer. This table shows maspin expression in non-small cell

lung cancer (NSCLC) in unselected patient populations and its prognostic implications in terms of

survival, tumor stage, grading, and presence of lymph node metastasis

Authors N. patients Maspin expression Prognostic implications

Hirai

et al. (2005)

112

NSCLC

55.3 % positive

maspin

Positive maspin = 77.8 % positive

cytoplasm stage III and 36.2 %

positive cytoplasm stage I44.7 % negative

maspin

Katakura

et al. (2006)

55

NSCLC

Not found Positive maspin = 67.7 % 5-year OS

Negative maspin = 41.4 % 5-year

OS

Berardi

et al. (2012)

439

NSCLC

85.6 % positive

maspin

Positive maspin = longer OS

22.8 % positive

nucleus

Positive nuclear

maspin = independent prognostic

factor

44 % positive

cytoplasm

Positive cytoplasmic

maspin = especially smokers, lower

OS than nuclear position

14.4 % negative

maspin

Negative maspin = lower OS

Wu et al. (2012) 160

NSCLC

48.1 % positive

maspin

Positive maspin = lower

vasculogenic mimicry and

microvessel density, longer OS, low

stage, low grade, low lymph node

metastasis
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might serve to identify if the presence of epigenetic alterations may explain

conflicting results. In addition, the predominance of maspin expression in NSCLC

with squamous histology can stimulate a discussion in the field of molecular biology

on the phenotypic and genotypic characteristics of this particular disease.

Summary Points

1. Maspin is a member of the serine protease inhibitor/non-inhibitor superfamily

(serpin).

2. Maspin promotes tumor invasion and/or metastasis through degradation

of ECM.

3. Maspin is a marker for stratifying the prognosis of different subtypes of lung

cancer and, possibly, predicting the effectiveness of lung cancer therapy.

4. Maspin has been found significantly expressed in primary lung cancer samples

and in particular it is higher in squamous cell lung cancer.

5. Enhanced maspin expression was a significant and independent factor in

predicting a favorable prognosis in lung squamous cell carcinoma.
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Abstract

WHO classification of tumors of the central nervous system (CNS) is the

standard basis for brain cancer diagnosis. It is primarily based on histopatholog-

ical findings and some parameters such as frequency of mitotic malignant cells

and existence of necrosis, providing a guideline for treatments of patients.
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Gliomas, the most frequently occurring brain tumor group, are particularly

heterogeneous, showing a variety of cellular morphologies, molecular aberra-

tions, and biological behavior. This fact has driven intensive investigations on

searching for biomarkers for better stratification of gliomas and has resulted in

the discovery of specific expression of the leucine-rich repeat-containing G-

protein-coupled receptor 5 (LGR5) in multiple adult tissue stem cells. This is

particularly relevant, as tumors with a low level of differentiation are associated

with especially poor prognosis. Although inadequate choices of therapeutics for

glioma patients currently make biomarkers’ utility for glioma patients limited,

recent advances are shedding light not only on the heterogeneity of glioma

tumors within and across the subtypes, but also on the heterogeneity between

malignant cells within the individual tumors.

List of Abbreviations

AP1 Activator Protein 1

ChIP Chromatin Immunoprecipitation

CIC Capicua Transcriptional Repressor

CNS Central Nervous System

EMSA Electrophoretic Mobility Shift Assay

EPHA2 Ephrin Type-A Receptor 2

G-CIMP Glioma-CpG Island Methylator Phenotype

GSC Glioblastoma Stem Cell

IDH Isocitrate Dehydrogenase

L1CAM L1 Cell Adhesion Molecule

LGR5 Leucine-Rich Repeat-Containing G-Protein-Coupled Receptor 5

LHX2 LIM Homeobox 2

LOH Loss of Heterozygosity

MAPK Mitogen-Activated Protein Kinase

MGMT O6-Methylguanine-DNA Methyltransferase

PFKFB4 Fructose-2,6-biphosphatase 4

PFS Progression-Free Survival

RB Retinoblastoma

RNAi RNA Interference

WHO World Health Organization

Key Facts of Brain Cancer

– There are over 130 types of brain tumor listed by WHO.

– The most common type of primary brain tumor is glioma.

– Symptoms of brain cancer include headaches, nausea, seizures, personality

changes, visual problems, memory loss, and speech disturbances.

– Brain cancer is the number 2 cancer killer of children and young adults (after

leukemia).

362 S. Nakata et al.



– The 5-year survival rate for adult patients with (malignant) brain cancer is

around 10 %.

– Brain cancer is usually treated by surgical resection, radiation therapy, chemo-

therapy, or a combination of these.

Definitions of Words and Terms

Tumor Heterogeneity Cellular differences within a single tumor due to variations

in cell lineage.

Epigenetics The study of changes in gene expression caused by mechanisms other

than changes in the underlying DNA sequence. Examples include promoter meth-

ylation and histone modification.

Next-Generation Sequencing Modern method of high-throughput DNA sequenc-

ing which has allowed the sequencing of cancer genomes and helped identify many

important mutations.

Chemotherapy Classical cancer therapy involving delivery of chemical agents

that target highly proliferating cells by inducing DNA damage.

Progression-Free Survival The length of time during and after treatment during

which the disease does not get worse. Usually spans from the date of diagnosis until

recurrence, second malignancy, or death.

CpG Island Areas of DNA with high content of adjacent cytosine and guanine

bases. Can be modified by methylation in glioma to give the glioma-CpG island

methylator phenotype.

Cancer Stem Cells Tumor cells reminiscent of normal stem cells in terms of the

cardinal stem cell properties of self-renewal capacity and ability to generate

differentiated daughter cells. Seem to play a major role in driving tumor growth

and recurrence in glioma.

Tissue Microarray Array assembly of hundreds of tissue cores in paraffin blocks

which allows multiplex histological analysis.

Loss of Heterozygosity Occurs when one allele is lost by a deletion mutation, or a

chromosome is lost from a chromosome pair, resulting in abnormal hemizygosity.

Transplantation Assay In vivo assay carried out by transplanting increasingly

diluted single-cell preparations to measure stem cell (tumor-initiating cell)

frequency.
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Tumor Sphere Culture System Tumor stem cells from organs including the

breast, colon, and brain can be grown in suspension culture in a serum-free

medium, supplemented with growth factors. Under these conditions, tumor

spheres are formed, small cell clusters containing tumor stem cells and some of

their progeny.

Tumor Microenvironment This is the cellular environment surrounding a tumor,

including immune cells, blood vessels, stromal cells, extracellular matrix, and

signaling molecules. The composition of this microenvironment can affect the

fate of the tumor, and in turn, the tumor can influence its microenvironment by

exerting certain signals.

Wnt Pathway Signal transduction pathway which regulates key aspects of cell

fate determination, cell polarity, organogenesis, neural patterning, and cell migra-

tion during embryonic development. Also plays a role in carcinogenesis.

Chromatin Immunoprecipitation Analysis A technique to determine the DNA

binding site of a particular protein based on crosslinking the protein of interest to

chromatin and sequencing the bound DNA fragment.

Electrophoretic Mobility Shift Assay A gel retardation assay used to determine

whether a protein can bind a given DNA/RNA sequence. If the protein binds, the

nucleic acid migrates much more slowly in an agarose gel, resulting in a “band

shift.”

Introduction

The World Health Organization (WHO) classification of tumors of the central

nervous system (CNS) currently provides the most important basis for differential

diagnosis of CNS tumors and subsequent clinical decisions about treatment (Louis

et al. 2007). It is primarily based on histopathological findings and various param-

eters such as frequency of mitosis and existence of necrosis, providing a guideline

for treatment. This process involves estimating the tumor cell of origin based on the

cell morphology and tissue structure that the tumor actually resembles. Glial tumors

are very heterogeneous in terms of cell morphology and molecular basis. Despite

the established WHO classification system, some CNS tumor cases have had very

different outcomes than what was expected according to the classification. There-

fore, intensive effort has gone into identifying certain molecular makers, which

could improve tumor diagnosis and classification and allow optimization of treat-

ment for each patient (Weller et al. 2013). Our understanding of biomarkers in

tumors in the CNS is dramatically changing. This is mainly due to the major

progress made in the following three areas.

Firstly, progress made in CNS tumor genetics has provided a wealth of infor-

mation on gene mutations, copy number aberrations, and epigenetics found in
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patients’ tumors. For instance, intensive investigations on 1p/19q codeletion,

MGMT promoter methylation, and IDH1/2 mutation have had a major impact on

the stratification of glioma cases (Watanabe et al. 2009; Weller et al. 2012; Yip

et al. 2012). Furthermore, the development of global high-throughput analysis,

including next-generation sequencing, has helped to identify molecular aberrations

accumulated in tumor cells. Global expression profiling allows the stratification of

cases according to global expression pattern rather than one or a few molecular

markers (Verhaak et al. 2010; Sturm et al. 2012).

Secondly, genetically modified glioma mouse models have provided informa-

tion on concrete gene sets that can induce gliomagenesis in vivo and formed the

basis for the tumor subtyping according to aberrant genetics that contribute to the

carcinogenesis (Holland et al. 2000; Alcantara Llaguno et al. 2009).

Finally, developments in developmental biology technology have deepened our

understanding on the process of development and homeostasis generated from

tissue stem cells. This has led to identification of stem cell-related and regulating

genes as biomarkers for the stratification of the gliomas. Today, the established

databases of glioma cohorts with clinical information in the public platform facil-

itate rapid feedback from the identification of these biomarkers, indicating their

impacts on the patients’ outcomes. However, the actual clinical use of biomarkers is

still limited. One recently discovered biomarker is LGR5, which is specifically

expressed in multiple adult tissue stem cells and correlates with prognosis in

glioma.

Molecular Biology of Glioma

Classification of Glioma

A comprehensive review by David Louis provides an excellent overview of the

most recent edition of the CNS tumor WHO classification system (Louis

et al. 2007). Here we describe the classification of the main types of glioma

(Fig. 1). As stated above, the WHO classification of gliomas is predominantly

based on the cytogenetic origin of the tumor cells, coupled with the grade of

malignancy. The predominant cell type and the pathological features in glioma

are mainly determined by light microscopy and immunohistochemistry. Astrocytes

are supportive glial cells with essential functions in synaptic transmission and

information processing by neuronal circuit functions (Sofroniew and Vinters

2010). Tumors of astrocytic origin include diffuse pilocytic astrocytoma, astrocy-

toma, anaplastic astrocytoma, and glioblastoma. Tumors arising from oligodendro-

cytes, the myelinating cells of the CNS, include oligodendroglioma and anaplastic

oligodendroglioma. Such tumors sometimes have areas which resemble the astro-

cytic tumors and are hence known as oligoastrocytomas. Ependymal cells, which

form the lining of the ventricles in the brain, can give rise to the ependymomas.

These include subependymoma, myxopapillary ependymoma, ependymoma, and

anaplastic ependymoma.
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Established Biomarkers in Glioma

1p19q Deletion
In oligodendroglial tumors, patients with codeletion of chromosome 1p and 19q

have a relatively favorable outcome, making this chromosomal aberration one of

the most important molecular markers for optimizing therapy. A recent study

showed that 1p/19q codeletion results in the loss of heterozygosity (LOH) of the

gene CIC, a potential inhibitory regulator of Ras/MAPK pathway. This mutation

has a high incidence (53–83 %) in 1p/19q codeleted oligodendroglioma cases and

suggests that CIC could be a tumor suppressor gene targeted by the codeletion

(Bettegowda et al. 2011; Sahm et al. 2012; Yip et al. 2012).

MGMT Methylation
DNA alkylating agents such as nitrosourea or temozolomide are standard chemo-

therapeutic drugs that are commonly used for glioma patients. These agents exert

antitumor activities by inducing guanine alkylation of genomic DNA. For more

than a decade, the O6-methylguanine-DNA methyltransferase gene (MGMT),

which removes alkylation from guanine, has been recognized as a strong prognostic

biomarker for glioma patients. Expression levels of MGMT are predominantly

Astrocytes

Oligodendrocytes

Ependymal Cells

Astrocytic Tumors

Oligodendroglial Tumors

Ependymal Tumors

Anaplastic astrocytoma

Glioblastoma

Diffuse astrocytoma

Pilocytic astrocytoma

Anaplastic oligodendroglioma

Oligodendroglioma

Ependymoma

Myxopapilliary ependymoma

Subependymoma

Anaplastic ependymoma

Anaplastic oligoastrocytoma

Oligoastrocytoma
Oligoastrocytic Tumors

Grade I
Grade II
Grade III
Grade IV

Fig. 1 WHO classification of glioma. The WHO classification of glioma divides the tumors into

astrocytoma, oligodendroglioma, oligoastrocytoma, and ependymoma, depending on their cyto-

genetic origin. Within each subgroup, tumors are split into four different grades: I (green),
II (yellow), III (orange), and IV (red)

366 S. Nakata et al.



regulated via the methylation status of the promoter region. Patients with MGMT

promoter methylation show better outcome represented by progression-free sur-

vival (PFS) from chemotherapy with temozolomide, while patients without meth-

ylation benefit more from radiation therapy. In some glioma cases, broad CpG

islands throughout the genome are modified with methylation, which is known as

the glioma-CpG island methylator phenotype (G-CIMP). Glioma cases with

G-CIMP usually display MGMT promoter methylation, meaning MGMT

promoter-methylated glioma might be part of the G-CIMP-positive group of

glioma.

IDH1/2 Mutation
IDH mutations are present in both astrocytic and oligodendrocytic tumors. It seems

that this gene aberration is an early event in tumorigenesis, with subsequent loss of

1p19q leading to oligodendrocytic differentiation and subsequent mutations in p53

leading to astrocytic differentiation (Watanabe et al. 2009). IDH-mutated gliomas

often show G-CIMP, unlike gliomas with wild-type IDH. This is because the

molecular function of IDH is directly related to CpG methylation, mediated by

increased levels of 2-hydroxyglutarate (Turcan et al. 2012). Most importantly, IDH

mutation status has been shown to be a better indicator of prognosis than histo-

pathological classification, with IDH-mutated glioblastomaWHO grade IV patients

doing better than IDH-wild-type anaplastic astrocytoma grade III patients. Hence,

IDH-mutated gliomas are now thought to represent a distinct group of

gliomagenesis, regardless of histomorphological features, i.e., direction of differ-

entiation. This finding indicates that molecular profiling probably reflects the

process of carcinogenesis and can potentially reveal biomarkers for patients’

benefit.

Glioblastoma

Glioblastoma is the highest-grade glioma and is associated with extremely poor

prognosis. The mean survival after diagnosis is in the range of 1 year, despite

aggressive multimodal treatment (Stupp et al. 2007). Most glioblastoma arise de

novo (primary glioblastoma), without detection of an antecedent tumor, although

some glioblastoma progress from lower-grade gliomas (secondary glioblastoma).

These two types of glioma have marked molecular differences, most notably in

IDH1 mutation status, which occurs almost exclusively in secondary glioblastoma

(Parsons et al. 2008). Intensive studies are underway to improve glioblastoma

therapy, and the theme of personalized therapy is emerging as a crucial factor for

achieving this goal. Major advances in high-throughput technology in the last

decade have facilitated large-scale projects for integrated analysis of genomic or

all exon sequencing, global gene expression profiling, and genomic copy number

analysis on large cohorts of glioma tumors. Such techniques have the potential to

identify all molecular aberrations accumulated in glioma tumors, which include

candidates for therapeutic molecular targets. Of note, the tyrosine kinase receptor
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signaling pathway involving the Ras/PI3K/Akt axis, p53 pathway, and RB pathway

have been found to be the major pathways that comprise the central targets for

glioblastoma pathogenesis (TCGA Research Network 2008). Furthermore,

Verhaak and colleagues were able to stratify glioblastoma into four groups:

proneural, classical, mesenchymal, and neural, based on PDGFRA/IDH1, EGFR,

and NF1 genomic abnormalities. It was shown that patient response to aggressive

therapy differs by subtype (Verhaak et al. 2010). In addition, Sturm and colleagues

stratified glioblastoma based on epigenetic modifications, which revealed six sub-

groups. Two of these are specific to pediatric glioblastoma, involving histone

modifications. The other four subgroups were designated IDH, RTKI, mesenchy-

mal, and RTKII and largely correlate with the grouping described by Verhaak and

colleagues (Sturm et al. 2012). Studies such as these highlight the importance of

markers for achieving the most effective tumor therapy. As described in this

chapter, LGR5 has recently emerged as a promising marker for glioblastoma,

which could greatly impact the efficacy of therapy for particular patients.

The Cancer Stem Cell Model

Theoretically there are three models used to describe cellular heterogeneity in a

tumor. A traditional view is demonstrated by the stochastic model, which states that

every cell in the population has the same potential to form tumors (Fig. 2a). More

recently, a more complex model has been proposed, which suggests the existence of

one or several subpopulations of cells within a tumor, which are capable of self-

renewal and therefore have high tumor-initiating potential. Such populations could

have variable genetic and epigenetic makeup: genetic mutations may enable the

formation of completely new cell populations, whereas epigenetic changes could

allow the formation of progeny with limited fate (Fig. 2b). Much evidence has been

gathered in the last decade to support the existence of a small subpopulation of

cancer cells that are capable of self-renewal and tumor initiation, as described in the

aforementioned complex model. These are known as cancer stem cells. The first

evidence for their existence was provided in hematological cancer (Lapidot

et al. 1994; Bonnet and Dick 1997) and later extended to other solid tumors.

Glioblastoma stem cells (GSCs) were identified and isolated around 10 years ago

(Singh et al. 2003). Cancer stem cells are defined by their capabilities for self-

renewal and differentiation. Technically, these characteristics have been demon-

strated by transplantation assay using immunocompromised mice, combined with

enrichment of the stem cell population via cell-surface marker expression. An

example of a brain cancer stem cell marker is LGR5, which is described in detail

in the next section.

Histopathological diagnosis in most cancer entities, including brain cancer, has

shown that less-differentiated tumors are more aggressive, often with a rapid

growth phenotype, and consequently result in poor prognosis. Clinical experience

has also shown that tumors which have fewer cells with morphological features of

normal terminally differentiated cells are more difficult to treat. In line with this,
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GSCs have been shown to be particularly resistant to both chemo- and radiotherapy

(Bao et al. 2006a, b); in this way they could be considered to be responsible for

patient relapse. Targeting GSCs should cause the tumor to lose its ability to

generate new cells, leading to complete tumor degeneration.

LGR5: A Potential Tumor Prognosis Marker

Structure and Function

One of the milestones in the field of the adult tissue stem cell research in recent

years has been the discovery of specific expression of the leucine-rich repeat-

containing G-protein-coupled receptor 5 (LGR5) in multiple adult tissue stem cells.

LGR5, also known as GPR49, is a member of the largest family of cell-surface

molecules involved in signaling, the G-protein-coupled receptors (GPCRs).

LGR5 is ~144 kb long and is located on chromosome 12 at position 12q22-q23. It

encodes a protein that harbors seven transmembrane domains (Fig. 3), and experi-

mental evidence shows that the mature receptor protein contains up to 17 leucine-

rich repeats, each composed of 24 amino acids. For several years, the exact

molecular function and the ligand of LGR5 were unknown. Indeed, LGR4, LGR5,

and LGR6 were considered to be “orphan” receptors. Recently, however, several

groups have identified the R-spondins, soluble protein modulators of the canonical

Wnt/β-catenin signaling pathway, as ligands for LGR5 (Carmon et al. 2011; de Lau

et al. 2011; Glinka et al. 2011). After binding R-spondin, LGR5 forms a protein

Self-renewal

a

b

Fig. 2 Models of tumor heterogeneity. (a) The clonal evolution model, also known as stochastic

model, postulates that all tumor cells are equally tumorigenic. Tumor heterogeneity is achieved

through genetic and/or epigenetic alterations (indicated by a flash). (b) In the cancer stem cell

model of tumor growth, only a subset of tumor cells, the so-called cancer stem cells (in orange),
has the ability to self-renew and to give rise to progenitors with limited proliferative potential,

which are able to differentiate. In addition, epigenetic changes potentially due to microenviron-

mental factors can influence the tumor cell phenotype and function (indicated by flashes)
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complex with Frizzled–LRP5/6, which positively regulates Wnt signaling (Fig. 4).

Moreover, LGR5 was identified as a downstream target gene of the Wnt pathway

that is regulated in a Tcf4-dependent manner (Barker et al. 2007).

A lineage-tracing technique using Lgr5 promoter activity in transgenic mouse

models proved the existence of Lgr5+ve stem cells in several adult tissues, such as

the intestine, colon, stomach, hair follicle, cochlea, and tongue epithelium. In these

tissues, it was shown that Lgr5+ve stem cells are maintained over a long period of

time and substantially generate all of the lineage cells in the tissue.

It is now broadly accepted that the R-spondin–Lgr5 complex functions as a Wnt

pathway modulator, probably forming a positive feedback loop for the Wnt path-

way in the stem cell compartment.

To date, several regulatory mechanisms for LGR5 expression have been identi-

fied, depending on the cellular context. In the intestine, Ascl2, a basic

Exon 1 (1-70) Exon 2-17 (71-545) Exon 18 (546-907)

Signal
Peptide

Leucine-Rich-Repeat Region Transmembrane Domain

N-Terminal

Fig. 3 Scheme depicting the structure of the LGR5 protein. Numbers indicate amino acid length

of the different exons within the protein

Degradation 

LRP

LGR5 Frizzled

Wnt target genes 

WntR-spondin

Stabilization 

a b

β-catenin 
β-catenin 

β-catenin β-catenin 

β-catenin 

P 

P 

P

Fig. 4 (a) On the absence of a ligand, β-catenin is marked for degradation by phosphorylation. (b)
Upon R-spondin binding, LGR5 recruits the LRP–Frizzled receptor complex, which binds to Wnt

ligands, leading to the phosphorylation of LRP (Lipoprotein receptor-related proteins). β-catenin is
then stabilized and can accumulate and, ultimately, translocates into the nucleus (Based on

Birchmeier (2011), by permission of Wiley Publishers)
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helix–loop–helix transcription factor that binds to the Lgr5 promoter and which is

indispensible for maintenance of intestinal stem cells, exhibits a restricted expres-

sion pattern in the stem cell compartment (van der Flier et al. 2009). Inhibition of

proto-oncogene c-Jun, a member of the AP1 signaling pathway, decreases Lgr5

expression in intestinal stem cells, together with Wnt pathway target genes (Sancho

et al. 2009). Indeed, c-Jun binds to an intronic region of the Lgr5 gene locus

and transactivates Lgr5 expression when phosphorylation-mediated activation of

AP1 signaling occurs (Aguilera et al. 2011). This indicates that Lgr5 expression is

regulated by cross talk of Wnt and AP1 signaling pathways in intestinal stem cells.

In hair follicle progenitor cells, the Lim-homeodomain transcription factor

Lhx2 binds to the Lgr5 promoter, as shown by ChIP analysis, and negatively

regulates its expression (Mardaryev et al. 2011). GATA6 is one of the transcription

factors that binds to Lgr5 promoter, as demonstrated by cell-based EMSA.

In parallel, modulation of GATA6 expression results in the regulation of Lgr5

expression. This phenomenon was supported by the demonstration that GATA6 and

Lgr5 are co-localized in chondrogenesis in mouse embryos (Alexandrovich

et al. 2008).

LGR5 in Cancer

The new model of tumorigenesis suggesting the existence of a small subpopulation

of cells uniquely capable of generating tumors led to the reconsideration of known

stem cell markers in the context of tumor biology.

In that respect, many recent studies have shown the importance of the molecular

function of LGR5 in several solid tumors and its use as a biomarker.

In adenoma cells, a Wnt pathway enhancer, prostaglandin E2, increases LGR5

protein but not mRNA levels independently of β-catenin, indicating the existence of
posttranslational regulation of LGR5 protein expression and conditional regulation

of LGR5 rather than a function in a stem cell context (Al-Kharusi et al. 2013).

Interestingly, it has been shown that LGR5 expression can be epigenetically regu-

lated and that methylation of its promoter causes repression of LGR5 expression in

some colon cancer cells (de Sousa et al. 2011). In other cellular contexts, inhibition

and activation of the Sonic-hedgehog signaling pathway are capable of modulating

LGR5 expression in basal cell carcinoma cells, a SHH-related skin cancer entity

(Tanese et al. 2008).

However, in colon cancer cells, LGR5 could function as negative regulator of

the Wnt pathway, which is contradictory to findings in intestinal stem cells (Walker

et al. 2011).

LGR5 in Glioma

LGR5 is expressed in the cancer stem cell fractions of glioblastoma and breast

cancer. Interestingly, various lines of spheroid culture derived from breast
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(Oskarsson et al. 2011), colorectal (Vermeulen et al. 2008), and glioblastoma

(Nakata et al. 2013) tumors exhibit high expression of the LGR5 gene. This suggests
that tumorsphere cultures might be particularly suitable for the study of tumor cell

behaviors that are driven by developmental signaling pathways such as the Wnt

pathway. It was recently reported that in independent lines of neurosphere culture

derived from glioblastoma, inhibition of LGR5 gene expression caused significant

programmed cell death, resulting in the exhaustion of the neurospheres (Mao

et al. 2013; Nakata et al. 2013). In parallel to the induction of apoptosis, several

stemness-related genes, developmental signaling pathway-related genes (including

the Wnt and Sonic-hedgehog pathways), and cell cycle regulatory genes (such as

L1CAM, FZD3, PATCH1, and CDKN1B) were significantly modulated (Nakata

et al. 2013). Interestingly, inhibition of LGR5 causes a decrease in PFKFB4
expression, which was recently identified as an indispensable gene for the glioblas-

toma stem-like cell fraction (Goidts et al. 2012). PFKFB4 mediates the process of

glycolysis in cells that are adapted to hypoxic conditions. This might suggest that

deficiency of LGR5 leads to improper adaptation to the hypoxic microenvironment.

Potential Applications in Prognosis and Other Diseases or
Conditions

On the basis of its specific expression in stem cell fractions, LGR5 was used to

enrich the cancer stem cell fraction in colorectal cancer (Kemper et al. 2012) and

also proved to be a good prognosis marker for glioma patients (Nakata et al. 2013).

However, the immunolabeling-based detection of proteins is subject to many

technical issues. Indeed, reproducibility of the results might be impaired due to

variable methods for fixation, subjective interpretation of results, and limitation of

sampling area. It is therefore essential to standardize the methods used and to

increase the number of samples. In that respect, tissue microarrays containing

multiple samples from each tumor have proven to be a useful and powerful tool

to detect protein expression in hundreds of tissue samples under identical fixation

and staining conditions. Establishment and preparation of large-scale tissue

microarrays coupled with clinical information, including patients’ outcome, require

a lot of effort from many scientists and a great deal of resources. The tissue-based

evaluation of molecules has the important advantage of availability of information

on intercellular heterogeneity within tumor tissues. Indeed, information from

genome-wide gene expression profiling of tumors is based on the assumption that

an abundant gene product should play a more important biological role and reflects

an average of the region sampled, losing information on intercellular heterogeneity.

Therefore it is possible that lowly expressed but important players are missed in the

process of the high-throughput exploration, particularly in the context of the cancer

stem cell model. To facilitate more efficient feedback from accumulating evidence

on potential biomarkers for clinical applications generated in basic cancer research,

multiinstitutional collaborations to reserve controlled tumor specimens that can

be partially used for tissue microarray preparation would be very important.
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Fig. 5 (a) Representative immunohistochemistry staining of LGR5 on tissue microarrays from

glioblastoma patients. (b) Kaplan–Meier analysis showing the significant association of LGR5

expression with overall survival rate in all glioma tumors. Low- and high-expression groups were
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In addition, automatic image scanning systems for a large area of array slides for

evaluation of tissue microarray results are also necessary to ensure identical

conditions upon signal capture.

A further caveat in the study of biomarkers on tissue microarrays is the avail-

ability of suitable antibodies for immunohistochemistry. Hence, it is of utmost

importance to have reliable positive and negative controls.

For the establishment of LGR5 staining in glioma, the antibodies against LGR5

were controlled with human normal small intestine tissues as a positive control, and

shRNA-mediated knockdown cells as a negative control. In addition, identical

staining patterns with two independent antibodies targeting different epitopes of

the LGR5 protein were confirmed (Ernst et al. 2011; Nakata et al. 2013).

LGR5 expression analysis shows that a higher proportion of LGR5+ve cells in

glioma tissues correlates with poor outcome for glioma patients. The tissue

microarray-based immunostaining of a large cohort of nearly 300 glioma cases

demonstrated that LGR5 expression in glioma tissue shows typically four types of

pattern (Fig. 5 and Table 1). Firstly, there are cases in which LGR5 signal is not

detected at all. These cases suggest that some gliomas are independent of LGR5 and

driven by LGR5-ve cancer stem cells. Secondly, in some cases, only a few LGR5+ve

cells are scattered between the abundant LGR5-ve cells. In these cases, each

LGR5+ve cell often resides solely as a single cell. These two types of pattern are

considered as LGR5-low cases. The third pattern of LGR5 expression markedly

exhibits clusters of LGR5+ve cells, often gathered around blood vessels and dam-

aged necrotic tissue. Over 10 % of the tumor cells are LGR5+ve but accompanied

with considerable number of negative cells. The fourth pattern is that the vast

majority of tumor cells (over 70 %) are strongly LGR5+ve. Only approximately

3 % of glioma cases displayed the fourth pattern of LGR5 expression. These nine

cases were all grade IV glioblastoma, which is in line with the idea that expression

of LGR5 is increased in higher-grade glioma cases. No distinct clinical parameters

characterizing these rare cases specifically could be identified, probably due to an

inadequate number of cases.

It has recently been reported that LGR5 immunoreactivity on glioma tissues

correlates with WHO tumor grades, and LGR5 knockdown in established glioma

cell lines blocks formation of tumor spheres and in vivo xenograft formation (Wang

et al. 2014). The adverse effect of the LGR5 gene expression in glioma tumor cases

is also supported by other cancer entities including colon, gastric, and skin cancers.

In colon cancer cells, expression of LGR5 correlates with poor prognosis

(Wu et al. 2012).

�

Fig. 5 (continued) separated according to the strength of the staining. Score 1 and 2 were grouped
and considered as low expression. Score 3 and 4 represented the sections with a high LGR5 protein
expression. (c) Kaplan–Meier analysis showing the association of LGR5 expression with overall

survival in patients with glioblastoma grade IV (Reproduced from Nakata et al. (2013) by

permission of Wiley Publishers)
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Conclusion

Glioma is a very heterogeneous tumor entity. The borders of each subtype in the

WHO classification are very unclear. Although histopathology-based classification

is very useful for the categorization of clinical cases, there are accumulating findings

indicating that molecular basis should be considered for the stratification of cases.

An emerging large body of evidence indicates that stem cell-related genes, such

as LGR5, are promising biomarkers for the stratification of glioma cases. In order to

establish their use in the clinic, it is necessary to reproducibly and stably show a

stem cell-related gene product at the protein level. It would be more meaningful if

expression analysis of stem cell marker genes on tissue-based detection could be

integrated with next-generation sequencing, global expression profiling, and copy

number aberration analysis data, together with 1p/19q codeletion, MGMT promoter

methylation, and IDH1/2 mutation in the same large cohort. Currently, inadequate

therapeutic choice renders biomarkers in glioma of limited use for actually benefit-

ing glioma patients. Therefore, it is important that large-scale analyses should also

be carried out intensively in low-grade gliomas, aiming at extracting patients who

should undergo intensive therapy. In addition to secondary glioblastoma, since it is

relatively difficult to collect a large number of cases with defined clinical history for

low-grade glioma, multiinstitutional studies in international collaborations are

strongly desired.

Summary Points

– Gliomas are tumors of the CNS which are traditionally classified based on the

cytogenetic origin into astrocytic, oligodendrocytic, and ependymal tumors.

– Certain genetic mutations and chromosomal aberrations have also proved useful

for glioma classification and prognosis, such as codeletion of 1p19q, MGMT

methylation, and IDH1/2 mutation.

– Advances in high-throughput technology have allowed further stratification

based on genetic and epigenetic aberrations, which often have prognostic effect

and facilitate the choice of therapy.

Table 1 Expression of LGR5 in human gliomas as determined by Tissue Microarray (TMA)

staining (Reproduced from Nakata et al. (2013) by permission of Wiley Publishers)

LGR5 expressiona

Clinical grading Low (%) High (%)

WHO grade II 87 13

WHO grade III 86 14

WHO grade IV 53 47

aLGR5 expression level of the tumor sections is defined as low when less than 10 % of the cells are

positive for LGR5 and as high when more than 10 % of the tumor section is positively stained
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– Gliomas are highly heterogeneous, and low differentiation has been shown to

correlate with poor prognosis.

– After their identification in the late 1990s, cancer stem cells are now believed to

have a major role in tumor recurrence due to their resistance to chemo- and

radiotherapy.

– Therefore it is of utmost importance to identify and target this population of

tumor cells, stressing the importance of cancer stem cell biomarker

identification.

– LGR5 is one such biomarker, being highly upregulated in cancer stem cells.

– LGR5 has huge potential as a glioma prognosis marker, although technical

issues surrounding immunolabeling-based detection of proteins must be

addressed.
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Abstract

This review discusses about identification and characterization of biomarkers in

brain cancer utilizing proteomic analysis which is a powerful tool for the discov-

ery of cancer molecular markers. Proteomic analysis allows the characterization

of proteins at pictogram level with mass spectrometry (MS) and changes in the

levels inherent to the pathophysiology of any cell type, tissue, or whole organism.

Protein markers identified by this approach could discriminate cancerous from
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normal cells. As demonstrated here, proteomic analysis may be efficiently used to

identify new indicators for the diagnosis and prognosis of cancer progression.

The 2D-DIGE method has been one of the mainstream technologies used for

proteomic investigations. In this method, proteins are separated in the first

dimension according to charge by isoelectric focusing, followed by separation

in the second dimension according to molecular weight, using polyacrylamide

gel electrophoresis. Using this approach, up to 1,000 protein spots could be

separated and visualized in a single experiment. Gels of different samples are

compared and analyzed using computer software, and differentially expressed

protein spots are then excised and identified using MS. In this manuscript, we

reviewed the relevance of biomarkers in brain cancers and cancer proteomics and

the possibility of application of 2D-DIGE-MS method in discovery of potential

biomarkers in brain cancers especially glioblastoma multiforme (GBM) which

has high rate of recurrence and resistance to chemotherapy.

Key Facts

For the early detection of brain cancer diagnosis, 2D-DIGE technology offers

promise. This technology is simple to use and shows high specificity and sensitiv-

ity, and proteomic biomarkers isolated using this technology may be useful in

diagnosis, treatment, and prognosis of brain tumors.

Definitions of Words and Terms

Biomarker A biomarker is a measurable substance in an organism whose levels

correlate with the initiation and/or progression of a disease or abnormal condition

due to exposure to abnormal conditions, infection, or other external stimuli.

Brain tumor A brain tumor is an intracranial solid neoplasm within the brain or

the central spinal canal.

Epigenetics Epigenetics is the study of inherited changes in gene expression

caused by mechanisms other than changes in DNA sequence.

2D-DIGE (Two-dimensional difference gel electrophoresis) Two-dimensional

difference gel electrophoresis is a technique to separate proteins first based on their

molecular weight (in one dimension) and then based on their isoelectric focusing

point (in the second dimension).

Methylation DNA methylation involves addition of a methyl group to the fifth

position of the pyrimidine cytosine, and this modification is inheritable.

Prognosis Prognosis is a prediction of the probable course and outcome of a

disease.

380 H.N. Banerjee and M. Verma



Proteomics Proteomics is a branch of biotechnology which involves application

of molecular biology technologies for analyzing the structure, function, and inter-

action of proteins produced by a cell or a group of cells of an organism.

RNAi RNA interference or RNAi is a system within living cells that involves

miRNA and siRNA activity, which helps to control which genes are active and how

active they are.

Tumor grade All gliomas, except GBM, range from well-differentiated tumors

(low grade) to anaplastic, which are, completely chaotic, undifferentiated (high

grade). High-grade tumors are more aggressive and are associated with lower

survival rates. In terms of surviving the disease, the grade of the tumor is the

most important feature.

Introduction

Brain tumors are a heterogeneous group of central nervous system neoplasms that

arise within or adjacent to the brain. Some are curable by surgical resection, but

many cannot be eradicated by current treatments, and, when they are, disabling

neurological injury often ensues. Moreover, the location of the tumor within the

brain has a profound effect on the patient’s symptoms, surgical therapeutic options,

and likelihood of obtaining a definitive diagnosis. The location of the tumor in the

brain also markedly alters the risk of neurological toxicities that alter the patient’s

quality of life.

At present, brain tumors are detected by imaging only after the onset of

neurological symptoms. No early detection strategies are in use, even in individ-

uals known to be at risk for specific types of brain tumors by virtue of their genetic

makeup. Current histopathological classification systems, which are based on

the tumor’s presumed cell of origin, have been in place for nearly a century and

were updated by the World Health Organization in 1999. Although satisfactory in

many respects, they do not allow accurate prediction of tumor behavior in the

individual patient nor do they guide therapeutic decision-making as precisely as

patients and physicians would hope and need. Current imaging techniques pro-

vide meticulous anatomical delineation and are the principal tools for establishing

that neurological symptoms are the consequence of a brain tumor. Little research

has been done on whether early detection improves an individual’s prognosis,

lessens long-term side effects, and reduces costs associated with treatment. There

is some indication that this might be the case. The earlier a brain tumor is

detected, the smaller the tumor and the less likely that the tumor has significantly

infiltrated normal brain tissue. This increases the chance that the tumor can be

totally or almost totally resected during surgery which could be an important

factor in an individual’s prognosis. A smaller tumor also means that a smaller area

of the brain will need to be subjected to radiotherapy, minimizing the adverse

effects of radiation.
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Even if early diagnosis is found to be advantageous, at this point there is not an

accessible, efficient, cost-effective early screening tool. A simple detection test that

looks for a biomarker of a brain tumor would be incredibly valuable as testing could

be done repeatedly, on a wide scale, and relatively inexpensively. In the following

sections, we have discussed about different types of brain cancer and different

markers which are generally used for early detection of cancer and make a case of

the advantages of using proteomics-based markers in diagnosis of brain cancers,

especially glioblastoma multiforme (GBM).

Different Kinds of Brain Cancers

The World Health Organization (WHO) has nine categories of primary brain

tumors, which are based on the types of cells in which the tumors originate.

Gliomas are primary brain tumors that are made up of glial cells – cells that provide

important structural support for the nerve cells in the brain. Infiltrative astrocytoma

and GBM account for nearly 85 % of all brain tumors, with the remainder spread

among the other seven types (Yurtsever et al. 2013). Different tumor types and cell

origins are presented in Table 1.

Different Biomarkers Used in Brain Cancer Detection

Tumor markers are substances that are produced by cancer cells or by other cells of

the body in response to cancer or certain benign (noncancerous) conditions. Most

tumor markers are made by normal cells as well as by cancer cells; however, they

are produced at much higher levels in cancerous conditions (Verma 2012). These

substances can be found in the blood, urine, stool, tumor tissue, or other tissues or

bodily fluids of some patients with cancer. Biomarkers for cancer diagnosis may

belong to different categories described below.

Most tumor markers are proteins. However, more recently, patterns of gene expres-

sion and changes to DNA have also begun to be used as tumormarkers. Markers of the

latter type are assessed in tumor tissue specifically. Thus far, more than 20 different

tumor markers have been characterized and are in clinical use. Some are associated

with only one type of cancer, whereas others are associated with two or more cancer

types. There is no “universal” tumor marker that can detect any type of cancer. There

are some limitations to the use of tumor markers (described later on in this chapter).

Sometimes, noncancerous conditions can cause the levels of certain tumor markers to

increase. In addition, not everyone with a particular type of cancer will have a higher

level of a tumormarker associated with that cancer. Moreover, tumormarkers have not

been identified for every type of cancer. Alongwith proteomic biomarkers, whichwe’ll

discuss in details, some other biomarkers have potential in brain cancer diagnosis and

prognosis, and we have discussed about these biomarkers below.

Genetic biomarkers. These biomarkers contain alterations in genome which

could arise as a result of polymorphism, mutation, deletion, translocation, or change
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in copy number of chromosomes. Chromosome 10q and chromosome 17 statuses

were utilized for risk associated with adult medulloblastoma (Kool et al. 2012).

Epigenetic biomarkers. Epigenetic biomarkers are those markers which do not

involve alteration in gene sequence and structure, but these biomarkers reflect

alteration in gene expression in cancer of different types, including brain cancer

(Verma 2012). Four major components of epigenetics are DNA methylation,

histone modifications, miRNA expression, and chromosomal compaction and

relaxation. PTEN and MGMT hypermethylation in the promoter region was

reported in glioblastoma (Yurtsever et al. 2013). In pediatric brain tumors, TERT
hypermethylation was reported a diagnostic biomarker (Diede 2013).

Proteomic biomarkers. A number of proteomic biomarkers associated with brain

cancer have been identified (Lemee et al. 2013). Those which showed promise are

being validated in large sample size so that they can be used in clinic. Recently,

glial fibrillary acidic protein (GFAP) antibody present in the serum was proposed as

a biomarker for glioma (Wei et al. 2013). Other brain cancer biomarkers are

discussed throughout the text.

Glyco-biomarkers. Oligosaccharides (mono- and polysaccharides) constitute

different genes involved in regulation of brain tumors (Moskal et al. 2009). Some

of the glycobiological biomarkers have potential to be used in brain cancer diag-

nosis. Depending on the posttranslation modifications, different kinds of sugars

bind to the protein, and generally their complexity and number are associated with

the progression of the cancer development (Wade et al. 2013).

Imaging biomarkers. Magnetic resonance-based diagnosis of brain tumors,

especially at metastasis stage, was reported recently (Yang et al. 2013). A sensi-

tivity of 81 % and specificity of 98.2 % were obtained by this technology.

Lipid biomarkers. Glycolipids were used as biomarkers of cisplatin treatment

response in brain cancer cells (Pan et al. 2011). Two prominent markers in this

study were uridine diphospho-N-acetylglucosamine (UDP-GluNAc) and uridine

diphospho-N-acetylgalactosamine (UDP-GalNAc). These markers were identified

using the nuclear magnetic resonance spectroscopy.

Metabolomic biomarkers. Metabolites are considered true representative of

physiology (Verma et al. 2013). The role of choline metabolism was demonstrated

Table 1 Different types of brain cancers and their origin

Tumor type Cell of origin

Infiltrative astrocytoma Astrocytes

Pilocytic astrocytoma Astrocytes

Oligodendroglioma Oligodendrocytes

Mixed oligoastrocytoma Oligodendrocytes and astrocytes

Glioblastoma multiforme

(GBM)

Astrocytes and other brain cell types (astroblasts,

spongioblasts)

Ependymoma Ependymocytes

Medulloblastoma Primitive neural cell

Meningioma Meninges
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in astrocytoma (McNight et al. 2011). Phosphocholine (PC) and glyceropho-

sphocholine (GPC) were evaluated in astrocytoma tumor samples. Results indi-

cated that levels of PC and GPC reflect grade of the tumor.

Different Tests Based on Biomarkers for Detection
of Brain Cancers

The following are the clinically accepted tests using biomarkers for diagnosis and

prognosis of brain cancers.

MGMT methylation test. The MGMT methylation test can be useful in

predicting how effective chemotherapy treatment is likely to be for the patient

and can be used to help plan a suitable, individualized treatment plan. MGMT is a

gene that is responsible for the coding of a protein involved in DNA repair. The

MGMT test is used to determine the levels of activity of the MGMT protein. Since it

is involved in DNA repair, the MGMT protein can disturb the action of some

chemotherapy drugs (such as Temozolomide). It does this by taking away the point

at which the chemotherapy attacks most effectively. Higher levels of the MGMT

protein can therefore lower the effectiveness of some chemotherapy drugs.

1p/19q test. The 1p/19q test may predict long-term survival in people who have

some types of brain tumor. The test can also be useful in diagnosing some types of

brain tumors and in making decisions about the most appropriate treatment type.

The 1p/19q test looks at genetic changes to chromosome numbers 1 and 19 in tumor

cells and whether these genes are complete or have a section missing (which is

known as “loss of heterozygosity”).

IDH-1 test. The IDH-1 test may predict long-term survival in people who have

many types of brain tumor. It may also be useful in predicting how effective a

particular treatment is likely to be. A mutation in the IDH-1 gene has been found in
a large number of astrocytomas, oligodendrogliomas, and secondary glioblastomas.

For people with high-grade glioma, mutations to the IDH-1 gene are often linked

with longer-term survival rates. It is not yet clear, however, how mutations to the

IDH-1 gene link to outcomes for people with low-grade brain tumors. In addition to

long-term survival rates, scientists have looked at whether the IDH-1 gene mutation

predicts treatment outcomes. Further research needs to be carried out before clear

conclusions can be drawn, but it looks possible that chemoradiotherapy

(a combination of chemotherapy and radiotherapy) may be more effective for

people who have the IDH-1 mutation than those who do not.

BRAF test. The BRAF test (along with other investigations) can sometimes help

to determine whether a tumor is a pilocytic astrocytoma (a type of grade 1 tumor)

rather than another type of (non-pilocytic) astrocytoma if there is uncertainty. The

B-raf protein is important because it sends signals to help direct the growth of cells

within our body. Signals sent from the BRAF gene to the cells is known as the

“BRAF pathway.” Research has found that some brain tumors (some types of grade

1 and 2 astrocytoma, including grade 1 pilocytic astrocytoma) sometimes have a

fault with their BRAF gene. The fault leads to the BRAF gene permanently sending
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signals that make cells divide and create copies of themselves. This uncontrolled

growth of cells forms a tumor. BRAF testing is only clinically useful in a few

selected tumor types and is most commonly used to determine whether a tumor is a

pilocytic astrocytoma.

Use of 2D-DIGE-MS in Detecting Brain Cancers

Basic principle of 2D-DIGE and methodology. The 2D-DIGE method is a tech-

nique where two different protein samples (e.g., control and disease) and, option-

ally, one reference sample (e.g., control and disease pooled together) are labeled

with one of three spectrally different fluorophores: cyanine (Cy)2, 3, or 5 (Kang

et al. 2009). These fluorophores have the same charge, similar molecular weight

and distinct fluorescent properties, allowing their discrimination during scanning

using appropriate optical filters (Epstein et al. 2013). Two types of cyanine dyes are

available: CyDye DIGE Fluor (GE Healthcare, Uppsala, Sweden) minimal dye and

CyDye DIGE Fluor saturation dye. The minimal dye labels a small percentage of

available lysine residues and causes minimal change in the electrophoretic mobility

pattern of the protein, whereas the saturation dye labels all available cysteine

residues and is, therefore, more sensitive but causes electrophoretic mobility shift

of labeled proteins (Epstein et al. 2013). Various types of samples could be used for

2D-DIGE, such as serum, plasma, cell lysates, and proteins extracted from patient

tissue samples. Labeled sample pairs (with or without the pooled reference sample)

are then mixed together and run on a single gel. A significant improvement in this

technique compared to previous techniques is that the same pooled reference

sample is used for all gels within an experiment and serves as a common internal

reference for normalization and spot matching. The gel is scanned by a fluorescent

scanner at three different wavelengths for Cy2 (488 nm), Cy3 (532 nm), and

Cy5 (633 nm), and a gel image for each of the different samples is obtained.

Advantages of using 2D-DIGE in identification of brain cancer biomarkers.
Since samples from control and disease are run in the same gel, variation between

gels is minimized and difficulties associated with the correct matching of protein

spots across different gels are reduced. Moreover, normalization and relative

quantification of protein spots are greatly simplified and have increased accuracy

because the same internal reference sample is used for all gels. Other advantages of

the DIGE technology include its excellent sensitivity comparable to those of post-

run fluorescent stains, a linear dynamic range of over four orders of magnitude and

its being fully compatible with mass spectrometry (MS). Few examples of protein

biomarkers identified and characterized by 2D-DIGE are shown in Table 2.

Challenges inherent in 2D-DIGE technique and potential solutions. 2D-DIGE
still has limitations because proteins with extreme isoelectric focusing points, large

molecular weights, low solubility (hydrophobic proteins), and low copy numbers

are poorly represented owing to it being 2D-DIGE based in nature. This technique

is also mainly used for the discovery of novel biomarkers, and careful validations

of such markers are required using alternative techniques, such as
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immunohistochemistry (IHC) or Western blot. Moreover, equipments such as

fluorescent scanners, are required for image acquisition, which incurs additional

costs. Whether potential biomarkers identified using 2D-DIGE could be success-

fully validated is greatly related to the careful planning of experiments, correct

matching and selection of protein spots across gels, and application of appropriate

statistical analysis methods.

Analysis of data and associated features. Results from 2D-DIGE gels are

commonly analyzed using commercially available softwares. In a study that com-

pared three commonly used DIGE analysis software packages, Kang et al. (2009)

concluded that although the three softwares performed satisfactorily with minimal

user intervention, significant improvements in the accuracy of analysis could be

achieved by optimizing software settings and performing manual corrections during

spot detection and gel matching. Moreover, it was suggested that results concerning

the magnitude of differential expression between protein spots after statistical

analysis by such softwares must be examined with care. The choice of appropriate

statistical methods for the analysis of DIGE data should be conducted in several

studies. It was reported that the use of normalization methods utilizing local

background correction resulted in dye-specific bias during quantification of

low-intensity spots and was resolved by implementation of an “offset/scale” nor-

malization method (Melchior et al. 2009). Furthermore, in order to identify statis-

tically significant changes in protein expression, the application of univariate

statistical methods, such as the Student’s t-test, would be inappropriate as these

tests do not account for multiple testings and lead to large numbers of false-positive

results. This problem could be addressed by the use of statistical methods that apply

a false discovery rate (FDR) for the determination of significance. In this method,

q-values are calculated for all protein spots. The q-value of each spot corresponds to

the expected proportion of false-positives that would be incurred if the change in

expression level of that particular protein spot was determined to be significant.

Advantages of this approach include ease of use, maintenance of power while being

tolerant of between-feature dependency, and option to the researcher to select an

appropriate FDR according to study requirements. However, this approach was

found to be only applicable to DIGE experiments using a two-dye labeling scheme

as a three-dye labeling approach violated the assumption of data independence

required for statistical analysis. Other statistical tests that have been applied for the

Table 2 Differentially expressed peptides/proteins in GBM samples identified by MALDI mass

spectrometry after 2D-DIGE analysis

Spot label

Name of the

protein

Accession

number

Molecular weight of

protein (kDa)

PI of

protein

Fold

changed

1 Lactotransferrin

precursor

IPI00298860 80 8.50 6.55

2 Fibrinogen beta

chain precursor

IPI00298497 57 8.54 9.43

3 Glucose-regulated

protein 78

P11021 78 5.10 2.6
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analysis of DIGE results include significance analysis of microarrays, principal

components analysis, and partial least squares discriminant analysis.

Proteomic biomarkers isolated from glioblastoma cell line and underlying
mechanistic regulation. In our laboratory, we have published on identification of

several novel peptides/proteins when we performed a 2D-DIGE experiment with

glioblastoma cell line in comparison to healthy astrocytes (Banerjee et al. 2012).

Collett et al. reported findings from five glioblastoma patients and identified several

novel proteins using this technique. They found 51 protein spots significantly

upregulated in GBM samples, and MS identified 22 proteins. The differential

expression of a selected protein set was first validated by Western blotting and

then tested on large cohorts of GBM specimens and non-tumor tissues, using

immunohistochemistry and real-time reverse transcriptase polymerase chain reac-

tion (RT-PCR). Blood proteins emerged as a significant group highlighting the high

angiogenesis capacity of GBM. This is emphasized here that GBM tumors are

highly vascular tumors, and this study analyzed the proteome of the whole GBM

sample extract, without removing the blood vessels (Collet et al. 2011).

In eukaryotic cells, mitochondria and endoplasmic reticulum form two

endomembrane networks which interact closely with each other to control meta-

bolic flow, protein transport, intracellular signaling, and cell death. In normal glial

cells, besides their essential role of adenosine triphosphate (ATP) generation to

produce energy, mitochondria are also involved in the regulation of cellular pro-

liferation and apoptosis. The important consequences of mitochondrial dysfunction

in glioma in these three areas were highlighted in a recent study. It is not surprising

to find some mitochondrial or endoplasmic reticulum proteins differentially

expressed in GBM and in nontumorous samples. Collett et al. reported that

2D-DIGE analysis and immunohistochemistry study revealed two mitochondrial

enzymes, aldehyde dehydrogenase (ALDH) and Mn-SOD, which are highly

expressed in GBM: on average in a series of 50 GBM samples, 69 % of tumor

cells were ALDH positive and 81 % were Mn-SOD (superoxide dismutase) posi-

tive. Mn-SOD expression has recently been suggested as a potential GBM prog-

nostic marker because the lack of overexpression is found in 3-year survival group

patients compared to short-term survival patients (Dokic et al. 2012). These results

confirmed earlier work which correlated shortest median survival with high

Mn-SOD enzyme expression level in GBM patients. ALDH is a potential bio-

marker for neural stem cells and tumor initiator cells (TICs). ALDH could therefore

be a good candidate for best TIC enrichment in GBM and an early diagnostic

biomarker. Thakkar et al. (2011) used this 2D-DIGE technique as a comprehensive

proteomic study to assess the effect of inhibiting two different regulatory mecha-

nisms of telomerase in glioma. RNAi was used to target hTERT and hsp90α genes.

Inhibition of telomerase activity resulted in downregulation of various cytoskeletal

proteins with correlative evidence of the involvement of telomerase in regulating

the expression of vimentin. Inhibition of telomerase via sihTERT resulted in the

downregulation of vimentin expression in glioma cell lines in a grade-specific

manner. This study identified a novel downstream role of telomerase in regulating

the expression of vimentin, thereby affecting tumor progression and metastasis.
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Potential Applications to Prognosis, Other Diseases or Conditions

Among other brain cancers, Zanini et al. (2011) reported application of this

2D-DIGE technique to detect different protein profiles in medulloblastoma (MDB)

that may be clinically relevant and to check the correspondence of histological

classification of MDB with the resulting proteomic profiles. Eighty-six unique

proteins were identified and compared to histology by them with the determination

of proteins expressed by single histotypes and of a smaller number of proteins shared

by two or three histotypes. The sharp difference of protein expression was found to

be in agreement with the WHO histological classification, with the identification of

type-specific proteins with limited overlapping between histotypes.

Concluding Remarks

High-grade gliomas are the most common brain tumors in adults, and due to

difficulties associated with their management, they make the fourth biggest cause

of cancer death. Major efforts in neuro-oncology research are needed for this tumor

type and more progress in treatment efficacy should be achieved as has been

achieved for other cancers in recent years. In addition to the urgent need to identify

novel effective drug targets against malignant gliomas, the search for glioma bio-

markers and grade-specific protein signatures will provide a much needed contri-

bution to diagnosis, prognosis, treatment decision, and assessment of treatment

response. Over the past years glioma proteomics has been attempted at different

levels, including proteome analysis of patient biopsies and bodily fluids, glioma cell

lines, and animal models. Initial proteomic studies aiming at the identification of

biomarkers and molecular targets for glioma were mostly small scale classically

stained gel-based approaches. In recent years, more large-scale approaches

adopting MS/MS-based proteomics are reported. The aim of the present proteomic

review was to highlight potential new glioblastoma tumor antigen identification by

the 2D-DIGE technique. This is a very powerful technique which allows controls

and experimental samples run together on the same gel with an internal reference,

each sample being labeled with a different cyanine. Using the DeCyder software,

gel images can be analyzed to identify statistically significant differences in protein

expression between different samples on a limited number of gels. This technique is

very useful for applications requiring accurate quantization and direct differential

proteomic analysis of normal and abnormal tissues. However, no proteomic tech-

nique is currently able to reveal the complete human proteome; therefore, the

choice of the technique should be guided by the specific research question, and

ideally a combination of complementary techniques should be applied. Novel

technologies are now starting to be applied to glioma proteomics and will undoubt-

edly improve the sensitivity, specificity, and reproducibility of the results. It should

be kept in mind though that an analysis will only be as good and as relevant as the

starting material from which it was derived; therefore, attention should be paid to

collect biospecimens. Despite some experimental shortcomings, the 2D-DIGE
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technique could be an effective tool in proteomic studies to search for novel

diagnostic and prognostic biomarkers in the dangerous brain cancer GBM with a

very high mortality rate and also other brain tumors described in the review.

Summary Points

• Biomarkers which can detect brain tumors early in their development are

needed.

• Progress has been made in identification of potential biomarkers of different

brain tumor types although only few have been validated.

• Proteomic biomarkers are superior to other kinds of biomarkers because they

represent functional aspects of a gene and most of the drugs are directed toward

proteins.

• Epigenetic biomarkers are also promising, and research should be conducted to

evaluate specificity and sensitivity of these markers when used in combination

with other biomarkers in the same patient.

• 2D-DIGE technique has several advantages (such as ease to use, high sensitivity,

detection limit in pictogram range) to identify brain tumor markers.
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Abstract

There is a growing role for neuroimaging in the multidisciplinary management

of brain tumors. Beyond anatomical imaging, additional functional and physio-

logical imaging capabilities introduce the potential to interrogate characteristics

of the tumor that can aid in diagnosis, guide treatment decisions, and better

evaluate response to treatment in a timely manner. This chapter highlights
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preclinical investigation that facilitates translation of these promising functional

and physiological imaging measures including perfusion and diffusion magnetic

resonance imaging (MRI) and molecular and metabolic imaging with positron

emission tomography (PET) and spectroscopy.

List of Abbreviations

ADC Apparent Diffusion Coefficient

AIF Arterial Input Function

BOLD Blood Oxygen Level Dependent

CT Computed Tomography

DCE Dynamic Contrast Enhanced

DSC Dynamic Susceptibility Weighted

DTI Diffusion Tensor Imaging

DWI Diffusion-Weighted Imaging

GBM Glioblastoma

GFP Green Fluorescence Protein

MRI Magnetic Resonance Imaging

MVD Microvessel Density

PET Positron Emitted Tomography

RANO Response Assessment in Neuro-oncology

rCBV Relative Cerebral Blood Volume

SPECT Single-Photon Emission Computed Tomography

SUV Standard Uptake Value

VEGF Vascular Endothelial Growth Factor

Key Facts of Glioblastoma (GBM)

• GBM is a malignant primary brain tumor that arises from glial cells in the brain.

• Despite aggressive therapy with surgery, radiation, and temozolomide chemo-

therapy, GBM remains incurable, and survival with GBM is in the range of

12–18 months for patients who are well enough to tolerate this aggressive

combined treatment.

• For patients who are not fit enough for this treatment, single modality treatment

with radiation or chemotherapy may be offered. In some patients, supportive care

alonemay be offered to minimize treatment toxicity andmaximize quality of life.

• Further characterization of the tumor based on molecular and genetic profiling

presents the potential to personalize treatment.

• Imaging biomarkers have the potential to further guide personalized treatment

based on individual responses to novel therapy.

• Particularly with the introduction of newer targeted treatments (e.g., Avastin – a

monoclonal antibody to vascular endothelial growth factor (VEGF)), additional

imaging studies may help determine whether there is true tumor response or if

there is pseudoresponse (i.e., radiological improvement in conventional imaging

studies that do not reflect underlying pathological response)
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• Animal models allow for efficient investigation of novel treatments and imaging

biomarkers so that only the most promising treatments and biomarkers are

investigated in clinical trials.

Definitions of Words and Terms

Angiogenesis Formation of new blood vessels form from preexisting vessels.

Apparent Diffusion Coefficient (ADC) Magnitude of diffusion (of water mole-

cules) within tissue.

Arterial Input Function (AIF) Representative flow of contrast agent within the

representative vessel perfusing the tumor used to calculate perfusion parameters in

dynamic perfusion imaging.

Fractional Anisotropy (FA) Scalar value between zero and one that describes the

degree of anisotropy (directional dependence) of a diffusion process.

Ktrans The rate constant of the movement of the contrast agent from the intravas-

cular space to the extravascular space.

Multiparametric Use of multiple parameters (measurements); often used in terms

of imaging studies with multiple quantitative measurements.

Orthotopic Graft of tissue in its natural environment (e.g., glioma tumor

implanted intracranially).

Relative Cerebral Blood Volume (rCBV) Cerebral blood volume in a region of

interest relative to normal brain (typically contralateral white matter).

Standard Uptake Value (SUV) Ratio of tissue radioactivity concentration and the

injected activity over the body weight.

Vascular Endothelial Growth Factor (VEGF) A signaling protein that stimu-

lates vasculogenesis and angiogenesis.

Xenograft A tissue graft from a donor of a different species from the recipient.

Introduction

There is growing multidisciplinary involvement in the management of all brain

tumors, an increasing role of neuroimaging to guide the management of brain

tumors by providing information that aids diagnosis, treatment, and evaluation of
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treatment response. Advances in multimodal neuroimaging capabilities have intro-

duced the potential to develop novel tools to interrogate changes in the structure and

physiology of both the tumor and its microenvironment in response to treatments

that may serve as biomarkers to guide optimal coordination of

multidisciplinary care.

Surgery is a core component in the diagnosis and treatment of brain tumors.

Advances in intraoperative imaging, functional imaging, and neuronavigation have

improved the ability to achieve more complete resections and to minimize surgical

morbidity. These imaging tools not only help to characterize the tumor tissue but

also provide information regarding the surrounding brain tissue. For example,

diffusion tensor imaging can help delineate fiber tracks from the motor cortex

such that surgeons can avoid disrupting these pathways thereby minimizing mor-

bidity after resection.

Radiotherapy is a mainstay treatment of brain tumors, either in conjunction with

surgery or as the primary treatment. With technological advances in treatment

planning software and radiation delivery platforms, radiation can be delivered

with incredible precision. In order to maximally benefit from high-precision radio-

therapy, accurate delineation of the treatment target is critical. This relies on high-

quality imaging and image interpretation with an understanding of what the imag-

ing features represent, particularly when multiparametric imaging is utilized for

radiotherapy planning.

To date, the evaluation of brain tumors has largely been based on anatomical

imaging, and radiological response to treatments has been based on reduction in

tumor size. For example, standard response criteria including the McDonald criteria

and Response Assessment in Neuro-oncology (RANO) criteria have utilized

two-dimensional tumor measurements, either on CT or MRI. The introduction of

additional neuroimaging techniques including multiparametric MRI and molecular

imaging with various PET tracers has added a new layer of complexity that comes

with greater capability to interrogate the tumor in order to noninvasively charac-

terize functional and metabolic features, cell density ,and vasculature and appreci-

ate heterogeneity within the tumor (Yamasaki et al. 2010; Lemasson et al. 2011).

These novel techniques not only help provide additional detail in the radiological

characterization of brain tumors, there are also growing studies investigating the

association of these radiological features with underlying pathophysiological

changes in the tumor. This relationship allows these imaging features to serve as

useful imaging biomarkers that may be prognostic and/or predictive for multimodal

treatments such that they can help guide personalized therapy for brain tumors

(Dhermain et al. 2010a, b).

Just as in vitro studies are often used to screen tumor cell line sensitivity to

particular systemic agents, preclinical investigation of imaging biomarkers helps

identify the most promising imaging measures and guides the application of these

measures in the clinical setting. In particular, preclinical studies help overcome the

limitations of clinical trials including the ability to acquire serial tissue samples to

correlate imaging changes to tumor pathophysiology. This is particularly helpful in

the brain tumor research, where repeated biopsies are less feasible in the clinical
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setting compared to other cancer sites. This chapter highlights how animal tumor

models provide the platform to investigate imaging biomarkers of response to

therapy, including changes in the tumor vasculature, metabolism, and microenvi-

ronment (Fig. 1).

Brain Tumor Models for Imaging Biomarker Discovery

The translational value of preclinical research relies on the overall preclinical study

design, including the choice of the tumor model. Significant work has been focused

on developing effective animal models for high-grade glioma, the most common

primary malignant brain tumors in adults. Table 1 summarizes a list of

recommended criteria provided by a recent expert review on valid brain tumor

models for the investigation of new anticancer agents.

The two main types of mouse brain tumor models are endogenous

(or spontaneous) and exogenous (or xenograft). Spontaneous tumor models tend

to better recapitulate the biological behavior of human brain tumors with represen-

tative interaction between the tumor and the brain microenvironment. But sponta-

neous tumors tend to develop in variable locations in the brain and can even

develop at multiple foci in single animals, which raises challenges for investigation

of localized therapies such as radiation or surgery.

Xenograft tumor models tend to develop single tumors that can be grown

subcutaneously or orthotopically in the original host organ. Evidence supports

that orthotopic solid tumor models have greater similarity in histopathological

features and gene expression profiles to human tumors and reflect clinical tumor

behavior better than their subcutaneous counterparts, even when the same cell lines

Fig. 1 Schematic diagram summarizing factors to be considered in preclinical imaging biomarker

studies. FOV field of view, SNR signal-to-noise ratio, DCE-MRI dynamic contrast-enhanced

magnetic resonance imaging, PET positron emission tomography
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are used (Camphausen et al. 2005a). This greater resemblance in orthotopic models

is thought to be due to factors in the microenvironment that influence gene

expression as the tumor develops and even in response to treatment such as

radiation (Camphausen et al. 2005a, b).

More recently, transplantable models derived from genetically engineered

mouse models have been developed to have high penetrance and predictable

tumor growth while maintaining the histological, molecular, and genetic features

of human brain tumors. These transplantable models have introduced promising

tools for preclinical investigation of new therapies and corresponding biomarkers

(Smilowitz et al. 2007).

Without the aid of improved imaging tools, a major limitation of intracranial

tumor models compared to subcutaneous models is the inability to easily and

noninvasively measure tumor size. Advances in various imaging modalities have

been introduced to assist and improve murine brain tumor model investigation

including optical imaging with bioluminescence, fluorescence and near-infrared

optical imaging, CT, multiparametric MRI, SPECT, and PET (Lyons 2005).

Despite the central role of surgical resection in the management of brain tumors,

most animal models fail to incorporate tumor resection (Fomchenko and Holland

2006; Jacobs et al. 2011). Clinically, additional tools have improved intraoperative

image guidance to achieve better tumor resections while minimizing functional

loss, which has improved outcomes in brain tumor patients (Krammer and Plaetzer

2008; Stummer et al. 2006). To better simulate the current clinical scenario and

provide greater translational value from preclinical studies, preclinical model

platforms that incorporate surgical resection into the treatment paradigm for the

investigation of novel GBM therapies in murine brain tumor models have been

developed (Akbar et al. 2009; Kauer et al. 2012; Bello et al. 2002). These surgical

models have incorporated optical and MRI image guidance, as in clinical cases, for

tumor resection followed by postoperative noninvasive imaging to monitor for

tumor recurrence (Kauer et al. 2012). These surgical models have also used

intraoperative GFP fluorescence to allow for better visualization of the borders of

Table 1 Recommended criteria for a valid brain tumor model for the investigation of new

anticancer agents (Aldape et al. 2006)

Tumor development

Derived from glial cells and grow as a stable cell line

Able to propagate in vivo by serial transplantation

Tumor growth

Does not extend beyond the brain

Have a predictable and reproducible tumor growth rate that allows for adequate assessment of

treatment effect

Tumor behavior

Have a predictable and reproducible tumor take and growth rate that allows for adequate

assessment of treatment effect

Have a response to conventional treatment that is predictive of the behavior of the human

counterpart
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the tumor and this approach as demonstrated better surgical removal, achieving

greater than 90 % resection of GBM tumors, similar to the advantages reported

from using ALA in the clinical setting (Kauer et al. 2012).

The introduction of these models not only help investigate the impact of greater

surgical debulking on survival with brain tumors, it facilitates investigation of

multimodal therapy. For example, preclinical investigation of the optimal sequence

or combinations of multimodal therapy approaches would allow us to invest and

translate only the most promising regimens for clinical trial investigation (Hess

1999; Metcalfe and Grant 2001). Several preclinical studies using these models

have reported investigation of novel approaches for postoperative therapy in glio-

mas including the use of a biodegradable gel matrix for local temozolomide

delivery in the tumor bed and implantation of encapsulated therapeutic stem cells

in the tumor resection cavity (Akbar et al. 2009; Kauer et al. 2012).

Ongoing challenges of translating the findings of preclinical research using brain

tumor models to the clinical setting include the variability in the particular animal

models used, treatment dose and timing variations, and differences in the route of

drug administration and potential biases with non-blinded outcomes assessment,

which can overestimate the efficacy of new treatments (Amarasingh et al. 2009).

Imaging biomarkers may facilitate a bridge between findings from various tumor

models and patient studies in order to improve the translational value of brain tumor

model research.

Role of Imaging Biomarkers in Preclinical Studies

Neuroimaging is an ideal translational bridge from preclinical to clinical research

because a number of imaging modalities have been investigated both clinically and

preclinically, including CT, multiparametric MRI (DCE, DSC, DWI, DTI, spec-

troscopy), PET, and SPECT. In the preclinical setting, optical imaging in conjunc-

tion with bioluminescence, fluorescence, and near-infrared optical imaging has also

been investigated as measures of noninvasively monitoring tumor growth

longitudinally.

MRI

Clinically, MRI is the most commonly used imaging modality utilized to evaluate

brain tumors as it provides the best-detailed soft-tissue neuroanatomic imaging. It

also offers the capability of acquiring multiparametric imaging including DWI,

DCE, DSC, BOLD, and MR spectroscopy to evaluate tumor cell density, tumor

metabolism, vascularity and vascular physiology, and tissue oxygenation.

There have been promising studies demonstrating the role of MRI to serially

monitor tumor growth and evaluate changes in tumor characteristics over time

(Bock et al. 2003, 2005; Dazai et al. 2004; Chung et al. 2013; Jalali et al. 2014).

A challenge of longitudinal MRI studies in murine models can be the length of time
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required for each MRI study, which can limit the number of mice than can be

followed concurrently. Groups have demonstrated the feasibility of multiple-mouse

imaging techniques in order to facilitate larger preclinical imaging studies (Bock

et al. 2003, 2005). In particular, multiple-mouse imaging techniques allow for

efficient screening for tumor development in intracranial xenograft models. But

single-mouse acquisitions with high-field MRI have generally produced higher-

quality images (Cha et al. 2003; Nelson et al. 2003). More recently, Bock

et al. demonstrated a multiple-mouse technique in a high-field multiple-mouse

MRI system that produced similar high-quality images while achieving a much

higher throughput for screening intracranial tumor models using weekly high-

resolution 3D whole brain T2- and T1-weighting MR image acquisition. With the

assistance of new software packages that assist in co-registration, image segmen-

tation, and automated image analysis for multiple-mouse MRI, large preclinical

studies that utilize high-resolution anatomical imaging are now feasible (Hingtgen

et al. 2013). Multiparametric MRI studies that evaluate additional tumor charac-

teristics including vascular perfusion and permeability, tissue density, and metab-

olism generally remain limited to single-mouse MRI.

Anatomical MRI

A major strength of preclinical MR imaging studies is the ease of acquiring

postmortem high-resolution MR images. In the postmortem setting, long scan

times are less of a concern, and any motion associated with respiration and cardiac

pulse is eliminated. Preclinical studies have used postmortem images to correlate

with pathology and gather in situ phenotypic information, also referred to as “MR

histology” (Nieman et al. 2005). The Visible Mouse Project demonstrated the

ability to acquire FSE T2-weighted images with a 100-μm isotropic resolution

with a scan time of fewer than 3 h, which could be compared to the matched

histological slides as shown in Fig. 2 (Johnson et al. 2002).

Correlations of MR imaging features with immunohistopathological features are

valuable for providing a basis of interpreting subsequent serial imaging studies.

Radaelli et al. characterized the MR imaging features of two commonly used

xenograft tumors, U87MG and U251 (Radaelli et al. 2009). In this study, Radaelli

described U251 tumors to have ill-defined infiltrative margins, necrosis, and

peritumoral edema, resembling the human counterpart. In contrast, U87MG tumors

were generally round, well-demarcated tumors that morphologically resembled

brain metastases rather than primary high-grade glioma. In addition, it was noted

that the U87MG tumors had strong gadolinium enhancement that correlated to

intense neoangiogenesis, thereby identifying this tumor model as a potentially

useful tool for evaluating response to anti-angiogenic agents.

For intracranial tumor models, anatomical MRI is often used to screen for tumor

development, particularly if an efficient process such as multimouse MRI screening

is available. As there can be variability in baseline tumor size, some studies have

started treatment only once tumors reached a specific size. The alternative approach
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could be to stratify mice to treatment arms based on tumor size in order to avoid

biases in the results due to imbalance in baseline tumor size.

Perfusion MRI

Specific MRI acquisition parameters can be used to further characterize tumor

vascular physiology and angiogenesis. As increased angiogenesis is a feature of

more aggressive tumors in the brain, perfusion MRI has the potential to serve as a

prognostic factor. In terms of treatment, with the introduction of anti-angiogenic

therapy in the treatment of cancer including brain tumors, perfusion imaging has

been investigated as promising biomarkers that predict treatment response.

Dynamic Contrast-Enhanced MRI

Dynamic contrast-enhanced MRI helps characterize the leakage of contrast across

tumor vasculature, which reflects the functional and architectural changes that can

occur with tumor-associated angiogenesis and vasculogenesis. It generally involves

injection of a small molecular weight contrast agent that extravasates into the

extracellular and extravascular spaces when the blood-brain barrier is disrupted

around tumor and image acquisition at a high temporal resolution (Li et al. 2010).

Fig. 2 Representative images of mouse magnetic resonance imaging, histology and genomic

information (With permission from A. Borges and AJNR) (Borges et al. 2012)
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Analysis of the DCE-MRI data requires the use of a model, typically an established

equilibrium exchange model that can estimate vascular permeability into and out of

the extravascular space as well as tumor blood volume (Li et al. 2010). These

estimated measures rely on several factors including the choice of the exchange

model that is used and the additional variables that are included in these models

such as arterial input function (AIF). For example, the use of a population value for

AIF versus individual measurement for AIF can potentially impact the kinetic param-

eters derived from the exchanges model both in the preclinical and clinical setting

(Li et al. 2011). Additionally, the nature of the contrast agent can be associated with

different kinetics in terms of tumor uptake and clearance (Adzamli et al. 2003).

Therefore, interpretation of these findings can be challenging across preclinical

studies, across clinical studies, and for translation from preclinical to clinical studies.

Preclinical studies have demonstrated correlation between maximum vascular

permeability measured using DCE-MRI and Evans blue extravasation in murine

xenograft models of glioblastoma, suggesting it to be a useful noninvasive measure

of vascular permeability (Cha et al. 2003). Particularly in the preclinical setting

when very small tumors are under investigation, it is important to note that tumors

typically reach their limits of oxygen and nutrient diffusion by 1–2 mm3 in volume

beyond which angiogenesis is initiated to allow for further tumor growth (Jain

et al. 2007). Veeravagu et al. has described a temporal correlation between

DCE-MRI changes and histological changes with increasing microvessel density

(MVD) and genetic expression of VEGF and angiotensin 1 and 2, consistent with

angiogenesis in a murine GL261 C57Bl/6 orthotopic xenograft glioblastoma model

(Veeravagu et al. 2008). These findings suggest a temporal relationship between

tumor growth and angiogenesis and that perhaps imaging biomarkers could help

guide the optimal timing of introducing anti-angiogenic agents, which in the

preclinical setting could be further investigated with correlative histology.

Many investigators have focused on measuring relative differences in DCE-MRI

parameters, such as Ktrans and iAUC, while using a standardized approach for image

acquisition and analysis in order to account for variability in the imaging conditions

and to better compare measurements across treatment groups or over time from

pretreatment baseline to posttreatment (Chung et al. 2013). Using this approach, a

number of studies in murine brain tumor models have demonstrated changes in

iAUC, Ktrans, and rCBV following treatment with anti-angiogenic, anti-VEGF, and

anti-vascular therapies, both as monotherapy and in combination with radiation and

other cytotoxic chemotherapeutic agents (Chung et al. 2013; Sun et al. 2004).

In general, anti-angiogenic agents that target vascular endothelial growth factor

(VEGF) cause a reduction in Ktrans and iAUC, which is consistent with the expected

decrease in vascular permeability with these agents (Bradley et al. 2009; Hillman

et al. 2009; O’Connor et al. 2008; Sorensen et al. 2009). In contrast, Kep, which

reflects the efflux of the contrast agent from the tumor tissue back into the

vasculature, has been variable even when other measures of vascular response to

anti-angiogenic agents were observed (Zwick et al. 2009). This may be due to the

dependence of Kep on both Ktrans and ve (the volume of extravascular extracellular

space per unit volume of tissue) (Tofts et al. 1999).
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Following radiation therapy to brain tumors, short-term rises in Ktrans have been

reported as early as within the first 3 days, which may reflect acute breakdown of

the blood-brain barrier with ionizing radiation exposure (Chung et al. 2013). These

studies have also demonstrated long-term decreases in Ktrans after the short-term

rise in Ktrans following radiation. The temporary acute rise in Ktrans, reflecting a

temporary increase in vascular permeability, may be due to an inflammatory

reaction, acute endothelial cell apoptosis, and increased expression of

pro-angiogenic cytokines in response to radiation. The resolution of this acute

rise and subsequent fall in Ktrans may reflect reduction in microvasculature from

loss of endothelial cells, which has been described in previous reports that have

reported reductions in microvessel density and microvascular perfusion following

radiotherapy (de Lussanet et al. 2005).

Table 2 highlights a number of preclinical studies investigating a range of

various anti-angiogenic compounds administered as monotherapy and in combina-

tion with radiation for which DCE-MRI measures were followed serially. It is

apparent that there can be variability in permeability and perfusion changes in

response to different anti-angiogenic agents, even with similar presumedmechanisms

Table 2 Studies of perfusion imaging biomarker dynamics in response to anti-angiogenic agents

in intracranial animal models of brain tumors

Study Model Agent Finding

Hoff

et al. (2012)

9L glioma cell line,

intracranial, rats

VEGF-Trap Decrease in Ktrans, Kep,

and Vp

Muldoon

et al. (2011)

UW28 glioma, LX-1

small cell lung

carcinoma,

MDA-MB231BR-HER2

breast carcinoma cell

lines, intracranial,

athymic nude rats

Intetumumab

(monoclonal

antibody targeting

αv-integrins)

Intetumumab increased

permeability

Bevacizumab

(monoclonal

antibody targeting

VEGF)

Bevacizumab decreased

permeability

Control tumors had no

significant change in

permeability

Bradley

et al. (2009)

C6 glioma, intracranial,

rats

Cediranib (tyrosine

kinase inhibitor

targeting

Decrease in Ktrans and

iAUC

Chung

et al. (2013)

U87 glioma, intracranial,

NOD/SCID mice

Sunitinib

Radiation

Temporary decrease in

Ktrans with sunitinib

alone, sustained decrease

in Ktrans with

sunitinib + radiation

Jalali

et al. (2014)

U87 glioma, intracranial,

NOD/SCID mice

Sunitinib

VEGF-Trap

B20 (murine

monoclonal antibody

to VEGF, murine

equivalent to

bevacizumab)

Complete loss of

enhancement with

VEGF-Trap and B20

resulting in inability to

measure DCE

parameters, reduction in

Ktrans with sunitinib

VEGF vascular endothelial growth factor, iAUC initial area under the curve
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and molecular targets. A number of additional factors can contribute to variability in

DCE-MRI results including the particular tumor model used for experimentation, the

specific contrast agent used, the volume and injection speed for contrast administra-

tion, the MRI acquisition parameters (temporal and spatial resolution), the model

used for data analysis and assumptions made in the model as well as the timing of

treatment relative to tumor volume, and the overall physiology of the animal.

Dynamic Susceptibility-Weighted MRI

Dynamic susceptibility-weighted contrast-enhanced MRI (DSC-MRI or perfusion-

weighted imaging) is typically used to assess tumor relative cerebral blood volume

(rCBV). High rCBV is thought to indicate neovascularization and therefore suggest

the presence of viable tumor (Russell et al. 2009; Law et al. 2008). This measure-

ment has shown potential as an imaging biomarker of response to therapy in human

glioblastoma and has also been shown to help differentiate tumor progression from

pseudoprogression in glioblastoma (Hu et al. 2009; Gahramanov et al. 2011). In

order to improve the accuracy of DSC-MRI, a blood-pool contrast agent such as

ferumoxytol iron oxide nanoparticles has been used to minimize leakage artifacts

(Gahramanov et al. 2011; Varallyay et al. 2009).

Using DSC-MRI, preclinical studies have demonstrated a correlation between

rCBV and specific histopathological features including the MVD and CD31

staining in glioma xenograft models (Cha et al. 2003). In general, rCBV is elevated

relative to normal brain tissue at all stages of tumor progression, and heterogeneity

in rCBV is observed within the tumor. As tumors develop and grow, the rCBV in

the tumor periphery is generally higher than in the center, and this has been

attributed to increased vessel co-option and dilation at the tumor margins early in

tumor development and angiogenesis at the tumor margins with central necrosis

later in tumor development (Cha et al. 2003).

Various anti-angiogenic agents have been evaluated using DSC. Bevacizumab, a

monoclonal antibody to vascular endothelial growth factor (VEGF), has been

shown to dramatically reduce blood volume and vascular permeability within a

short time frame of drug administration in multiple preclinical and clinical studies

(Jalali et al. 2014; Varallyay et al. 2009). This has been associated with rapid

improvement in symptoms in patients but has not translated to improvement in

survival in glioblastoma patients (Chinot et al. 2014; Gilbert et al. 2014).

Diffusion MRI

Diffusion-Weighted MRI

Diffusion-weighted imaging (DWI) measures the Brownian motion of molecules,

predominantly water in human tissue, which reflects the underlying tissue structure

(Ross et al. 2003). In a tumor, water diffusion can be heterogeneous due to the
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presence of tumor necrosis and apoptosis resulting in areas of variable cellular

density. The primary measure of DWI is the apparent diffusion coefficient (ADC),

which is sensitive to changes in cellular size, extracellular volume, membrane

permeability, and stromal changes (Ross et al. 2003; Hamstra et al. 2008;

Woodfield et al. 2010). A recent clinical study compared histology from precise

stereotactic biopsies of human gliomas with ADC and found that cell density in

gliomas were strongly inversely correlated with ADC, R2 = 0.7933 ( p < 0.0001).

This has led to the concept of “cellularity maps” using ADC to noninvasively

estimate cellular proliferation in human gliomas (Ellingson et al. 2010).

Therefore, changes in ADC following treatment have been attributed to changes

in cellular density and appear to be a promising biomarker of treatment response. In

preclinical studies, rises in ADC have been associated with positive tumor response

to a range of anticancer therapies (Ross et al. 2003; Hamstra et al. 2008; Chenevert

et al. 1997, 2000; Roth et al. 2004), and even dose-dependent changes in ADC have

been observed for specific systemic agents (Chenevert et al. 2000; Jennings

et al. 2002; Zhao et al. 1996). Following cytotoxic treatment, the increase in

water diffusion, which has been consistently observed in tumors, likely reflects

processes such as increased cellular apoptosis and death. Other measures reflecting

changes in extracellular water content, including changes in tumor T1 and T2, have

been observed following cytotoxic treatment, but ADC appears to be the most

sensitive measure of cytotoxic therapy response (Chenevert et al. 2000).

Very early changes in mean ADC were observed in preclinical studies of murine

brain tumor models treated with both radiation and sunitinib (Chung et al. 2013).

Larocque et al. investigated rising doses of radiation and found a strong correlation

between an early rise in ADC and subsequent tumor growth rate (Larocque

et al. 2009). A subsequent study of radiation with or without sunitinib in a murine

glioblastoma model confirmed the same correlation between rise in ADC and

subsequent tumor growth rate in various treatment groups but also in individual

mice (Chung et al. 2013) (Fig. 3). With higher-resolution DWI and particularly for

larger tumors, the use of ADC maps and histograms provide additional information

about the spatial heterogeneity of ADC and measure the regional differences in

treatment response (Moffat et al. 2004). Shifts in the ADC histogram to higher

values have also indicated positive responses to treatment, whereas shifts to lower

ADC values have been associated with negative responses.

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an MR acquisition that provides information

about the microstructures of ordered biological tissues in terms of total magnitude

of diffusion tensor (L) as well as the isotropic (p) and anisotropic (q) components. It

has shown significant benefit clinically by providing information about the rela-

tionship between brain tumors and the surrounding white matter tracts to guide

neurosurgical resections in order to maximize the functional status of patients

postoperatively (Vassal et al. 2014). Both in clinical and preclinical studies, it has
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also been demonstrated that DTI can detect invasion of cells into the adjacent brain

tissue beyond the margins demonstrated on conventional imaging thereby raising

the potential to guide more extensive tumor resections (Wang et al. 2013).

In addition to distinguishing tumor margins from surrounding normal brain,

early clinical and preclinical studies have shown the there are significant differ-

ences in anisotropy within subregions of the tumor that reflect areas of greater

cellular density and necrosis as well as in areas of tumor that are higher in grade

(Wang et al. 2013; Smitha et al. 2013). In a preclinical study evaluating three

murine glioblastoma tumor models, the solid portions of tumor were found to have

higher degrees of anisotropy compared to the necrotic regions, and this was

histologically confirmed with demonstration of well-organized tumor cells at the

tumor rims, which formed circular patterns in the 9L and F98 tumors and a radial

pattern in GBM22 tumors. This raises the potential for using DTI as an imaging

biomarker within the pretreatment setting to noninvasively determine the tumor

grade to guide overall management and identify subregions of tumor to guide

potential local therapies. Following radiation therapy, a growing challenge is

distinguishing acute radiation-related radiological changes on conventional MRI,

and DTI has shown the potential differentiate early toxicity from radiation treat-

ment from tumor progression in the murine glioma models (Wang et al. 2013; Haris

et al. 2008).

Molecular Imaging

The development of novel targeted anticancer agents demands parallel advances

in methods to rapidly assess their therapeutic efficacy. Small-animal PET has

been used to evaluate the use of 18F-fluoro-deoxy-D-glucose (FDG) radiotracer to

predict the therapeutic efficacy of a number of anticancer agents in rat glioma
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Fig. 3 Correlation between early rise in ADC at day 3 of treatment and tumor growth rate.

A moderately strong correlation was observed both for treatment groups (left) and individual mice

(right) treated with radiation, sunitinib, radiation + sunitinib, and placebo (control) (Chung

et al. 2013)
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models. Assadian et al. detected differences in early FDG-PET response as

early as 3 days following treatment using relative changes in standardized

uptake value (SUV) over the course of treatment. In this study, SUV values

significantly decreased in tumors treated with a hypoxia-inducible factor-1a

inhibitor, YC-1, compared with control tumors, whereas no significant SUV

change was noted following a proapoptotic agent NS1619, the combination of

YC-1 and NS1619, or temozolomide. This difference in early FDG-PET response

was consistent with greater tumor volume decreases in this arm compared to the

control arm and significantly lower levels of glucose transporter-1 (GLUT-1)

expression in the YC-1–treated tumors on immunohistochemistry. This study

suggested that FDG-PET could help determine the therapeutic efficacy of novel

agents at an early time point following treatment administration in a preclinical

glioma model (Assadian et al. 2008). Subsequently, a study of BCNU and

BCNU + dexamethasone in 9L gliosarcoma tumors in rats reported that

treatment-associated inflammation in response to tumor therapy may result in

an increase in tumor FDG uptake associated with histological presence of

glucose-consuming activated macrophages and that this inflammatory response

should be considered when interpreting FDG-PET biomarker results (Galban

et al. 2010).

Beyond FDG, a number of additional promising radiotracers are under investi-

gation for PET in neuro-oncology (Table 3). These include 18F-fluoro-L-

thymidinem (FLT) and 11C-methylmethionine as markers of increased transport

and proliferation in brain tumors, fluorine-labeled misonidazole to investigate

hypoxia, and annexin V to image apoptosis, respectively (Dhermain et al. 2010a;

Jacobs et al. 2002a, b, 2005; Wester 2007). Novel tracers under early investigation

include 11C-radiolabeled antisense oligonucleotide to visualize glial fibrillary

acidic protein messenger ribonucleic acid expression, 123I-VEGF to visualize

VEGF receptor, and O-(2-[18F]fluoroethyl)-L-tyrosine and/or methyl-[11C]-L-

methionine to visualize amino acid metabolism (Jacobs et al. 2002a; Derlon

et al. 2000; Hutterer et al. 2011).

Table 3 Positron emission tomography (PET) radiotracers under preclinical investigation in

brain tumors (Dhermain et al. 2010a; Jacobs et al. 2002a, b, 2005; Wester 2007; Derlon

et al. 2000; Hutterer et al. 2011)

Radiotracer Functional investigation

18F-fluorodeoxyglucose Glucose metabolism

18F-fluoro-L-thymidine (FLT) Transport and proliferation in brain tumors

Amino acid metabolism

11C-methlymethionine

(C-MET)

Transport and proliferation in brain tumors

Amino acid metabolism

18F-misonidazole (F-MISO) Hypoxia

18F-FAZA Hypoxia

18F-labeled annexin V Apoptosis

11C-radiolabeled antisense

oligonucleotide

Glial fibrillary acidic protein messenger ribonucleic acid

(mRNA) expression
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Several preclinical studies have shown that 18F-FLT-PET may be a useful early

biomarker of treatment response. In particular, in both subcutaneous and intracra-

nial murine glioma models of temozolomide-sensitive glioblastoma tumors, [18F]

FLT-PET was able to detect a significant difference in tumor/brain ratio for tumors

treated with temozolomide or DMSO (control) as early as day 2 of treatment

(subcutaneous model p = 0.01; intracranial model p = 0.01) (Viel et al. 2013).

When FLT was compared with FDG in intracranial glioma models using U87 and

U251 tumors treated with temozolomide and/or bevacizumab, FDG was less

predictive for treatment efficacy than was FLT in both tumor models ( p < 0.001)

(Corroyer-Dulmont et al. 2013).

Tumor hypoxia has been associated with more aggressive tumor behavior

including increased invasion, proliferation, migration, angiogenesis, and resistance

to treatment. Both MRI and molecular imaging have been investigated to noninva-

sively measure tumor oxygenation prior to treatment and serially over the course of

treatment. To date, the most promising single imaging measure for hypoxia in the

brain appears to be PET imaging by using the 18F-labeled misonidazole radiotracer

(Pacheco-Torres et al. 2011). However, multimodal and multiparametric imaging

investigating the vascular physiology and metabolic features of the tumor associ-

ated with the presence of hypoxia may serve as a stronger biomarker in terms of

predictability for therapeutic efficacy but also to guide ongoing treatment, as this

multimodal approach will provide a better understanding of the tumor

microenvironment.

Beyond the use of specific radiotracers, particularly when a vascular-targeted

agent is under investigation, dynamic uptake of the tracer can be evaluated to obtain

measures of vascular permeability (Corroyer-Dulmont et al. 2013). Additionally, a

number of studies have incorporated multimodal, multiparametric imaging to

acquire multiple imaging biomarker measures within the same tumors in order to

improve efficiency of biomarker investigation, to compare the capabilities of each

modality, and to investigate the added benefit of using a composite measure that

incorporates measures from the various imaging studies. For example, in the

preclinical study comparing FDG and FLT radiotracers, additional imaging mea-

sures including anatomical, diffusion, and perfusion MRI parameters were col-

lected as response biomarkers to temozolomide and/or bevacizumab, and although

FLT was a sensitive predictor of treatment efficacy, the predictability was enhanced

through a combination of these imaging biomarkers (Corroyer-Dulmont

et al. 2013).

Metabolic Imaging

Tumor metabolomics introduces a novel, promising area of imaging biomarkers.

Tumor metabolism can be measured in vivo using MR spectroscopy or ex vivo in

tissue samples using mass spectrometry. The benefit of spectroscopy is that it can be

done in vivo, and for this reason, it provides additional spatial information with the
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potential to generate a metabolic map of the entire tumor, which can be repeated to

evaluate serial changes over time. Using both MR spectroscopy and mass spec-

trometry, Griffin et al. have profiled metabolites in animal models of brain tumors

and have found good correlation between specific metabolic imaging phenotypes

and specific tumor type, proliferation index, metabolic activity, and cell death

(Griffin and Kauppinen 2007).

Currently, the use of 1H, 31P, and 13C MR spectroscopy allows imaging of a

wide range of metabolites that belong to different classes of compounds, reflecting

various cellular processes including tumor metabolism and cell death. For example,

13C spectra estimates glycolytic and oxidative metabolism. Metabolic profiling of

lipids by 1H-MRspectroscopy can discriminate cell death mechanisms with the

presence of saturated lipids indicating cell death by necrosis and presence of

polyunsaturated fatty acids indicating apoptosis.

Potential Applications to Prognosis, Other Diseases, or
Conditions

Novel imaging biomarkers can help better characterize brain tumors to guide initial

therapy and allow early evaluation of therapeutic response, rather than waiting for

traditional therapeutic endpoints. This can enable adaptive therapeutic approaches

with timely secondary interventions to improve tumor control outcomes and min-

imize treatment-related morbidities from pursuing inefficient therapies. Preclinical

investigation of imaging biomarkers facilitates an efficient approach to identify

promising predictive or prognostic parameters and to identify optimal combinations

of multimodal imaging biomarker measures prior to clinical translation. In addition,

preclinical investigation allows for histopathological correlation that can be partic-

ularly challenging in brain tumors, where the tumor is not readily accessible for

serial biopsies.

Ongoing Challenges

There are a number of ongoing challenges in the discovery of imaging biomarkers

in the preclinical setting and subsequent translation of these imaging biomarkers to

the clinical setting. A number of factors can impact the findings of imaging

biomarker studies. These include the acquisition parameters, such as spatial reso-

lution, temporal resolution for dynamic studies, and field of view as well as the data

analysis approach utilized. In the preclinical setting, additional factors including the

particular choice of animal and tumor model can further impact the findings.

Finally, the overall study design including the specicfic treatment parameters

such as treatment doses and schedules and the relative timing of imaging biomarker

measurement can all impact the results and interpretation of the findings (Nieman

et al. 2005).
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Summary Points

• In order to maximize the translational value of preclinical research, the overall

preclinical study design, including choice of the tumor model, should be con-

sidered carefully.

• High-field multiple-mouse MRI systems have introduced a method for high-

throughput screening and anatomical monitoring of intracranial tumor models

• Preclinical studies have correlated tumor vascular features such as microvessel

density with perfusion imaging parameters including Ktrans and relative cerebral

blood volume (rCBV), which appear to be promising biomarkers of response to

anti-angiogenic therapy.

• Preclinical and clinical data support the correlation of diffusion imaging mea-

sures (apparent diffusion coefficient (ADC), anisotropy) with cellular density,

and changes in these measures may reflect early response to therapy.

• Molecular and metabolic imaging approaches to interrogate tumor metabolism,

hypoxia, and cell death have shown promising histological correlation in pre-

clinical studies.

• The use of multimodal imaging information appears to be most predictive for

therapeutic efficacy, and a composite measure may serve as a stronger imaging

biomarker.
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Abstract

Cytokeratin tumor markers are traditionally used as serological markers in

various epithelial cell-associated carcinomas, such as breast, lung, colorectal,

and bladder cancer. Cytokeratin reflects the proliferative activity of tumor cells

(Barak et al. 2004).
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Tissue polypeptide-specific antigen (TPS) is a cytokeratin marker that quan-

titates a critical epitope structure of peptide in serum associated with human

cytokeratin 18. TPS is detected using the monoclonal antibody, M3 (Bonfrer

et al. 1994; Rydlander et al. 1996, D’ Alessandro et al. 2001). The M3 epitope is

related to the proliferative activity of the tumor (O’Hanlon et al. 1996). Since the

well-known serum tumor markers in breast cancer, including CA 15-3 and CEA,

do not reflect proliferative activity, TPS may be more beneficial as a prognostic

indicator.

TPS has consistently been reported as an effective serum marker for provid-

ing prognostic information and establishing patient responses to therapy. A main

limitation of TPS is that it is not “organ specific,” which impedes diagnostic

utility. Additionally, TPS levels are altered according to inflammation condi-

tions, such as liver cirrhosis, ovulation, and menopausal status. Further clinical

studies are required to fully establish the clinical utility of TPS, both alone and in

combination with other established prognostic markers.

List of Abbreviations

CEA Carcinoembryonic Antigen

ER Estrogen Receptor

HER2 Human Epidermal Growth Factor Receptor 2

MCA Mucinous Carcinoma-Associated Antigen

NSCLC Non-small-Cell Lung Cancer

PR Progesterone Receptor

TPA Tissue Polypeptide Antigen

TPS Tissue Polypeptide-Specific Antigen

Key Facts of TPS

• Bjorklund and Bjorklund (1957) initially developed a monoclonal antibody

(M3) specific for tissue polypeptide antigen (TPA).

• TPA measures cytokeratins 8, 18, and 19 in serum samples, and TPS detects a

defined epitope structure on human cytokeratin 18 using the M3 monoclonal

antibody.

• The M3 epitope of tissue polypeptide antigen is related to proliferation activity

of the tumor.

• Measurement of TPS was completed with a one-step solid phase radiometric

sandwich assay based on an immunochemical technique using a commercially

available test kit for TPS.

• TPS is a well-documented cytokeratin tumor marker in various epithelial cell-

associated carcinomas, such as breast, ovarian, prostate, and gastrointestinal

cancer.

• A potential problem is that TPS is a recognized nonspecific marker.
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Definitions of Words and Terms

Cytokeratin Belongs to the intermediate filament (IF) protein family. Upon

release from proliferating or apoptotic cells, cytokeratin provides a useful marker

of epithelial malignancies, including breast, colorectal, lung, head-and-neck, and

bladder cancer.

Serum Tumor Marker A substance found in the blood that can be elevated in

malignancy. The potential uses of serum markers include aiding early diagnosis,

determining prognosis, prospectively predicting response or resistance to specific

therapies, surveillance after primary surgery, and monitoring therapy in patients

with advanced disease.

Prognostic Marker Factors are involved in tumor metastasis and disease pro-

gression in the absence of intervening therapy, distinct from predictive markers,

which are associated with response to particular therapy.

CEA Abbreviation for carcinoembryonic antigen, a glycosyl phosphatidyl inositol

(GPI) cell surface-anchored glycoprotein involved in cell adhesion. CEA may be

increased in colorectal, gastric, pancreatic, lung, and breast cancer, as well as some

noncancerous conditions, such as ulcerative colitis, Crohn’s disease, and liver cirrhosis.

CA 15-3 Abbreviation for cancer antigen 15-3 derived from MUC1. This is the

most widely used marker for breast cancer and useful for monitoring therapy in

advanced breast cancer that is not assessable with existing clinical or radiological

procedures.

Introduction

Despite numerous studies worldwide, a limited number of single biomarkers have

been identified for use in breast cancer management over several years, including

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth

factor receptor 2 (HER2). These established markers in breast cancer require tissue

samples. The majority of research on cancer prognostic markers to date has focused

on tissue, although serum is more readily available than tumor tissue.

OncotypeDX® and MammaPrint® are among the most widely used tissue-based

prognostic markers in breast cancer.

Serum tumor markers are easily accessible and require a less invasive procedure

than biopsy or surgery. Thus, serum tumor markers that afford independent prog-

nostic information are of significant value. The most widely used serum markers in

breast cancer, CA 15-3 and carcinoembryonic antigen (CEA), do not reflect pro-

liferative activity. In contrast, cytokeratin tumor markers measure proliferative

activity, one of the most important phenotypic characteristics of tumor
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aggressiveness, and may thus be more beneficial as a prognostic indicator than the

serum tumor markers reported earlier (Table 1).

The most widely applied cytokeratin tumor markers include tissue polypeptide

antigen (TPA), CYFRA 21-1, and tissue polypeptide-specific antigen (TPS). TPA

may be effectively applied to estimate cytokeratins 8, 18, and 19 in serum samples

(Weber et al. 1984), which was initially described by Bjorklund and Bjorklund

(1957). The group additionally developed a monoclonal antibody (M3) specific for

TPA (Bjorklund 1992). TPS detects a defined epitope structure on human

cytokeratin 18 using the M3 monoclonal antibody, while CYFRA 21-1 measures

soluble keratin 19 fragments in the circulation (Bodenmuller et al. 1994). The

clinical value of these markers lies in the early detection of recurrence and assess-

ment of the efficacy of therapeutic response in epithelial carcinomas, such as breast,

colorectal, lung, head-and-neck, and bladder cancer.

In the current study, we have described the clinical application of TPS as a

biomarker in breast cancer.

Serum TPS as a Useful Biomarker in Breast Cancer

Tissue polypeptide-specific antigen (TPS) was originally identified in human car-

cinomas and tumor cell lines using antibodies directed toward insoluble tumor

material shown to stain cytoskeletal intermediate filaments in HeLa cells. Interme-

diate filament types I and II constitute cytokeratins (acidic and basic proteins,

respectively). To date, 20 distinct cytokeratins have been identified in the cytoskel-

eton of epithelial tissue and are further subdivided into types I and II, based on

sequence homology. Cytokeratins 1–8 constitute the type II group (53–68 kDa,

neutral to basic protein components), while cytokeratins 9–20 constitute the type I

group (40–56 kDa, acidic proteins) (Kerif et al. 2003; Osborn et al. 1982; Fuchs

et al. 1994). The cytokeratins are paired into heterodimers, each containing one type

I and one type II, which are further organized into filamentous structures via side-

by-side alignment to form tetramers and higher cytokeratin polymers with coiled-

coil dimeric structures through further end-to-end associations (Parry et al. 1999;

Hatzfeld et al. 1985; Coulombe et al. 2002).

Tissue polypeptide antigen is proposed to be immunologically related to a

mixture of non-epidermal cytokeratins 8, 18, and 19 (Bjorklund and Bjorklund,

1957). Earlier monoclonal mapping of a fraction of tissue polypeptide antigen

Table 1 Serum tumor

markers in breast

cancer. A list of the

most widely used

serum tumor markers

in breast cancer

Marker Protein(s) detected

CEA CEA

CA 15-3 MUC-1

TPA Fragments of cytokeratins 8, 18, and 19

TPS Fragments of cytokeratin 18

HER-2 (shed form) Extracellular form of HER-2

TPA tissue polypeptide antigen, TPS tissue polypeptide-specific

antigen
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revealed the presence of 35 antigenic determinants. Two epitopes were shown to be

related to tumor cell activity. Monoclonal antibodies against these epitope struc-

tures were raised in mice with human carcinoma preparations. The monoclonal

antibody specific for TPS was raised against the M3 epitope of tissue polypeptide

antigen that is related to tumor proliferative activity. TPS is a well-documented

cytokeratin tumor marker found in various epithelial cell-associated carcinomas,

such as breast, ovarian, prostate, and gastrointestinal cancer.

Conflicting results on the value of TPS as a serum tumor marker in breast

cancer have been documented to date. Given et al. (2000) showed that TPS fails to

act as an effective predictive factor in breast cancer, compared to CA 15-3. In

patients receiving neoadjuvant chemotherapy, TPS was inversely associated with

histologic grade, and only pretreatment CA 15-3 levels were correlated with

higher recurrence rate (Bottini et al. 1957). On the other hand, other published

reports suggest that TPS acts as a marker of recurrence and metastasis

(Giai et al. 1995).

Serum TPS Aids in Early Diagnosis

Hwa and coworkers (2008) reported the utility of TPS in detection of primary

breast cancer. Earlier, D’Alessandro et al. (2001) reported that in combination

with CA 15-3, TPS increases the overall sensitivity of breast cancer diagnosis.

The complementarity between CA 15-3 and TPS was further confirmed in a

longitudinal study, where the increase in sensitivity was obtained by combining

assessment of TPS with CA15-3 yielding a 12.7 % increase in overall sensitivity in

the case of local recurrence. Furthermore, TPS provided additional information

to both mammography and CA 15-3 data in the detection of breast cancer

(Barak et al. 1995).

Determination of Prognosis

TPS appears to have utility as a marker of recurrence and metastases, according to

published reports. O’Hanlon et al. (1996) demonstrated that TPS is elevated with

disease stage in breast cancer, and levels are significantly higher in patients with

locoregional recurrence and increased to an even greater extent in patients

with metastases. Patients with elevated TPS during follow-up were more likely to

experience disease progression on further follow-up. In a recent study, Ahn

et al. 2013 suggested that elevated preoperative serum TPS is associated with

poor breast cancer outcomes. The group assayed preoperative serum TPS levels

in 1,477 breast cancer patients. Age (>45 years), tumor size (>2 cm), nodal

metastasis, negative progesterone receptor, and human epidermal growth factor

receptor 2 were associated with elevated TPS. Moreover, elevated TPS was related

to poor disease-free survival ( p < 0.001) and overall survival ( p < 0.001).

Preoperative TPS was identified as a significant prognostic marker for survival,
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especially in luminal A subtype patients. The researchers proposed that highly

proliferative tumors expressing elevated preoperative TPS in the luminal A subtype

are more aggressive and result in increased risk of recurrence or death.

Surveillance After Primary Treatment

Bjorklund et al. (1996) conducted a large review including 3,000 cases. Compared

to CEA, MCA (mucinous carcinoma-associated antigen), and CA15-3, TPS was the

only marker that exhibited an immediate decrease when therapy was effective and

increase upon inadequate treatment response. Specifically, upon decrease in TPS to

normal levels, applied therapy was effective and tumor activity growth was

decreased. However, both CEA and CA15-3 remained elevated due to the contin-

ued presence of tumor mass.

Additionally, TPS appeared to indicate clinical outcomes (remission, progres-

sion) faster than either CA 15-3 or CEA in metastatic breast cancer patients with

different types of routine treatments, and combined determination of CA 15-3 and

TPS in monitoring therapy in metastatic breast cancer was recommended. In a

European multicenter study, TPS, CA15-3, and CEA were serially measured in

129 metastatic breast cancer patients during a 6-month treatment period. After

6 months of follow-up, patients were divided into four groups according to the

UICC criteria for treatment response. Forty-six patients with a more favorable

prognosis (complete remission, partial remission, or stable disease) were followed

up for an extended period. In 30 of the 46 patients, at least one marker had increased

at the end of the 6-month period by at least 25 % (TPS in 54 %, CA 15-3 in 20 %,

CEA in 20 %). These 30 patients subsequently developed disease progression.

Prognostic sensitivity for TPS, CA 15-3, and CEA was 83 %, 30 %, and 30 %,

respectively. The combination of TPS and CA 15-3 increased overall sensitivity to

96 % (Van Dalen et al. 1996,1998).

Monitoring Response to Therapy in Advanced Disease

In two retrospective studies, TPS was evaluated as a marker for clinical follow-up

of patients subjected to chemotherapy and/or interferon-based immunotherapy. The

results suggest that TPS is a sensitive marker with a longer lead time to recurrence

than both CA15-3 and CEA. The prognostic information imparted by circulating

TPS levels at the beginning of the study before treatment correlated significantly

with longer survival times (Barak et al.1994, 1997).

In a prospective study, (Barak et al. 1998a and 1998b) evaluated the utility of

TPS in predicting response to Taxol administered as second-line treatment in

87 advanced breast cancer patients. TPS, as well as CEA and CA15-3, was

measured before, during, and after Taxol treatment. The three-marker combination

provided higher sensitivity than each single marker. Significant correlations of TPS

levels with response and prognosis were observed. Specifically, 29 %, 41 %, and
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60 % of the patients showed a decrease of at least 50 % in CEA, CA15-3, and TPS,

respectively. Survival was significantly correlated with low pretreatment TPS

levels. Pre-Taxol levels for TPS and CEA were further analyzed with multivariate

Cox regression analysis, where the difference in relative risk was statistically

significant only for TPS (2.1 vs. 1). TPS provides important reliable information

in advanced breast cancer regarding Taxol treatment efficacy and survival progno-

sis (Barak et al. 2004).

Limitations

A potential problem with TPS is that it is a recognized nonspecific marker. TPS is

elevated in inflammatory conditions, particularly liver cirrhosis (Van Dalen, 1992).

In addition, TPS may be markedly elevated at the time of ovulation (Inaba

et al. 1993), and serum TPS levels are altered according to menopausal status.

Conclusions

In conclusion, TPS is a valuable serum marker for breast cancer that aids in early

diagnosis, determining prognosis, surveillance after primary surgery, and monitor-

ing therapy in patients with advanced disease, although the precise mechanisms are

unclear at present. The serum TPS level may thus be combined with established

prognostic factors for clinical use in predicting patient outcomes, improving inef-

fective treatments, and facilitating individualization of therapy for breast cancer

patients.

Potential Applications in Prognosis, Other Diseases,
and Conditions

TPS has been employed as a serum tumor marker in various other epithelial cell-

associated carcinomas, such as ovarian, pancreatic, colorectal, and lung cancer. The

majority of studies have reported the utility of TPS in combination with established

prognostic markers for different cancer types. The lack of sensitivity and organ

specificity of TPS signifies that it is not a suitable marker for early diagnosis.

However, a number of studies have concluded that the prime utility of TPS is in

monitoring treatment and providing early indications of recurrence and tumor

progression.

Ovarian Cancer

A combination of CA 125, the best available marker for ovarian cancer, with TPS

has been shown to increase the sensitivity for monitoring therapy and add
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prognostic value. In a prospective European multicenter trial, 212 ovarian cancer

patients (FIGO stage I-IV) were analyzed. In the subgroup of patients with FIGO

stages III + IV, cutoff levels of CA 125 (35 kU/l) and TPS (80 kU/l) after

chemotherapy were excellent discriminators of survival ( p < 0.0001). The com-

bined value of CA 125 and TPS cutoff points showed better correlation with

survival rates (63 % vs. 17 %, p = 0.0004). The researchers concluded that TPS

and CA 125 levels after chemotherapy are excellent discriminators of overall

survival in patients with advanced ovarian cancer (Van Dalen et al. 1999). The

prognostic values of TPS and CA 125 after three cycles of chemotherapy were

further analyzed by the group (Van Dalen et al. 2000). Their data suggest that only

CA 125 and TPS values below the discriminatory level after three cycles of

chemotherapy indicate favorable prognosis in FIGO III and IV ovarian cancer

patients.

Several studies examining the utility of CA 125 and TPS in ascetic fluid from

cancer patients have concluded that high levels of both markers indicate metastatic

spread (Barak et al. 1993; Chechlinska et al. 2003; Sedlaczek et al. 2002).

Pancreatic Cancer

The study by Slesak et al. (2000) supports the ability of TPS and CA 19-9 to

discriminate between pancreatic adenocarcinoma and chronic pancreatitis. The

researchers concluded that TPS is potentially useful in differential diagnosis between

pancreatic adenocarcinoma and chronic pancreatitis with significantly higher sensi-

tivity and specificity, compared to CA 19-9. Additionally, TPS was shown to be

helpful in monitoring the proliferative process in patients with chronic pancreatitis.

Colorectal Cancer

Berglund and coworkers (2002) evaluated the reliability and validity of the serum

markers, TPS, CEA, VEGF (vascular endothelial growth factor), and bFGF (basic

fibroblast growth factor), in monitoring palliative chemotherapy in advanced colo-

rectal cancer patients (n= 87). They concluded that repeated measurements of TPS

are of clinical relevance in monitoring chemotherapy in advanced colorectal cancer

patients, but cannot precisely predict which patients will have positive outcomes.

Lung Cancer

Several studies have suggested that TPS is significant prognostic marker in patients

with non-small-cell lung cancer (NSCLC). The groups of Barak and Nismen

(Nisman et al. 1998a and 1998b) concluded that independent of the histological

type, including adenocarcinoma, squamous cell carcinoma, and large-cell carci-

noma, TPS is a better prognostic marker than CYFRA 21-1 and CEA in NSCLC.
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Multivariate analysis of survival showed that only TPS is an independent prognos-

tic factor in patients with squamous cell carcinoma. Furthermore, TPS was identi-

fied as a useful marker for detecting relapse (Devine et al. 1994; Pujol et al. 1996;

Ebert and Muley 1998; Stieber et al. 1993).

Summary Points

• This chapter focuses on TPS as a valuable tumor marker in breast cancer.

• Tissue polypeptide-specific antigen (TPS) is one of the cytokeratin markers.

• TPS quantitates the critical epitope structure of a peptide in serum associated

with human cytokeratin 18.

• TPS is detected using the monoclonal antibody, M3. The M3 epitope is related to

the proliferative activity of the tumor.

• TPS plays a role as a marker of recurrence and metastasis according to some

published reports.

• A limitation of TPS is that it is not “organ specific,” which limits diagnostic

utility.

• The serum TPS level may be combined with established prognostic factors for

clinical use in predicting patient outcomes, improving ineffective treatments,

and facilitating individualization of therapy for breast cancer patients.
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Abstract

Breast cancer is one of the most common malignant diseases worldwide. Prog-

nosis of breast cancer is still poor despite the diagnostic and therapeutic progress

in recent years. In order to decrease breast cancer-related deaths, many studies

are aimed at identifying novel screening- and prognosis-related biomarkers.

Cancer stem cells (CSCs) are characterized by the capacity for self-renewal,

tumorigenesis, and differentiation. Due to the role of cancer stem cells in tumor

initiation and treatment failure, studies of CSC markers have been of great

interest. CD133, five transmembrane single-chain glycoproteins, has been suc-

cessfully used as a stem cell marker to identify and isolate CSCs in malignant

tumors. CD133 can also be used to predict tumor metastasis, patient survival and
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resistance to therapy. This chapter provides an overview of the evidence regard-

ing the existence and function of CD133 in breast cancers in the context of the

experimental and clinical data. It also discusses CD133 as a possible target for

breast cancer therapy.

List of Abbreviations

ALDH Aldehyde Dehydrogenase

CSCs Cancer Stem Cells

DFS Disease-Free Survival

HIF Hypoxic Inducible Factor

NAC Neoadjuvant Therapy

OS Overall Survival

TGF-β Transforming Growth Factor-beta

TNBC Triple-Negative Breast Cancer

Wnt Wingless Related

Introduction

Breast cancer is a heterogeneous disease comprising various receptor subtypes

associated with different biological features, clinical outcome, and response to

therapy (Di Cosimo and Baselga 2010). Tumor markers (e.g., carcinoembryonic

antigen) are used as primary screening tools, in combination with mammography

and sonography in patients testing positive. However, there are currently no tests or

biomarkers available for use in early stage tumors that may impact long-term

survival (Table 1).

Increasing evidence has recently suggested that a subpopulation of cells

exist in tumors, termed cancer stem cells (CSCs). Recent studies have demon-

strated that tumors are not recognized as homogeneous masses of proliferating

cells, but as heterogeneous tissues containing a hierarchy of cells derived from a

single CSC (Clarke et al. 2006). CSCs are also believed to be responsible for

tumor initiation, metastasis, and resistance to treatments (Clarke et al. 2006).

Numerous data indicate the presence of CSCs in various solid tumors (Visvader

and Lindeman 2008). Cell surface markers, such as CD133, CD44, CD24,

epithelial cell adhesion molecule (EpCAM), THY1, and ABCB5, are proven to

be useful for the determination of CSCs (Bomken et al. 2010). One of the most

widely used methods for the isolation of CSCs from tumors is based on cell

surface markers such as CD133, CD24, CD29, CD44 (Al-Hajj et al. 2003), and

enzyme aldehyde dehydrogenase 1 (ALDH1) (Vermeulen et al. 2008; Visvader

and Lindeman 2008).

Success of isolating CSC markers in breast cancer has also become an important

issue, particularly in the context of potential therapeutic targeting (Al-Hajj

et al. 2003). However, although several studies have shown the presence of breast

CSCs based on cell surface marker profiles, a consensus on their characterization is

still in progress. CD133 is one of the most frequently used biomarkers in
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CSC-related research for the identification of stem cells from cancerous tissues

(Irollo and Pirozzi 2013), and its prognostic value has also been found in many

cancers (Collins et al. 2005; Hermann et al. 2007; Ricci-Vitiani et al. 2007; Singh

et al. 2004; Suetsugu et al. 2006; Tirino et al. 2009; Table 2).

The search for new prognostic and predictive biomarkers in breast cancer is of

interest because patients respond to treatment differently and show variation in

prognosis according to subtype (Chavez-MacGregor and Gonzalez-Angulo 2012).

In this review, we summarize the latest research findings on the relevance of CD133

in breast cancer initiation and progression, highlighting its potential diagnostic and

prognostic applications.

Role of CD133

CD133 is a glycoprotein also known as prominin 1 (Corbeil et al. 2001) or AC133

(Yin et al. 1997). It defines a population of somatic stem and progenitor cells as a

marker of the hematopoietic and nervous systems. CD133 is a member of the five

transmembrane single-chain glycoprotein family and localizes in cellular plasma

membrane protrusions such as microvilli and primary cilia (Fig. 1). It is encoded by

Table 1 Key fact of breast cancer. This table lists the key facts of breast cancer including the

heterogeneity of breast cancer, the classification, and the current problem in detecting the early

stage of breast tumors

Breast cancer is a complex and heterogeneous disease consisting of various receptor subtypes

The current classification of breast cancer is based on the pattern of expression of the hormone

receptors

Estrogen receptor and/or progesterone receptor and human epidermal receptor 2 (Her2) identify

three major breast cancer subtypes

Luminal tumors are hormone receptors positive and Her2 negative

Another subtype is Her2-amplified tumors

Tumors with a lack of expression of the three receptors are termed triple-negative breast cancer.

Although the mortality of breast cancer is improving, that of triple-negative breast cancer

(TNBC) remains precisely high

There are currently no tests or biomarkers available in the early stage of breast tumors which

cause long-term survival

Table 2 Key fact of cancer stem cells (CSCs). This table lists the key facts of CSCs including

the concept of CSCs, the role, and the importance in targeting CSCs

CSCs are characterized by self-renewal, infinite proliferation, differentiation potential, and high

oncogenicity

CSCs are responsible for tumor initiation, metastasis, and resistance to chemo- and radiotherapy

Cell surface markers, such as CD44, CD24, epithelial cell adhesion molecule (EpCAM), THY1,

and ABCB5, are proven to be useful for the separation of CSCs

The success in isolating CSC marker in cancer is an important issue particularly in the context of

potential therapeutic targeting
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up to 27 exons of the PROM1 gene mapped on chromosome 4p15, which are

subject to alternative splicing (Yin et al. 1997). Transcription of CD133 is driven

by five tissue-specific alternative promoters, resulting in the formation of differen-

tiated spliced mRNA isoforms and CD133 variants with distinct cytoplasmic

C-terminal domains. CD133 is recognized as a marker for identification and

isolation of specific cell subpopulations, being used as a putative CSC population

from malignant tumors of the brain (Singh et al. 2004), prostate (Collins

et al. 2005), liver (Suetsugu et al. 2006), pancreas (Hermann et al. 2007), lung

(Tirino et al. 2009), and colon (Ricci-Vitiani et al. 2007). CD133-expressing tumor

cells sustain the capability of CSC properties, to self-renew in culture, to differen-

tiate into cells similar to the original tumor, and to form tumors in animal xenografts

(Fig. 2). Accumulating evidence suggests the growing significance of CD133 as a

marker for the major CSC phenotype.

To elucidate the molecular function of CD133, many investigators have analyzed

CD133-positive and CD133-negative subpopulations of different cell lines and dem-

onstrated that CD133+ cells have stemness properties such as self-renewal, differen-

tiation ability, and tumorigenicity (Shmelkov et al. 2005; Tirino et al. 2008, 2009).

Solidtumors with CD133 expression
Brain
Prostate
Liver
Pancreas
Lung
Colon
Stomach

Down-regulation of CD133 expression 
HIF-1α
mTOR
miR-125b 

Cytoplasm
COOH

NH2

Glycosylated epitope

Up-regulation of CD133 expression 
Notch
Wnt/β-catenin
Hedgehog
Ras-Raf-MAPK
STAT3
Akt
miR-130b
TGFβ
IL6

Fig. 1 Structure and regulation of CD133. The CD133 protein is a member of five transmem-

brane single-chain glycoproteins consisting of 865 amino acids, and its molecular weight is about

120 kDa. The molecular structure of CD133 includes one extracellular NH2 terminal, two big

extracellular annuli, five membrane-spanning domains, two small intracellular annuli containing

rich cysteines, and one intracellular COOH structure. CD133 expression is regulated by several

signaling pathways. Some cytokines are also positively associated with the expression of CD133
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Moreover, it has been demonstrated that CD133+ cells are more resistant to radiation

and standard chemotherapy than CD133� cells. In contrast, other studies have

shown that CD133� cells can also initiate the same characteristics as those positive

for CD133+ (Meng et al. 2009). Hence, certain inconsistencies between published

data onCD133 function can be attributed to the difference of opinionwith regard to its

main role as a specific marker of CSCs. Key facts of CD133 were summarized

in Table 3.

The oxygen microenvironment influences stem cell development and mainte-

nance (Mohyeldin et al. 2010), and the most appealing hypothesis in support of this

finding is that stem cells may possibly benefit from hypoxic niches where oxidative

DNA damage is reduced. Upregulation of a CD133+ CSC subpopulation was

demonstrated in the brain tumor cultures under low oxygen concentrations (Platet

et al. 2007). In contrast, in gastric and colorectal cancer cell lines, the CD133
mRNA expression was downregulated at 0.1 % oxygen (Matsumoto et al. 2009),

suggesting that observations cannot be generalized. In particular, the level of

CD133 expression was positively correlated with the increasing level of hypoxic

inducible factor (HIF). HIF-1α regulates the expression of several members of the

Notch signaling pathway, CD133, and markers of basal lineage in mammary tumors

(Schwab et al. 2012).

CD133+ cells

Progenitor cells

Cancer stem cells Tumor initiating cells

Metastasis

Chemo-resistance
Radio-resistance

Recurrence

Regenentiation Differentiation

Fig. 2 The role of CD133 cells. CD133+ progenitor or stem cells are activated to self-renew,

proliferate, and differentiate in order to repair the damage. CD133+ CSCs are responsible for

tumor metastasis, chemo- or radio-resistance, and recurrence
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Regulation of CD133

Several pathways, including the wingless-related (Wnt), transforming growth factor-

beta (TGF-β), Notch, and Hedgehog signaling pathways (Roy and Majumdar 2012),

have been shown to be correlated with the CD133 expression in malignant tumors.

The Wnt pathway plays a pivotal role in the proliferation and maintenance of CSCs.

Wnt signaling interfered with the CD133 expression in Wnt-conditioned culture

media (Nikolova et al. 2007) and enhanced a CD133+ population in Wnt3-treated

prostaspheres (Bisson and Prowse 2009). TGF-β1 was shown to be capable of

upregulating the CD133 expression specifically within the Huh-7 hepatocellular

carcinoma cell line in a time- and dose-dependent manner (You et al. 2010).

MicroRNA (miRNA) profiling showed that miRNA, miR-130b (Ma et al. 2010),

andmiR-125b (Shi et al. 2012) are involved in the regulation ofCD133 expression in a

various cells. Forcing the expression of miR-130b in CD133� cells increased resis-

tance to therapy, self-renewal, and tumorigenicity in vivo, whereas upregulation of

miR-125b inhibited the invasive ability of CD133+ glioblastoma cells.

The CD133 expression is also regulated by epigenetic factors. Methylation of

the CD133 promoter repressed CD133 gene transcription, whereas demethylation

of the CD133 gene has been demonstrated in various human malignancies, includ-

ing colorectal cancer (Hibi et al. 2009), gastric cancer (Hibi et al. 2010), glioblas-

toma (Tabu et al. 2008), and ovarian cancer (Baba et al. 2009). TGF-β1 inhibited

the expression of DNA methyltransferases 1 and 3β and induced the demethylation

of promoter-1 of CD133 (You et al. 2010).

In addition, CD133+ CSCs may be associated with the Ras–Raf (Kemper

et al. 2012), STAT3 (Lin et al. 2011), Akt, and mitogen-activated protein kinase

(Wang et al. 2010). In breast cancer, IL-6 also induced loss of methylation at

CD133 promoter region 1 and the CD44 proximal promoter, enhancing CD133

and CD44 gene transcription in basal-like breast cancer (D’Anello et al. 2010).

Table 3 Key fact of CD133. This table lists the key facts of CD133 including the structure, the

expressed cancer cells, function, and the problem as CSC biomarker

CD133, originally known as AC133, is a glycoprotein also known in humans and rodents as

prominin 1

CD133 is a member of five transmembrane single-chain glycoproteins and localizes to cellular

plasma membrane protrusions

CD133 is used as a putative CSC population from malignant tumors of the brain, prostate, liver,

pancreas, lung, stomach, and colon

CD133+ cells have stemness properties such as self-renewal, differentiation ability, and retained

tumor-initiating capacity. CD133+ cells are resistant to radiation and chemotherapy

CD133 is upregulated in several malignant tumors, suggesting that CD133 might be a specific

surface molecule of CSCs

Other studies demonstrated that CD133� cells can also initiate the same characteristics of those

positive for CD133+. Other functional, still unknown markers and/or environmental factors

might cause this discrepancy
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CD133 as a Diagnostic Marker in Breast Cancer

CD133 was first reported to identify CSCs in brain tumors (Singh et al. 2004).

Subsequently, in a study on colon cancer, tumorigenic CSCs were found to

be included among a high-density CD133+ population (Ricci-Vitiani

et al. 2007). Initial reports on breast CSCs described the use of CD44+/CD24low /

ALDH1+ cells to select CSCs (Al-Hajj et al. 2003; Ginestier et al. 2007). Although

the investigation of CD133 as a surface marker in the breast CSCs is still in

progress, CD133 remains a promising candidate among several proposed stem-

like markers.

Studies examining the association between breast cancer and CS133 are sum-

marized in Table 4. To the best of our knowledge, the first report of the potential

use of CD133 as a diagnostic marker in breast cancer was in 2008 (Storci

et al. 2008; Wright et al. 2008), when its expression was shown to correlate with

clinicopathological factors. The positive expression of CD133 in invasive ductal

carcinoma was shown by immunohistochemistry to be related to the tumor size and

stage and lymph node metastasis (Liu et al. 2009). In addition, CD133+ immuno-

reactivity was found to be correlated with the tumor size and nodal involvement in

74 unselected tumors (Liu et al. 2009). Another study described how CD133+

tumor cells were associated with younger women, high tumor grade, and negative

hormone receptors, regarded as features of more aggressive tumors (Currie

et al. 2013). In addition, the hypoxia marker CAIX was also found to be associated

with CD133+ tumors. On the other hand, CD133 was highly expressed in inflam-

matory breast cancer, a particularly lethal form of breast cancer characterized by

exaggerated lymphovascular invasion. Single CD133+ cells demonstrated a

capacity for both proliferation and the ability of recapitulating the unique temporal

phenotype (Xiao et al. 2008). Furthermore, a CD326�/CD45� fraction of patients

with elevated SNAIL1 and ZEB1 transcripts also had a higher percentage of

ALDH+/CD133+ cells in their blood than those with normal SNAIL1 and ZEB1

expression (Giordano et al. 2012). Another study revealed that a third population

of xenograft-initiating cells enriched in CD44+/CD49fhigh/CD133high/ER-

negative breast cancer cells showed an elevated tumorigenicity and self-renewal

in vivo (Meyer et al. 2010).

Although mortality rates in breast cancer are improving because of develop-

ments in diagnosis and therapy, those in triple-negative breast cancer (TNBC)

remain high (Bauer et al. 2007). Thus, the characterization of TNBC may be

important for evaluating patient outcomes and for developing a molecular-based

therapeutic strategy. One recent study revealed that CD133+ immunoreactivity

was correlated with the tumor size and nodal involvement in 67 cases of TNBC

(Zhao et al. 2011). The CD133 expression was significantly associated with the

expression of the cell cycle progression inhibitor, geminin, in particular for TNBC.

This association between the expression of CD133 and geminin could be useful in

molecular stratification (Di Bonito et al. 2012a). CD133 was significantly

hypomethylated in TNBC versus non-TNBC in 91 American Joint Committee

on Cancer stage I–III primary breast cancer tumors. Methylation status levels of
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Table 4 Experimental studies performed to study CD133 in breast cancer. This table lists the
experimental studies performed to study CD133 in breast cancer

Category Authors Material Results

Diagnosis Lehmann C

et al.

Cell lines The cell lines isolated from human breast

cancer tumors did not expressed CD133

Currie MJ

et al.

Tumor

specimens

CD133+ tumor cells were associated with

younger women, high tumor grade, and

negative hormone receptors. No significant

relationships were observed between the

markers studied and survival for 5 years

Giordano A

et al.

Tumor

specimens

The CD326�/CD45� fraction of patients

with elevated SNAIL1 and ZEB1 transcripts

also had a higher percentage of ALDH+/

CD133+ cells in their blood than patients

with normal SNAIL1 and ZEB1 expression

Di Bonito M

et al.

Tumor

specimens

CD133 expression was significantly

associated to cell cycle progression

inhibitor, geminin, in particular for TNBC.

CD133 expression was associated with

ductal breast cancer histotype and Ki67

expression

Kagara N

et al.

Tumor

specimens

CD133 was significantly hypomethylated in

TNBC versus non-TNBC in 91 primary

breast cancer tumors

Liu TJ et al. Cell lines/

tumor

specimens

CD133+ phenotype was positively

associated with vasculogenic mimicry in

breast cancer specimen

Schwab LP

et al.

Cell lines CD133 expression was reduced in

HIF-1alpha-null cells and in tumorspheres.

Tumorsphere formation was enhanced in

CD133hi versus CD133neg cells sorted

from PyMT tumors

Zhao P et al. Tumor

specimens

CD133+ immunoreactivity has been

correlated with tumor size and nodal

involvement in 67 triple-negative tumors

D’Anello L

et al.

Cell lines IL-6 elicits the loss of methylation at the

CD133 promoter region 1, enhancing CD133

gene transcription in basal-like breast cancer

Meyer MJ

et al.

Tumor

specimens

A population of xenograft-initiating cells

enriched in CD44posCD49fhiCD133/2hi

ER-negative breast cancer cells display

heightened tumorigenicity and self-renewal

in vivo

Liu Q et al. Tumor

specimens

The expression of CD133 in breast cancer

was shown to correlate with

clinicopathological factors. CD133+

immunoreactivity has been correlated with

the tumor size and nodal involvement

Xiao Y et al. Cell lines/

tumor

specimens

CD133 was highly expressed in

inflammatory breast cancer. CD133+ cells

demonstrated a capacity for both

proliferation and the ability of recapitulating

the temporal phenotype

(continued)
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Table 4 (continued)

Category Authors Material Results

Wright MH

et al.

Cell lines Brca1 breast tumors contain distinct CD44

+/CD24- and CD133+ cells with cancer

stem cell characteristics

Storci G et al. Cell lines/

tumor

specimens

Tumor tissues of breast cancer expressing

high levels of SLUG mRNA express high

levels of CD133

Prognosis Aomatsu N

et al.

Tumor

specimens

CD133 expression in breast cancer patients

treated with epirubicin followed by

paclitaxel was associated with survival.

Recurrence was more frequent in patients

with CD133-positive tumors compared with

negative ones

Giuffre G

et al.

Tumor

specimens

CD133 expression is associated with the

appearance of distant metastases

Ieni A et al. Tumor

specimens

CD133 showed a highly significant value

regarding metastatic localizations in the bone

Yan X et al. Tumor

specimens

CD133 gene signature distinguishes higher-

grade breast cancers from their lower-grade

counterparts

Chemoradiotherapy
response

Liu H et al. Cell lines CD133mRNAexpression levels in tamoxifen-

resistant breast cancer cells were significantly

higher than those in wild-type cells

Nadal R et al. Tumor

specimens

Enrichment of CK+/CD133+ CTCs in

nonluminal breast cancer subtypes was

observed after systemic therapy

Di Bonito M

et al.

Tumor

specimens

CD133 expression was heterogeneous in

different carcinomas but was strikingly

hyperexpressed in a tubulolobular variant of

breast cancer

Achuthan S

et al.

Cell lines Therapy-resistant cells displayed higher

CD133 and Oct-4 expression in breast

cancer cell lines

Mine T et al. Cell lines The numbers of CD44hi CD24lo, CD44hi

CD133+, and CD24lo CD133+ cells in

gemcitabine-, paclitaxel-, and 5-fluorouracil-

resistant breast cancer lines are higher

compared with drug-sensitive lines

Therapeutic target Koshio J et al. Cell lines An immunogenic protein, DEAD/H

(Asp–Glu–Ala–Asp/His) box polypeptide

3, X-linked (DDX3X), is preferentially

expressed in CD133(+) tumor cells,

including breast cancer cells

Swaminathan

SK et al.

Cell lines Tumor regrowth during free paclitaxel was

significantly lower when paclitaxel was

delivered through polymeric nanoparticles

targeting CD133

Sun B et al. Cell lines The sodium butyrate-resistant cells showed

the expression of CD133

Sun J et al. Cell lines Suppression of CD133 activity by LS-7

reduced the migration of breast cancer cell

lines
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CD133 could serve as surrogate biomarkers for identifying TNBC (Kagara

et al. 2012). Liu et al. showed that lymph node metastasis and higher histological

grade were correlated with the CD133 expression, with the CD133+ rate much

higher in TNBC than in the luminal and HER2+ subtypes. This finding suggests

that CD133+ is closely associated with TNBC. Moreover, the CD133+ phenotype

was positively associated with vasculogenic mimicry in breast cancer specimens

(Liu et al. 2013).

CD133 as a Prognostic Marker in Breast Cancer

Several studies have demonstrated the use of CD133 as a marker predictive of

postoperative recurrence; CD133 is found not only in primary tumors but also in

metastatic tumors such as liver metastases in the colon cancer cells. Aomatsu

N. et al. examined the association between survival and the CD133 expression in

patients with breast cancer treated with epirubicin followed by paclitaxel

(Aomatsu et al. 2012). DFS and OS in patients with CD133-positive tumors

were significantly shorter than in patients with CD133-negative tumors prior to

neoadjuvant therapy (NAC). In contrast, the ALDH1 expression did not correlate

with regard to DFS and OS. Univariate and multivariate regression analysis

indicated that the CD133 expression prior to NAC was an independent prognostic

factor for DFS. In agreement with this, the expression of CD133 corresponded to

the tumor size, clinical stage, and lymphatic metastasis. The CD133 expression

was found to be related to the overall survival and disease-free survival in patients

with TNBC (Zhao et al. 2011). Values of CD133 were highly significant with

regard to metastatic localizations in bone by multivariate analysis; CD133

emerged as the only independent prognostic variable (Ieni et al. 2011). However,

no significant differences were observed in DFS or OS for patients with tumors

expressing any of the three stem cell markers studied, including CD133 (Currie

et al. 2013). Discrepancies among studies can result from differences in patient

characteristics, study design, or the use of commercial antibodies, which may lead

to high background interference. More uniform studies should be performed to

elucidate these issues.

Several studies have shown a significant correlation between prognosis and

the CD133 expression. Evidence from clinical studies showed that the expression

of CD133 is associated with a poor prognosis in patients with advanced colon

cancer (Li et al. 2009). Intercomparison among gene expression profiles showed

that the CD133 gene signature identifies an aggressive subtype of glioblastoma

seen in younger patients and characterized by shorter duration of survival (Yan

et al. 2011), and it was reported that the CD133+/CD44+ subpopulation is

responsible for this metastasis (Chen et al. 2011). Among several CSC markers,

CD133 was immunohistochemically shown to be more highly expressed in

patients with distant metastasis of node-negative invasive breast carcinoma,

suggesting that it may be a useful biomarker candidate in tumor metastasis

(Giuffre et al. 2011).
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CD133 as a Biomarker in Chemoradiotherapeutic Response
in Breast Cancer

Sensitivity to drug therapy and radiation is considered to be responsible for the

poor response to current anticancer drugs (Tentes et al. 2010), and CSCs are

believed to contribute to resistance to cytotoxic therapies (Clarke et al. 2006).

An association between CSCs and chemoresistance in breast cancer cells has been

shown in vitro (Achuthan et al. 2011; Di Bonito et al. 2012b; Liu et al. 2006; Nadal

et al. 2013). In glioma, CD133 selected for a population of cells exhibited radiation

resistance, and CD133+ cells exhibited increased clonogenic survival (Bao

et al. 2006), with one clinical study providing supportive evidence for this hypoth-

esis (Ong et al. 2010).

Our data revealed that the CD133 expression is significantly related to

chemosensitivity. Recurrence was more frequent in patients with CD133+ tumors

compared with CD133�, suggesting that CD133 may be a useful marker in

predicting the effectiveness of NAC and recurrence of breast cancer (Aomatsu

et al. 2012). The numbers of CD44high, CD24low, and CD133+ cells in gemcitabine-

, paclitaxel-, and 5-fluorouracil-resistant breast cancer lines, respectively, were

higher compared with corresponding drug-sensitive lines (Mine et al. 2009).

A recent study showed that the CD133 expression is associated with ductal breast

cancer histotype and Ki67 expression. The authors also mentioned the importance

of the detection of stem cell niches by CD133 in all phenotypic variants of breast

carcinoma (Di Bonito et al. 2012b). The CD133 mRNA expression levels in

tamoxifen-resistant breast cancer cells were significantly higher than those in

wild-type cells (Liu et al. 2006). Enrichment of cytokeratin+/CD133+ circulating

tumor cells in nonluminal breast cancer subtypes was observed after systemic

therapy, suggesting a potential role in resistance to therapy (Nadal et al. 2013).

Therapy-resistant cells displayed higher CD133 and Oct-4 expression in breast

cancer cell lines (Achuthan et al. 2011), suggesting that CD133 is a good predictor

of resistance in chemoradiation therapy.

Therapeutic Insights into Targeting CD133

Several attempts have been made to use CD133 in cancer treatment, with successful

targeting in hepatocellular and gastric cancer xenografts reported (Smith

et al. 2008). These data suggest that CD133, in addition to its role as a CSC marker,

is an important cancer therapeutic target. CD133 monoclonal antibody conjugated

by cytolethal distending toxin preferentially inhibited the growth of CD133+ cancer

cell lines derived from head and neck carcinomas (Damek-Poprawa et al. 2011),

whereas siRNAs decreased the number of CD133 molecules in melanoma

cells (Rappa et al. 2008). Cell growth, cell motility, and spheroid-forming capacity

were inhibited as a result of downregulation of CD133. In addition, nanotubes

conjugated with CD133 monoclonal antibodies blocked the self-renewal character

of CD133+ glioblastoma cells (Wang et al. 2011).
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DEAD/H (Asp–Glu–Ala–Asp/His) box polypeptide 3, X-linked (DDX3X) is a

major immunogenic target protein of CD133+ melanoma cells. Vaccination with

synthesized DDX3X protein exhibited therapeutic efficacy against established

skin melanoma, effecting curing of the tumor. Because DDX3X is expressed in

breast cancer cells, this finding indicates that anti-DDX3X immunotherapy may be

a promising strategy (Koshio et al. 2013). Tumor growth was lower when pacli-

taxel was delivered through polymeric nanoparticles targeting CD133

(Swaminathan et al. 2013). Cells resistant to sodium butyrate, a potent histone

deacetylase inhibitor and anticancer agent, showed the expression of CD133.

The CD133+ group presents a higher level of c-MET, and a combination treatment

regimen of MET siRNA and sodium butyrate efficiently inhibited breast cancer

progression (Sun et al. 2012a). The possibility of targeting breast CSCs by

CD133 inhibition provides a novel therapeutic approach in the treatment of

breast tumors.

Future Perspectives

Limitations of CD133 as a Breast Cancer Biomarker

Although CD133 has been used as a marker to identify CSCs, contradictory

results have been reported in several recent studies. In colon cancer, the

CD133 expression was not restricted to tumor initiation (Shmelkov et al. 2008)

because it did not distinguish the entire population of tumor-initiating cells.

CD133� glioma cells proved tumorigenic in nude rats, and CD133+ cells were

obtained from these tumors, suggesting that the CD133 expression may not be

required for brain tumor initiation (Wang et al. 2008). These findings raise a

major issue about the validity of CD133 as a marker for CSCs. In breast cancer,

established CSC markers are not indicative of in vivo tumorigenicity, and the cell

lines S2 and S2N isolated from human breast cancer tumors did not express

CD133 (Lehmann et al. 2012). The authors of this paper suggest that other

functional, hitherto unknown, markers and/or environmental factors may impact

increased tumorigenicity in breast cancer, and further studies have been

conducted in several kinds of tumor to investigate this discrepancy (Kawamoto

et al. 2010; Liao et al. 2010).

Future Perspectives

Because CD133 cannot be used as a specific marker to characterize CSCs in

breast cancer for a precise detection of the stemness of cancer cells, other markers

should be used in combination with CD133. ALDH+/CD133+ cells generated

tumor initiation more strongly than ALDH+/CD133� cells (Huang et al. 2009).

The incidence of tumor cells positive for stem cell-like and more differentiated
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cell markers varies according to the tumor subtype and histological stage (Park

et al. 2010). For example, cytokeratin+/CD133+ CTCs were significantly associ-

ated with non-amplified HER2 and primary tumors with slow proliferation index.

This finding indicates genetic heterogeneity in promoting diversity for the expres-

sion of stem cell markers in cancer cells. ALDHhigh/CD44+/CD133+ cells showed

enhanced tumorigenicity and metastasis relative to ALDH(low)/D44(low/�) cells

(Croker et al. 2009).

However, it remains to be elucidated which combination of these markers is

optimal to identify CSC or shows biological characters consistent with CSCs. More-

over, little is known about the function of CD133 (e.g., what is the ligand and

downstream signaling of CD133?). Whether CD133 participates in the biological

behavior of CSC or merely acts as a marker of CSC phenotype is unclear. Although it

remains a challenge to incorporate the regulatory and functional data of CD133,

several recent studies have identified these questions. CD133 may play a role in cell

polarity and integration via cell–cell and cell–matrix interactions (Giebel et al. 2004).

shRNA-mediated downregulation had profound effects on human CD133-expressing

malignant melanoma cells. CD133 knockdown slowed cell growth, reduced cell

motility, and decreased the formation of spheroids under stem cell-like growth

conditions. In vivo, the downregulation of CD133 reduced the capacity of cells to

metastasize (Rappa et al. 2008). LS-7 (amino acid sequence, LQNAPRS) is a specific

binding peptide targeting mouse CD133. The suppression of CD133 activity by

LS-7 reduced migration in the breast cancer cell line MA782. In addition, the

high specificity and affinity of LS-7 to mCD133 showed that the expression of only

c-MET and STAT3 decreased in breast cancer cells exposed to LS-7 (Sun

et al. 2012b). Similarly, agar-selected cells (designated GI-AGR) were homogeneous

for CD44+ and CD133+ and were fivefold more invasive than the parental GI-101A

cells (Guo et al. 2011). These findings may provide new insights into the clarification

of the mechanism of CD133 and strategies in breast cancers through its use.

Summary Points

• CD133, a five transmembrane single-chain glycoprotein, is successfully used as

a stem cell marker to identify and isolate cancer stem cells in malignant tumors.

• It can be also be used to predict tumor metastasis, patient survival, and resistance

to therapy.

• Prognosis of breast cancer is still poor despite the diagnostic and therapeutic

progress in recent years.

• This paper reviews the evidence regarding the existence and function of CD133

in breast cancers in the context of experimental and clinical data.

• We also discuss its potential use as a possible target in breast cancer therapy.
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Abstract

Despite significant advances in diagnosis and management, prostate cancer is

still a leading cause of cancer-related death in men. Castration-resistant pros-

tate cancer (CRPC) is defined by disease progression despite androgen depri-

vation and castrate levels of testosterone. There have been a rapidly increasing

number of new systematic agents which have been approved by the USFDA for

men with metastatic CRPC, based on the results of successful phase 3 trials of a

diverse range of agents with immunomodulatory, hormonal, bone-targeting,

and microtubule-targeting mechanisms of action. Therefore, it is becoming

essential to understand the optimal and rational combination and sequences of

these treatments in the clinic, as well as to identify patients most likely to

benefit from a specific treatment. Minimizing harms and costs of ineffective

therapies is an equally important goal. Predictive biomarkers linked to relevant

clinical outcomes are thus needed in drug development in CRPC, and there is

an increasing need for these biomarkers to guide a clinician’s decision. We

discuss in this chapter existing and emerging prognostic and predictive bio-

markers in CRPC and future directions of biomarker development in men

with CRPC.

Key Facts

Key Facts of CRPC

• Despite high response rates to androgen deprivation therapy in men with

advanced and recurrent prostate cancer, almost all will develop lethal

castration-resistant metastatic disease.

• Based on the concept that reactivated androgen- and AR-based pathways still

continue to stimulate CRPC progression, abiraterone acetate and enzalutamide

were developed and play a significant role in the management of men with

metastatic CRPC. Predictive biomarkers based on this biology may aid in patient

selection for these therapies.
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• Chemotherapy choices for CRPC patients initially include docetaxel, with

cabazitaxel or mitoxantrone as second line choices, with multiple available prog-

nostic biomarkers; predictive biomarkers remain to be validated prospectively.

Key Facts of CTCs

• CTCs are cells that have shed into the vasculature from a primary or metastatic

tumor, circulate in the blood, and are considered seeds for primary tumors to

metastasize to distant place.

• CTCs had been observed for the first time in 1869, but were not

objectively measured and quantified in the clinic until recent years, and

have emerged as a novel biomarker of prognosis and platform for predictive

biology across multiple solid tumor types, both before and during systemic

therapies.

• CTCs are considered a “liquid biopsy” which can provide live real-time infor-

mation about the patient’s disease status and biology, and thus, there is great

potential for CTCs to provide predictive information about tumor biology that

may inform on therapeutic decision-making.

Definitions of Words and Terms

AR-V (Androgen Receptor Variants) AR-V results from premature stop codons

due to nonsense mutations or from alternative splicing with the frequent retention of

a cryptic exonic sequence.

Biomarker A biomarker is an objectively measured and evaluated tumor or host

characteristic to be used as an indicator of normal biological or pathogenic pro-

cesses or pharmacological responses to a therapeutic intervention.

BSI (Bone Scan Index) Quantitative measurement of the tumor-bone metastatic

burden as percentage of total skeletal mass.

CTC (Circulating Tumor Cell) While there are multiple definitions used in

research, the USFDA defines a CTC to be a nucleated cell > 4 um in diameter

isolated from whole blood using EpCAM-based ferromagnetic antibody and

also lacking the leukocyte marker CD45. This definition has been used in

clinically validating the Cellsearch assay as a prognostic biomarker in men

with mCRPC.

miRNA An miRNA is a small noncoding RNA molecule found in both plants and

animals, which functions in transcriptional and posttranscriptional regulation of

gene expression.
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CRPC (Castration-resistant prostate cancer) Progressive disease despite cas-

trate levels of serum testosterone, usually manifested as a rise in serum PSA despite

therapy or progression either radiographically or based on symptoms.

Introduction

The introduction of biomarkers for disease diagnosis and management has been a

revolution in the practice of oncology. Biomarkers of import in oncology are

indicators of a biological state, objectively measurable and reproducible, and

must relate to specific pathogenic processes or responses to therapeutic interven-

tion. A biomarker is defined as a characteristic that is an objectively measured

indicator of normal or pathogenic biological process or pharmacologic response to

treatment. Biomarkers can be proteins, metabolites, RNA, DNA, epigenetic mod-

ifications of DNA, quantitative surveys of symptoms or pain scores, quantified

radiographic images or changes in tumor characteristics, or patient-reported out-

comes. Biomarkers can facilitate care at screening, diagnosis, prognosis determi-

nation, epidemiology studies, and new drug development. Biomarkers through

prediction also help identify appropriate patients for specific treatment and assess

disease response to treatment. Biomarkers can be prognostic, predictive, surrogate,

or pharmacodynamic in nature (Table 1). A prognostic biomarker reflects disease

outcome independent of therapy (natural history), while a predictive biomarker

indentifies the likelihood of benefit from a specific therapy. There are a number of

prognostic biomarkers in men with CRPC, but there are no validated predictive

biomarkers to guide therapeutic decision-making at the time of this writing. In

addition, surrogate biomarkers of OS are still uncertain in clinical trials of men

with metastatic CRPC and are beyond the scope of the current chapter. Certain

biomarkers are additionally used for determining drug mechanism or metabolism,

Table 1 Classification of biomarkers

Biomarker
type When biomarker is measured Implication of biomarker

Prognostic Prior to or after treatment Provides information on the likelihood

of a disease outcome independent of

therapy (natural history)

Predictive Prior to treatment if to be used to

predict future response, but can be

measured following treatment to

determine predictive value on

therapy

Identifies the likelihood of benefit from

a specific treatment

Surrogate During or after treatment completion Provides an early indicator of treatment

outcomes that is highly associated with

the more relevant clinical end point and

thus estimates the treatment effect on

the final clinical end point

Requires validation across trials
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which are called pharmacodynamic biomarkers, which will not be further

discussed in this chapter.

As an example to demonstrate the importance of mechanism and disease state in

determining the relevance of a biomarker, an elevated serum PSA level has been

used as marker of diagnosis and prognosis for prostate cancer in decades and

carries prognostic weight across all known disease states (localized disease,

recurrence, metastatic disease, CRPC). However, it does not always reflex the

benefits of a specific treatment. For example, sipuleucel-T treatment prolongs

overall survival in metastatic CRPC patients but has only modest effect on PSA

level (Kantoff et al. 2010), while bevacizumab with docetaxel resulted in more

deep PSA declines but did not significantly improve survival (Kelly et al. 2012).

Another example of the disconnection between PSA changes and survival is

radium-223 chloride, which demonstrated an overall survival (OS) benefit in

men with bone-predominant symptomatic mCRPC, but with no clear impact on

PSA levels (Parker et al. 2011). Therefore, new quantifiable biomarkers are needed

to help determine the benefits of treatment. Novel biomarkers can also help

provide an understanding into the complex biology of CPRC, identify men more

likely to benefit to a given therapy, identify patients with early response or

progression to optimize outcomes, and accelerate development of new therapeu-

tics and improve clinical outcomes. The purpose of this chapter is to examine the

current status of CRPC biomarkers.

Established Prognostic Biomarkers in CRPC

Prognostic biomarkers may be useful as an aid to informing upon treatment decisions

given that more aggressive therapies such as chemotherapy or clinical trials may be

pursued if survival is anticipated to be short, while less aggressive therapies such as

secondary hormonal therapies and immunomodulatory therapies may be pursued if

the burden of disease is lower. This section below introduces the established and

validated pretreatment and posttreatment prognostic biomarkers in CRPC (Table 2).

PSA and PSA Kinetics

Serum PSA is secreted by prostate cancer cells under the regulation of androgen

receptor (AR) transcriptional direction. Serum PSA levels are an established prog-

nostic biomarker across multiple disease states in prostate cancer that reflects the

burden of disease, and PSA level is a confirmed independent prognostic risk factor

for CRPC mortality that is included in all current prognostic models (Armstrong

et al. 2007a; Halabi et al. 2003; Vollmer et al. 1998). PSA changes reflect patients’

response to chemotherapy or hormonal agents and provide prognostic information

for individual patients over time. PSA nadir and declines in PSA in men with

hormone-sensitive metastatic prostate cancer are independent predictors of survival

(Hussain et al. 2006). However, caution must be considered in the interpretation of
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PSA level changes after therapy, as the PSA level change is variably dependent on

the mechanism of action of different treatments. For example, sipuleucel-T

improved OS in CRPC, but had only a modest effect on short-term PSA levels

(Kantoff et al. 2010). In docetaxel-treated CRPC patients, the improvement in OS

correlates moderately well with early PSA declines within the first 3 months of

treatment (Armstrong et al. 2007b; Petrylak et al. 2006). The majority of novel

hormonal therapies (enzalutamide, abiraterone acetate) result in early drops in PSA

which are highly prognostic and directly related to the mechanism of action of these

agents. Therefore, interpretation of PSA level changes must be based on the

treatment mechanism and time of sampling.

Early changes in PSA (blips, transient rises) may be observed with cytotoxic

therapies. For example, in 15 % of men with mCRPC treated with docetaxel, early

rises in the first 3–4 cycles of chemotherapy were observed, followed by a subse-

quent fall in PSA with continued therapy (Berthold et al. 2008a). These early

changes were not adversely prognostic, indicating that these transient changes

should not be a reason for docetaxel discontinuation. Prospective evaluation of

PSA level changes in clinical trials across a range of drug mechanisms is needed,

given that in certain contexts where the correlation is strongest, PSA is strongly

associated with survival benefit, such as with hormonal therapies. PCWG2 (Prostate

Cancer Working Group) includes guidelines on the reporting of PSA changes and

progression metrics, but de-emphasizes these changes as definitive outcomes or

sole end points of trials to decide on changes in therapy or declaration of treatment

Table 2 Established and validated prognostic biomarkers in men with metastatic CRPC. CRP
C-reactive protein, NLR neutrophil to lymphocyte ratio, LDH lactate dehydrogenase, CTC circu-

lating tumor cell, PSA prostate-specific antigen, PFS progression-free survival

Pretreatment prognostic factors
Posttreatment prognostic
factors

PSA PSA decline

PSA kinetics Pain improvement

CTC enumeration Quality of life changes

Anemia Decrease of CTC to <5

LDH Worsening anemia

Bone turnover biomarkers Increased LDH

Inflammation biomarkers (CRP, NLR) Type of progression, PFS

Performance status

Visceral metastatic disease (liver > lung)

Albumin

Pain (requiring narcotic analgesia)

Number of disease sites, bone scan index

Age

Gleason score in primary

Chromogranin A

Type of progression (PSA, bone scan, measurable disease)

Testosterone level
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failure (Scher et al. 2008). Most of the transient PSA increases occur in the first

3 months of chemotherapy. Therefore, early PSA level changes following chemo-

therapy in men with mCRPC should be incorporated with the overall clinical

assessment including pain and radiographic changes; and isolated early PSA

change alone should not result in decisions to stop a systemic therapy.

PSADT (PSA doubling time) is the time necessary for the serum PSA level to

double. PSADT or PSA velocity (slope) together with PSA level can help identify

high-risk non-metastatic CRPC for early metastatic development, by representing the

burden of disease and pace of the disease progression (Smith et al. 2005). For example,

menwith a PSADT < 8months or a PSA > 10–20withM0CRPChave a high risk of

metastasis development within 1–2 years. In metastatic CRPC, PSADT together with

PSA is independent prognostic for OS (Armstrong et al. 2007a; Petrylak et al. 2006).

Reduction in PSA velocity in docetaxel-treated CRPC also suggests a more favorable

prognosis (Armstrong et al. 2007a). The relationship between PSADT and overall

survival prognosis in mCRPC is shown in Fig. 1. In asymptomatic metastatic CRPC,
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Fig. 1 The relationship between PSA doubling time (PSADT) and overall survival prognosis in

men with mCRPC (Reproduced with permission from Armstrong et al. Clin Cancer Res.

2007;13:6396–403). Kaplan-Meier estimated the overall survival according to PSADT

inTAX327 cohort (n = 686, 518 events). Median PSADT is 55 days in this study. PSADT is

separated into five cohorts:>6 months (n = 44; median overall survival not reached; mean overall

survival, 25 months), 3–6 months (n = 118; median overall survival not reached; mean overall

survival, 22.5 months), 2–3 months (n = 151; median overall survival, 20.7 months), 1–2 months

(n = 264; median overall survival, 18.6 months), and <1 month (n = 109; median overall

survival, 13.3 months)
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rapid PSADT is a poor prognostic marker, indicating the need for therapeutic inter-

vention (Armstrong et al. 2007a). PSADT needs to be cautiously interpreted since

PSADT may change over time without intervention or with a placebo effect and as

more data points accumulate (regression to the mean). In addition, PSA levels may

slowly climb during therapy with novel hormonal agents such as abiraterone or

enzalutamide following an initial response (PSA drift), and this may be quite

prolonged in some men with CRPC in the absence of other clinical signs of progres-

sion. Thus, PSA levels and kinetics have a complex and often confusing relationship

with tumor biology, prognosis, and response to therapies.

About 15–20 % of metastatic prostate cancer patients have a very low serum

PSA level (Thompson et al. 2004), particularly those with neuroendocrine or small

cell prostate histology. Histologic appearance of small cell or neuroendocrine

prostate cancer has both prognostic and predictive value, as these tumors generally

have a poor prognosis, make little PSA, exhibit viscerotropic spread, and have a

much reduced sensitivity to hormonal therapies (Beltran et al. 2011). These tumors

may exhibit Rb loss, aurora kinase A, and N-Myc amplification, accompanied by

reduced AR signaling, indicating that these tumors are a distinct but often clonally

derived clinical variant entity of CRPC. The optimal definition in terms of clinical

phenotype and molecular genotype remains to be established. However, in these

cases, PSA levels may not reflect the disease status well when neuroendocrine

histology is present. Instead, other biomarkers (serum chromogranin A or

carcinoembryonic antigen (CEA) or LDH levels, CTC enumerations, posttreatment

radiologic changes, or pain and symptom relief) rather than PSA should be explored

(Sasaki et al. 2005; Spiess et al. 2007).

In summary, PSA level changes should be interpreted in the context of overall

clinical picture including the mechanism of the given treatment, pain, radiographic

changes, and other biomarker changes.

Bone Turnover Biomarkers

Bone is the most common site of metastasis in prostate cancer, impacting over 90 %

ofmen at autopsy. The effects of bonemetastasis can be indirectly measured by bone

turnover markers, including bone type 1 collagen breakdown product N-telopeptide

(Ntx), tartrate-resistant acid phosphatase 5b, serum type 1C-telopeptide,

osteopontin, bone alkaline phosphatase, and others (Jung et al. 2011). These bio-

markers reflect both osteoblastic activity (e.g., bone alkaline phosphatase) and

osteoclastic activity (e.g., Ntx, C-telopeptides such as aminoterminal propeptide

of procollagen type I (P1NP) and beta-isomer of carboxiterminal telopeptide of

collagen I (b-CTX)). Agents that impede this tumor-bone stromal interaction such as

zoledronic acid and denosumab delay the development of skeletal-related events in

CRPC. Persistent activation of Ntx was observed despite zoledronic acid therapy in

bone metastatic CRPC. RANKL antagonism with denosumab was demonstrated to

reduce these bone turnover markers, which is accompanied by superiority in the

prevention of skeletal-related events when compared with zoledronic acid.
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Even though the predictive role for these biomarkers is still unknown, the bone

turnover marker levels are clearly prognostic for survival and correlate with

meaningful clinical outcomes such as skeletal-related events, cancer progression,

and survival (Saylor et al. 2013). The issue of measurement of these bone bio-

markers in CRPC has been extensively reviewed elsewhere (Saylor et al. 2013).

Here we give a brief review of the prognostic value of bone turnover markers.

Effective cytotoxic chemotherapy or radiopharmaceutical therapy results in reduc-

tion of bone turnover markers. Bone alkaline phosphatase (BAP) is an established

prognostic marker in CRPC. In docetaxel-treated CRPC patients, reduction in total

alkaline phosphatase is an independent prognostic biomarker and may also provide

survival benefit in the absence of PSA level decline (Sonpavde et al. 2010). The

elevated baseline level of BAP may be predictive for survival benefit with radium-

223 treatments, and posttreatment BAP reductions are highly associated with

improvements in survival with radium-223 chloride (Parker et al. 2013). Ntx has

been evaluated recently as a potential prognostic biomarker in CRPC. Many groups

have demonstrated that elevated urinary Ntx is a prognostic indicator for increased

bone metastasis-related complications, disease progression, and death in prostate

cancer patients (Brown et al. 2005; Coleman et al. 2005). Bone turnover markers

have an established prognostic and potentially a predictive role with bone-targeted

antiresorptive agents such as zoledronic acid and denosumab, in which lack of

normalization of bone biomarkers with these agents has been associated with a higher

risk of skeletal-related events and death (Piedra et al. 2013).

While prognostic, levels of bone turnover markers during therapy may also have

therapeutic implications for the escalation or deescalation of osteoclast-targeted

therapy (Saylor et al. 2013). While not prospectively validated, suboptimal bone

turnover marker suppression could be taken as a cue to escalate therapeutic

intensity, and marker suppression beyond the regular dosing interval of zoledronic

acid or denosumab may provide a rationale for less frequent dosing. However, this

approach using these bone biomarkers to guide therapy has not been prospectively

tested in clinical trials and is not recommended at this time.

In conclusion, measurement of baseline and serial levels of bone turnover bio-

markers during the CRPC treatment provides prognostic information, and serial

measurements can update this prognostic relevance in the context of chemotherapy

and bone-targeted agents. Active investigations are ongoing to clarify and validate

the utility of measuring Ntx and other bone turnover markers as prognostic and

predictive biomarkers in men with CRPC across a range of systemic agents such as

bone-targeting agents such as denosumab, zoledronic acid, and radium-223.

Hemoglobin

Anemia in prostate cancer patients is due to multiple factors including bone

metastasis, long-term androgen deprivation therapy, renal disease, chemotherapy

toxicity, and blood loss (e.g., hematuria). Degree of anemia is a strong independent

prognostic biomarker for docetaxel-related PSA declines, tumor response rates, and
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overall survival in CPRC (Halabi et al. 2003; Smaletz et al. 2002). Degree of

anemia is included in almost every prognostic model (e.g., modern nomograms in

docetaxel-treated CRPC) and in the CRPC risk-based classification score, together

with progression by bone scan, visceral metastases, and significant pain (Armstrong

et al. 2010a). Severity of anemia reflects both the disease burden and the response to

treatment. Therefore, monitoring hemoglobin has prognostic implications in men

with CRPC and provides an updated prognosis based on the development of anemia

due to disease progression.

Lactate Dehydrogenase (LDH)

LDH is part of the cellular glycolysis and gluconeogenesis pathway, generating

lactate from pyruvate or vice versa, depending on cellular energy needs. Cancer cell

proliferation favors aerobic glycolysis pathways, which produce LDH. Rapid tumor

growing induces elevated LDH through hypoxia, tissue necrosis, and oncogenic

signaling; therefore, LDH is an independent prognostic biomarker in multiple

tumors including CRPC. In men with mCRPC, elevated LDH is one of the strongest

prognostic factors for survival, and increased LDH level likely reflects advanced

tumor burden or an aggressive proliferative phenotype in CRPC (Halabi

et al. 2003). Combinations of LDH measurements with other biomarkers including

PSA or CTC may improve the clinical utility of LDH as risk stratification and

prognostication (Scher et al. 2011a). In addition, increase in LDH level after

treatment may be predictive for poor treatment response (Halabi et al. 2007). We

have recently shown that elevated levels of LDH are predictive for the benefit of

PI3K/mTOR pathway inhibition in patients with poor risk metastatic renal cell

carcinoma treated with temsirolimus (Armstrong et al. 2012), which may be related

to tumor burden, angiogenesis dependence, tumor metabolic profiles, or PI3K/

mTOR regulation of LDH levels itself. Thus, LDH may have potential to be a

relatively easy to measure predictive biomarker for oncogenic pathway targeting of

tumor metabolism. Therefore, serial measurement of LDH during treatment and in

the context of clinical trials is useful and strongly recommended. However, we do

not recommend that changes in therapy be made based on isolated changes in LDH,

given the lack of prospective study using LDH to inform clinical decision making.

CTC Enumeration

Hematogenous metastasis of solid tumors involves spread of invasive carcinoma

cells followed by extravasated colony establishment. The USFDA defines the

Cellsearch-based CTC to be a nucleated cell >4 um in diameter isolated from

whole blood using EpCAM-based ferromagnetic antibody and also lacking the

leukocyte marker CD45 (Allard et al. 2004), and the Cellsearch assay remains the

only FDA approved CTC enumeration method in oncology. Multiple techniques are

available to enrich CTCs. Representing the “seeds” of cancer metastasis and
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behaving as a real-time liquid biopsy, CTC enumerization and characterization are

promising alternatives to tumor biopsies to detect, investigate, and monitor pro-

gression of solid tumors. Enumeration of CTCs has been shown to be prognostic for

OS in many tumors including CRPC (de Bono et al. 2008).

Currently, CellSearch (Veridex LLC) is the only FDA-approved assay for

patient use in prostate cancer CTC capture. In CellSearch, CTCs are captured by

using EpCAM conjugated ferrofluid. The captured cells are then defined by immu-

nofluorescent staining with a 40,6-diamidino-2-phenylindole (DAPI) in nucleus

surrounded by cytoplasm expressing cytokeratins CK8, CK18, or CK19, but no

expression of CD-45 (Shaffer et al. 2007) (Fig. 2a). The CTC number in CRPC is

established as an independent prognostic factor before treatment, four or fewer cells

per 7.5 ml of blood related to favorable prognosis, whereas five or more cells per

7.5 ml of blood associated with an unfavorable prognosis (de Bono et al. 2008)

(Fig. 2b). A decrease in the CTC counts to less than five after treatment is associated

with improvement in OS (Fig. 2c). In addition, CTCmeasurement may complement

other prognostic factors, such as visceral disease, PSA, and pain (Bitting

et al. 2013). The USFDA indicates currently that it is used as “an aid in the

monitoring of patients in conjunction with other clinical methods” (FDA 2008),

which illustrates the prognostic importance of CTC enumeration over time, both

before and during systemic therapy. CTC flare has not been observed to date, and

CTC enumeration changes may occur earlier than PSA declines, with some studies

suggesting improvements in survival association with early CTC changes as com-

pared with PSA declines (de Bono et al. 2008). While CTC declines are prognostic,

the exact level of CTC decline that has the strongest association with survival is not

known. In addition, using CTC to define progression in CRPC is also not prospec-

tively validated at this time, but CTC enumeration may be particularly useful when

early clinical, PSA, and radiographic changes are discordant (Scher et al. 2011b).

Recent studies also suggest that CTCs may reflect survival benefit to serve as a

potential surrogate biomarker for OS (Scher et al. 2011b). There are multiple

studies going on to determine whether CTC combined with other biomarkers

(e.g., LDH, hemoglobin, PSA level) increases the prognostic significance and can

be used as surrogate end point in future CPRC clinical trials.

The use of CTCs is not limited to CTC detection. In addition, CTC visualization

will enable direct measurement of the tumor biology and assess biomarkers directly

in tumor cells. For example, identification of ERG, AR, and PTEN gene status in

circulating tumor cells from patients with CRPC suggests that personalization of

therapy using biomarker guidance like therapy directed against AR or PI3 kinase

pathway is possible. For example, CTCs captured through the Adnatest method and

assayed for AR-variant 7 (AR-V7) were recently shown to be highly prognostic and

predictive of novel hormonal therapy efficacy (see below for discussion). Thus,

CTC collection may provide a liquid biopsy for precision medicine and the use of

additional predictive biomarkers for drug sensitivity. The use of these CTC bio-

markers will be context dependent and requires prospective validation.

One major limitation in the study of CTCs is the lack of detection of CTCs in

many men with mCRPC (>50 %). Some CTCs express not only markers for
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epithelial cells but also stemness and mesenchymal markers (Armstrong

et al. 2011). This heterogeneity in CTCs may explain partly the escape of detection

of CTCs in CRPC by using the standard epithelial antigen-based technology.

Improvements in CTCs captured by novel capture antibodies (e.g., mesenchymal

antigens), flow cytometry, or novel CTC chip designs or in the use of cell-free

methods such as circulating tumor DNA or RNA will help further exploration in

using this liquid biopsy approach and its prognostic and predictive role in CRPC.

Inflammatory Biomarkers

Chronic inflammation induces carcinogenesis through irreversible cellular and

DNA damage by generation of free radicals and the promotion of cell growth by
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DNA and cellular replication (Hussain et al. 2003). CRP is a sensitive marker of

acute inflammation and tissue damage. Elevated CRP is reported to be associated

with shorter OS and predicts a lower probability of PSA response to docetaxel-

based therapy in CRPC (Prins et al. 2012). In addition, elevated CRP level was

validated as adversely prognostic in a multivariate model in men with mCRPC

treated with docetaxel chemotherapy and improved the ability of this model to

discriminate survival outcomes (Pond et al. 2012). Thus, CRP may be a sensitive

and easy to use biomarker in the clinic to provide prognostic information and

should be measured in research studies in order to develop improved prognostic

models. However, the incorporation of CRP into novel nomograms and prognostic

models requires prospective validation before routine measurements of CRP can be

recommended in men with mCRPC in the clinic. The neutrophil to lymphocyte

ratio (NLR) is an easily measured and reproducible inflammation marker, which is

prognostic in several cancers including CRPC. One retrospective study reported

that patients with a pretreatment NLR <= 3 had a higher response rate to treatment

with the CYP17 inhibitor ketoconazole and longer PFS interval (Keizman

et al. 2012).

Albumin

Pretreatment serum albumin levels provide useful prognostic significance in cancer

and have been implicated as an independent prognostic factor in various cancers

including CRPC (Smaletz et al. 2002). Low albumin levels may be a measure of

nutritional status or a marker of chronic illness and inflammation, reflecting under-

lying disease burden and aggressiveness. Low pretreatment albumin level was

reported to be prognostic for increased risk of death and short survival in men

with CRPC (Smaletz et al. 2002). With its independent prognostic value, albumin is

included in the modified Glasgow prognostic score in prostate cancer, together with

Gleason score, PSA, and CRP (Shafique et al. 2013).

Pain

Pain has been identified as an important prognostic indicator of overall survival in

men with metastatic CRPC (Armstrong et al. 2007a; Halabi et al. 2008). In Halabi’s

study, the median survival times were 17.6 months and 10.2 months in men with

low and high pain scores, respectively. The same study also reported that pain was

inversely associated with likelihood of prostate-specific antigen decline, objective

response, and time to bone progression. Pain responses have also been strongly

associated with improvements in survival with docetaxel chemotherapy and with

abiraterone acetate therapy (Armstrong et al. 2007b). Pain measurement is subjec-

tive and patient reported; however, quantifiable measures of pain assessment are

available and validated and under current evaluation as an intermediate endpoint for

regulatory approval for novel systemic agents such as the c-met/VEGFR2 inhibitor
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cabozantinib. The limitations of pain response as an objective biomarker include

issues of durability of response, the association of this outcome with survival, the

variability of this biomarker from day to day and even within a single day in a given

patient, and the fact that analgesic therapy can reduce pain independent of a

treatment effect. However, despite these limitations, pain assessment and improve-

ments in the context of analgesic use and accounting for this normal variability

remain of direct importance to both patients and providers. The presence of pain has

therapeutic implications, as men with asymptomatic mCRPC are candidates for

immunotherapy with sipuleucel-T, while men with symptomatic bone metastatic

CRPC are candidates for radium-223 therapy. Thus, pain represents one of the most

important clinical biomarkers in CRPC, as it is clearly associated with death,

morbidity, and therapeutic decision-making in the clinic.

Quality of Life

Men with CRPC may have a variety of symptoms that lead to reduced quality of

life (QoL). A retrospective study used the TAX-327 database to address whether

PSA, pain, and QoL response predict for overall survival (Berthold et al. 2008a).

This study demonstrated that symptoms other than pain contribute to impaired QoL

in men with CRPC, and those with minimal symptoms have better prognosis and

prolonged survival. By using the same TAX-327 database, Berthold et al. also

reported that patients with a Karnofsky performance status (KPS) � 90 % lived

approximately 8 months longer than those with a KPS � 80 % (Berthold

et al. 2008b). Halabi et al. developed and validated a pretreatment prognostic

model to stratify patients with CRPC and found that performance status, together

with Gleason sum, LDH, PSA, and alkaline phosphatase, was a significant prog-

nostic factor of overall survival (Halabi et al. 2003), and functional status is

captured in current nomograms as an independent prognostic measure associated

with mortality (Logothetis et al. 2012). Objective QOL measures can also be

captured as patient reported outcomes that go beyond the traditional functional

status assessments by clinicians. QOL outcomes are being reported commonly in

phase 3 trials of men with mCRPC and reflect a direct measure of patient benefit

over time from these agents. Objective and validated scales that can be used include

survey instruments and reported patient reported outcomes (PRO) using NCI’s

Common Toxicity-PRO scales. Therefore, QoL represents an important prognostic

biomarker that can be objectively measured in CRPC and is associated with

survival rate.

Pattern of Metastatic Spread

The most frequent metastatic sites in prostate cancer are the bone and pelvic and

abdominal lymph nodes. Visceral metastases (e.g., liver, lungs) are less commonly

seen (~25 % of men with mCRPC) but are commonly found at autopsy in over half
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of patients who die of mCRPC. Men with non-metastatic (M0) CRPC have a

heterogeneous but more favorable prognosis measured in 3–6 years, while men

with isolated nodal mCRPC have a survival estimate of 2–3 years (Armstrong

et al. 2010b). Bone-only metastatic disease is relatively common and carries an

intermediate prognosis of 1.5–2 years depending on disease setting (Armstrong

et al. 2010b). The presence of visceral involvement is a known adverse prognostic

factor for men with metastatic prostate cancer when compared with patients with

only bone and/or lymph node disease. In the TAX 327 study, 22 % of patients with

visceral disease died on average 6 months earlier than those without visceral

metastases (Berthold et al. 2008). Liver metastases were reported to carry even

greater influence than overall visceral metastases (Armstrong et al. 2010b) and had

a worse prognosis than men with isolated pulmonary metastases. Neuroendocrine

differentiation of the prostate cancer is an independent poor prognostic marker and

is often associated with visceral metastases (Huang et al. 2006). The presence of

visceral metastasis, together with absolute PSA nadir on ADT, time to PSA nadir,

and duration of hormone sensitivity, was reported to be independently prognostic

and predictive of adverse survival from CRPC to death (Humphreys et al. 2013).

Because if its independent prognostic value, visceral metastases are included in

many prognostic risk stratification nomograms for men with CRPC (Armstrong

et al. 2007a; Halabi et al. 2003; Smaletz et al. 2002). Visceral disease is important

clinically for treatment decision-making, as the presence of visceral metastases is

currently exclusionary for the use of sipuleucel-T immunotherapy and radium-223

radiopharmaceutical therapy.

Tumor Histology

The morphologic variants of prostatic carcinoma are relatively uncommon, but the

histology type of prostate cancer has independent prognostic value and is associated

with different disease progression pattern and prognosis. Neuroendocrine differen-

tiation is a common feature of prostatic adenocarcinomas and is usually determined

by immunoreactivity for neuroendocrine markers (e.g., chromogranin A, neuron

specific enolase) (Vashchenko and Abrahamsson 2005). Neuroendocrine differen-

tiation is associated with castrate-resistant status and worse prognosis in CRPC

(Berruti et al. 2010). In Komiya’s study, neuroendocrine differentiation was eval-

uated in men with hormone-sensitive and castration-resistant prostate cancer, by

using IHC staining in the biopsied prostate tissue. This study reported that neuro-

endocrine differentiation was observed more frequently in CRPC vs. hormone-

sensitive prostate cancer and was associated with a worse prognosis (Komiya

et al. 2013). Recent efforts to define this anaplastic variant of prostate cancer

using neuroendocrine biomarkers and other biomarkers suggest that these men

have a worse prognosis, despite the use of platinum or taxane doublet therapies,

and new therapies are needed (Aparicio et al. 2013). By RNA sequencing, IHC, and

fluorescence in situ hybridization (FISH), Beltran et al. discovered significant

overexpression and gene amplification of AURKA and MYCN in 40 % of
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neuroendocrine prostate cancer which has enhanced sensitivity to aurora kinase

inhibitor therapy both in vitro and in vivo (Beltran et al. 2011). These tumors may

also have loss of RB function and PI3K pathway activation, suggesting genomic

complexity that may require multiple targeting agents. Therefore, the histology

type of CRPC has independent prognostic value and may be predictive to patient’s

response to particular treatment. However, a molecularly-defined subtype that

captures this biology, rather than the variable histology seen with anaplastic or

neuroendocrine PC, is needed.

Emerging Prognostic Biomarkers in CRPC

The identification and validation of other multipurpose biomarker assays is crucial

to individualizing management of CRPC and improving models that better discrim-

inate outcomes. Intense research efforts to identify novel pathobiology-based bio-

markers are ongoing and should lead to improvement in cancer prognosis and

management of the therapeutic response of CRPC patients. This section summa-

rizes the emerging prognostic biomarkers in CRPC (Table 3).

Novel Imaging Biomarkers

The bone is the most common metastasis site of prostate cancer. Bone metastases

are the primary cause of morbidity and mortality in the CRPC population, devel-

oping in 80–90 % of patients with prostate cancer (Bubendorf et al. 2000). Bone

scans (TcM-99) can often be subjective, and clinical reports of these scans do not

quantify the disease burden in a manner that is usable as a biomarker. In addition,

early bone scan changes such as flare or healing reactions may lead to misclassi-

fication of response as progression, a phenomenon commonly observed in men with

mCRPC treated with active agents (Scher et al. 2008). Thus, methods are needed to

objectify bone burden of metastatic disease and changes over time.

Researchers in MSKCC developed the bone scan index (BSI) to quantitatively

measure the tumor-bone metastatic burden as percentage of total skeletal mass.

A study by Imbriaco et al. enrolled 191 patients with progressive CRPC and showed

inferior survival as BSI increased (Imbriaco et al. 1998). The manual BSI measure-

ment is very reproducible, though time consuming and tedious. Automated methods

for interpreting bone scans and calculating BSI are under development. Ulmet

et al. developed computer-assisted BSI measure and reported that BSI is a valuable

metric for estimating metastatic burden in patients with advanced prostate cancer

(Ulmert et al. 2012). The same team also reported that automated BSI calculation,

like its manual counterpart, is a valuable clinical parameter in patients with

progressive prostate cancer. In another study, pretreatment and posttreatment BSI

was found to be highly associated with survival, and posttreatment changes in BSI

were reported to correlate most with the outcome; a doubling of BSI conferred an

almost twofold increase in the risk of death (Dennis et al. 2012). Recently, the first
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randomized study of men with mCRPC to include BSI measures over time was

reported (Armstrong et al. 2013). In this trial, a novel immunomodulatory agent,

tasquinimod, was compared with placebo, in men with mCRPC. Importantly, this

trial validated BSI as prognostic for survival and found that BSI tracked with other

prognostic biomarkers of disease burden such as alkaline phosphatase. BSI mea-

sures will need to account for transient worsening of BSI changes due to healing/

flare as well by automating the measures of new lesions over time with the intensity

of existing lesions. Further study of the BSI thresholds for determining progression

in mCRPC within phase III clinical trials is needed to confirm the value of BSI.

A variety of tracers are being explored in PET imaging that has shown promise

as potential prognostic biomarkers in CRPC. PET imaging results can serve as a

potential prognostic and predictive biomarkers, because of its ability to quantify

primary and metastatic lesions in PET scan to estimate the disease burden and

response to treatments. 18 F- FDG-PET is a marker of tumor glycolytic rate with

established prognostic benefit in oncology (Morris et al. 2005); however, prostate

cancers typically have low metabolic and proliferative rates even in the metastatic

setting, and measuring glycolysis has been less reliable in this disease than other

solid tumors and lymphomas. For this reason, other modalities are being pursued.

18 F-sodium fluoride (NaF) is a high affinity bone-seeking agent that could enhance

traditional bone scanning if employed in replace of the single photon 99 m Tc

agents. In Even-Sapir’s study, planar bone scintigraphy, bone SPECT, NaF PET,

and NaF PET/CT in patients with localized high-risk or metastatic prostate cancer

were compared. The sensitivity and specificity for detection of bone metastasis was

higher in NaF PET/CT than in the others (Even-Sapir et al. 2006). Additional

metabolic agents such as 18 F-FACBC, 18 F-choline, and 11 C-methionine have

been studied extensively as PET tracer in prostate cancer. In addition, 18 F-FDHT

and novel tracers such as 89 Zr-J591 are under development for probing the AR

signaling pathway. To validate PET imaging to be prognostic biomarker for CRPC,

Table 3 Emerging prognostic biomarkers in CRPC

Emerging prognostic
biomarkers Potential application in CRPC

Bone scan index Prognostic for survival

PET with different tracers

(F-18, choline, DHT)

Quantify primary and metastatic diseases

Androgen receptor splice

variants

Prognostic for low response and short time to progression and

survival with abiraterone acetate and enzalutamide

Molecular genotypes Serve as predictors for specific therapies, may be prognostic

for aggressive clinical course

Whole-blood RNA profiles Stratify patients into distinct prognostic groups

Circulating miRNA Differentiate localized PCa and mCRPC subtypes

Circulating cytokines/

chemokines

Useful biomarkers for early detection or spread of cancer

Disseminated tumor cells

(DTCs)

Prognostic for recurrence after localized therapies
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all steps in the imaging need to be validated including uniform tracer production

and administration, acquisition of images, data collection, data processing, and data

interpretation.

Novel CTC and Disseminated Tumor Cell (DTC) Enumeration
Methods

Ozkumur et al. engineered an automated platform, called the “CTC-iChip,” that

captured both EpCAM+ and EpCAM� cancer cells, by using whole blood from

patients with prostate, lung, breast, pancreatic, and colorectal cancers. The

CTC-iChip is able to process large volumes of patient blood to obtain not just

EpCAM + CTCs but also the EpCAM�CTCs (Ozkumur et al. 2013). This CTC-

iChip could be a promising addition to the CRPC CTCs study. The high-throughput,

efficient, and automatable CTC capture technology will enable the integration of

CTC-based diagnostics into the clinical management of CRPC. Multiple other tech-

nologies are in development to enumerate and characterize cells based on negative

exclusion, novel capture antibodies (e.g., mesenchymal), or size/cell property mech-

anisms. Each of these methods must go through a rigorous prospective validation.

Over 90 % of prostate cancer is considered localized at the time of diagnosis, and

the rate of biochemical recurrence (PSA) after radical prostatectomy is 20–30 %. The

mean time from PSA recurrence to clinical metastasis is 8 years (Pound et al. 1999).

These facts suggest the presence and persistence of disseminated tumor cells (DTC)

prior to metastatic progression. Since prostate cancer metastasizes predominantly in

the bone, some researchers explored assays to enrich and identify DTC from the bone

marrow of men with prostate cancer. Weckermann et al. analyzed the bone marrow

aspirate for cytokeratin-positive cells and reported that cytokeratin-positive cells in

the bone marrow aspirate are prognostically relevant when detected before radical

prostatectomy and patients with cytokeratin-positive cells in bone marrow before

surgery may therefore benefit from adjuvant therapies (Weckermann et al. 2009).

By using immunostaining with fluorescein isothiocyanate (FITC)-labeled anti-

BerEP4 antibodies and phycoerythrin conjugated anti-CD45 antibody, Morgan

et al. refined a sensitive assay that enriches and identifies DTC (BerEP4 positive and

CD-45 negative) from the bone marrow of men with prostate cancer and reported that

persistence of DTC after radical prostatectomy in no evidence disease patients was a

potential independent prognostic factor for later recurrence (Morgan et al. 2009).

Further studies are needed to define which men with DTCs go on to recur and escape

dormancy and whether the measurement of DTCs at diagnosis or upon recurrence has

value over other clinical factors already measured.

Molecular Genotype of Prostate Cancer Cells

Somatic genomic alterations contribute to cancer development, progression, and

prognosis by altering the function of genes or pathways that are important for
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tumorigenesis, metastasis, and resistance to therapies. Several genomic alterations

have been identified in CRPC which may serve as predictors of prognosis and

progression.

Constitutively, active androgen receptor variants (AR-V) lacking the ligand

binding domain (LBD) may promote the development of CRPC. Recent study

reported that expression of AR-V is prevalent in CRPC. Two most abundantly

expressed variants are AR-V1 and AR-V7, whose mRNA showed an average

20-fold higher expression in CRPC when compared with castrate-sensitive prostate

cancer. Hörnberg et al. reported that higher expression of AR-V7 predicted bio-

chemical recurrence following surgical treatment and CRPC with bone metastases

has the increased expression of AR splice variants AR-V1, AR-V7, and AR-V567es

(Hörnberg et al. 2011). This study also reported that the expression of the

AR-V567es and very high levels of the AR-V7 is found in individuals with partic-

ularly poor prognosis. The results from this study suggest a novel mechanism for the

development of CRPC and the possible role of AR-V as novel prognostic biomarkers

and therapeutic targets. While measurement of these AR variants is not part of

routine practice at the time, ongoing studies to develop and qualify AR variant

assessment tools are ongoing and may provide useful information prognostically.

PTEN (phosphatase and tensin homologue) is a negative regulator of the

phosphatidylinositol 3-kinase (PI3K)/AKT survival pathway and a tumor suppres-

sor, which is frequently deleted in prostate cancer. Alteration of the PTEN/PI3K

pathway is observed in CRPC; however, its exact role is not clear (Mulholland

et al. 2011). PTEN genomic deletion has been detected in human tissues

representing all stages of prostate cancer with higher frequency in metastatic

prostate cancer and CRPC (Yoshimoto et al. 2006). It was also reported that

CRPC and early biochemical recurrence were associated with reduced immunore-

activity of PTEN and AR in the prostate cancer samples harvested before treatment

initiation (El Sheikh et al. 2008). The addition of an inhibitor of PI3K/mTOR to the

standard androgen ablation treatment of CRPC may therefore be beneficial to

patients with PTEN-deleted tumor. Detection of the PTEN deletion status in

tumor tissue obtained from men with CRPC could potentially provide important

prognostic value for response to inhibitor of PI3K/mTOR. Additional studies will

help to determine its efficacy as a prognostic biomarker and as a predictive marker

to identify patients who could benefit from emerging PI3K pathway-targeted

therapies or who may be resistant to hormonal therapies.

Retinoblastoma (RB) as a tumor suppressor plays functions in multiple tissues to

protect against tumor development. Substantive clinical evidence showed that RB

protects against prostate cancer progression, and preclinical modeling demonstrates

that RB loss in human tumor xenografts promotes the transition of prostate cancer

to castration-resistant disease state (Aparicio et al. 2011). These suggest that RB

status is a solid candidate for development as a prognostic marker and predictive

marker of response to therapy that might guide therapeutic decisions. Loss of Rb

may lead to CRPC and predict for lack of response to cell cycle inhibitors, and thus

the benefit of chemotherapy or cell cycle inhibitors may be optimized in men with

intact Rb function (Comstock et al. 2013; Sharma et al. 2010).
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Whole-Blood RNA Profiles

Measurements of broad gene transcription expression profiles of blood cells in

whole-blood collections in men with mCRPC may provide useful prognostic

information related to host microenvironmental and macroenvironmental changes

during tumor progression. For example, prostate cancer bone marrow invasion

affects hematopoiesis by competing with primitive hemopoietic cell niches; circu-

lating through the neoplastic tissue could influence the whole-blood gene expres-

sion. Chromosomal aberrations and epigenetic changes have been identified in

peripheral blood mononuclear cells from patients with solid tumors including

prostate cancer. The prognostic value of whole-blood expression profiling of

CRPC patients has been studied recently. Olmos D et al. compared whole-blood

gene expression profiles among patients with early prostate cancer and patients with

CPRC. An expression profile with nine-gene signature was derived to identify

patients with CRPC and was associated with CRPC, high-burden disease, and

poor outcome (Olmos et al. 2012). This result suggested that gene expression

signatures identified by whole-blood gene profiling could help stratify patients

with CRPC into distinct prognosis groups. Ross R et al. reported a different

six-gene model to separate patients with CRPC into low-risk group with a median

survival of more than 34.9 months and a high-risk group with a median survival of

7.8 months (Ross et al. 2012). The majority of these genes identified in these

profiles were reflective of T cell, NK cell, immature red blood cell, and monocytic

function, indicating the importance of immune response and bone marrow invasion

in determining prognosis. However, the independent value of measuring either or

both of these relatively expensive RNA profiles has not been prospectively

established in large datasets, and the value of measuring these novel assays has

not been shown to improve existing nomogram assessments in mCRPC. In addition,

the predictive value of these signatures in the context of immunologic and hor-

monal chemotherapies is also unknown and requires prospective study. In conclu-

sion, whole-blood RNA transcript-based model could be an effective prognostic

biomarker in CRPC and is worthy of future research.

Circulating miRNA

MicroRNAs (miRNAs) are �22 nucleotide-long, single-stranded, noncoding

RNAs. MicroRNAs are essential regulators of gene expression and play critical

roles in physiological and pathological process. Recent studies showed that miRNA

is deregulated in human cancers and may have potential value of being used as

prognostic biomarkers in cancer. In one study, the author compared plasma levels

of miRNAs in localized prostate cancer vs. mCRPC and identified selected combi-

nations of miRNAs that appear to be able to differentiate localized prostate cancer

from mCRPC (Watahiki et al. 2013). This study indicated that expression levels of

plasma miRNAs may be useful as predictive and prognostic biomarkers, particu-

larly those associated with AR signaling (e.g., miR-21, miR-31) and with cancer
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metastasis (miR-200 family). Larger patient cohorts are required to confirm the

potential utility of circulating miRNA profiling as biomarkers in the context of

other established clinical biomarkers.

Circulating Cytokines/Chemokines

Cytokines are signaling molecules that are key mediators of inflammation or an

immune response. Constitutive exposure to high levels of pro-inflammatory cyto-

kines is thought to be pro-tumorigenic. Chemokines are a subgroup of cytokines

that recruit leukocytes to sites of inflammation by chemotaxis. Altered levels of

circulating inflammatory cytokines have been found in most cancers, including

CRPC (Seruga et al. 2008). Elevated levels of circulating IL6 have been associated

with decreased overall survival or disease-free recurrence in metastatic prostate

cancer (Ebrahimi et al. 2004). Subudhi et al. reported a risk group classification

based on two serum cytokines (M-CSF and IL-10) and log CTC, which predicted

survival in men with progressive CRPC. Therefore, these cytokines may serve as

prognostic biomarker for clinical benefit (Subudhi et al. 2013). Another study

reported significantly greater increases in 10 cytokines from baseline in nonresponder

with CRPC after one cycle of chemotherapy compared with those who responded to

treatment (Mahon et al. 2011). Among these 10 cytokines, increases in IL8 and

gamma-IFN levels by more than 40 % from baseline were associated with poorer

OS, and higher baseline MIC-1 levels also predicted shorter OS and potentially

docetaxel resistance. Therefore, early changes in circulating levels of cytokines may

behave as prognostic biomarker for chemoresistance in men with CRPC.

Potential Predictive Biomarkers in CRPC

Predictive biomarkers help identify the likelihood of patients to benefit from a

specific therapy and offer the hope of individualized therapy. In CRPC, a number of

prognostic biomarkers are available to guide risk stratification; however, there is no

confirmed predictive biomarkers. With the number of newly approved and emerg-

ing therapeutic agents, it is important to develop new predictive biomarkers to

guide oncologists in making therapeutic decisions and matching the right patient to

the right therapy sequence at a given time. We discuss here the potential predictive

biomarkers in CRPC and how these potential predictive markers can be developed

in clinical trials (Table 4).

CTC Biomarkers

CTC enumeration is prognostic, but the value of CTC as predictive biomarkers is

unknown. Recent prospective studies have shown that changes in CTC number

after 4, 8, or 12 weeks of chemotherapy were more strongly predictive of survival
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than PSA changes in men with CRPC (Scher et al. 2009). The feasibility of CTCs as

an easily obtained tissue for molecular analysis by techniques such as FISH and

RT-PCR has been explored to investigate the ERG, AR, and PTEN expression in

CTCs frommen with CRPC. Danila et al. reported that the frequency of detection of

the TMPRSS2-ERG fusion in CTCs by RT-PCR from patients with metastatic

CRPC was 37 % and the androgen-driven TMPRSS2-ERG fusion in CTCs is a

potential predictive biomarker of sensitivity to abiraterone (Danila et al. 2011). AR

amplification is infrequent in primary and/or diagnostic tumor specimens in pros-

tate cancer, but is detected in up to 50 % of castration-resistant lesions

(Holzbeierlein et al. 2004). AR genomic amplification and copy number gain

have been documented in CTCs from men with CRPC (Attard et al. 2009). AR

amplification and copy number gain, occurring under the selective pressure of

androgen deprivation therapy, have the potential predictive value for sensitivity

to second-generation AR antagonist (Danila et al. 2011). Attard et al. also reported a

significant heterogeneity of PTEN loss in CTCs from men with CRPC by using

FISH (Attard et al. 2009). The status of PTEN loss in CTCs from men with CRPC

may be predictive for patients’ response to small molecule inhibitors of the

phosphatidylinositol-3-kinase (PI3K)/PTEN. Although using the CTC molecular

profile is promising as predictive biomarker for men with CRPC, full qualification

will ultimately require analytical validation of the assays and new prospective trials

to explore the relationship between molecular profile and clinical outcome.

Table 4 Potential predictive biomarkers in CRPC

Potential predictive
biomarkers Potential predictive application in CRPC

AR-variants (i.e. AR-v7) or

mutations

Predict lack of benefit with abiraterone acetate or enzalutamide

CTC count decrease with

treatment

Predict future survival and response to treatment

TMPRSS2:ERG Predict better response to ADT

High N-cadherin expression Early biochemical failure and clinical recurrence

Baseline adrenal androgens Predict benefit from androgen biosynthesis inhibitor

Tubulin mutations Selection of microtubule-based therapies

High bone turnover markers Benefit with denosumab or zoledronic acid

Lower baseline PSA Benefit from Sipuleucel-T

PTEN loss Enrich for benefit with PI3K pathway inhibitors

RB loss Increased risk of transition to CRPC, sensitivity to cell cycle

inhibition (resistance)

c-met activity Enrich for benefit with c-met inhibitors

Ras/raf mutations Potential benefit with ras pathway inhibitors (i.e., sorafenib,

vemurafenib)

DNA repair defects

(BRCA2)

Enrich for benefit with poly-ADP ribose polymerase (PARP)

inhibitors

Myc amplification Cell-cycle inhibitors (anti-proliferation agents)

Neuroendocrine phenotype Aurora kinase inhibition sensitivity
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Potential Predictive Biomarkers of Response to Hormonal Therapies

Androgen deprivation is the main treatment for CRPC. Enhanced androgen

receptor signaling and androgen synthesis are essential steps in the CRPC pro-

gression and are the focus for intervention and drug development and recent

approvals of abiraterone acetate and enzalutamide. Resistance to these therapies

and androgen deprivation therapy (ADT) in general has been linked to the

presence of AR variants that have truncated or spliced C-terminal regions, in

which the ligand binding domain for androgens has been disrupted. AR splice

variants have been linked to early CRPC progression, and assays for the common

AR variants are under evaluation in CTCs and tissue specimens to help

guide hormonal therapy selection and predict response or resistance to therapy

(Chen et al. 2004). Assays for specific AR variants and AR mutations in CTCs or

tissue or whole blood are in the process of being evaluated and objectively

measured and qualified in the context of novel hormonal agents as predictive

biomarkers.

Multiple AR gene rearrangements and AR variants have been reported in CRPC.

These variants lack the ligand binding domain and constitutively signal in the

absence of androgen and are not currently inhibited by AR antagonists. AR variants

may be functional drivers of CRPC progression and treatment resistance develop-

ment (Ware et al. 2014). Androgen receptor variant 7 (AR-V7) is one such key

variant with a known protein product in which the C-terminal ligand binding

domain is lost, the N-terminal transactivating and DNA binding domains are

retained, a novel cryptic exon 3 is gained, and constitutive activity as a transcription

factor in a ligand-independent manner is observed. Antonarakis ES et al reported

that AR-V7 was reliably detected in CTCs as measured by a modified Adnatest

from men with mCRPC. Detection of AR-V7 in CTC was strongly associated with

enzalutamide and abiraterone resistance (Antonarakis et al. 2014) including lack of

PSA declines and short progression free survival in approximately 60 patients.

Among enzalutamide treated men, the rate of a 50 % or greater PSA decline was

0 % in AR-V7 positive patients compared with 53 % in AR-V7 negative patients

(P = 0.004); PSA progression-free survival (PFS) was shorter in ARV-7 positive

patients (1.4 months vs. 6.0 months; P<0.001). Similar results were seen in

abiraterone treated men with mCRPC, in which AR-V7–positive patients had

lower PSA response rates (0 % vs. 68 %, P = 0.004) and a shorter PSA PFS (1.3

months vs. not reached; P<0.001). These data require confirmation studies in larger

prospective multicenter trials but suggest that AR-v7 is highly associated as a

predictive biomarker of the lack of efficacy with novel hormonal agents such as

enzalutamide or abiraterone acetate.

In addition, recent findings suggest that full length AR nuclear translocation and

activity is microtubule dependent, while AR variants exhibit variable microtubule

dependence. Thadani-Mulero et al reported that AR-V7 expressing LuCap 23.1

tumor xenografts in noncastrate SCID mice demonstrated docetaxel resistance

given that this variant lacks the microtubule binding domain important for full

length AR nuclear translocation (Thadani-Mulero et al. 2014). This result
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indicated that mCRPC predominantly expressing ARv7 may be resistant to taxane

chemotherapy. Other AR-variants, such as AR-v567es, remain microtubule

dependent and possess this domain, suggesting a degree of taxane sensitivity

based on the specific AR-variant present. Taken together, AR-V7 is likely a

potential predictive biomarker for resistance to enzalutamide, abiraterone acetate

and possibly to taxane. The data on taxane sensitivity has not yet been validated

clinically.

Clinical validation of these predictive biomarkers are ongoing through a PCF

global treatment sciences challenge award entitled “Development of Circulating

Molecular Predictors of Chemotherapy and Novel Hormonal Therapy Benefit in

Men with Metastatic Castration Resistant Prostate Cancer (mCRPC)” (Clinicaltrial.

gov NCT02269982), and prospective trials such as TAXYNEGY (NCT01718353)

using CTC biomarkers to predict taxane sensitivity. These studies will help to

further validate the potential predictive role of AR-V7.

PSA is an AR-regulated protein secreted by prostate cancer cells; therefore, the

PSA level reflects not only the tumor burden in CRPC but also the level of AR

transcriptional activity, although some AR variants may not regulate PSA produc-

tion to the same degree. PSA is an independent prognostic biomarker for survival

in CRPC, but PSA levels have not been shown prospectively to be predictive of the

benefits of any specific therapy. There is some suggestion that lower PSA levels

may be predictive of the benefit with immunotherapy (e.g., sipuleucel-T) for men

with metastatic asymptomatic CRPC (Schellhammer et al. 2013), possibly

reflecting the greater ability to harness immune responses in men with lower

disease burden. In addition, novel hormonal agents such as abiraterone and

enzalutamide have not been studied in the more anaplastic or neuroendocrine

prostate cancer phenotype in which PSA levels are quite low and are typically

AR independent, and thus, these men would be predicted to be resistant to these

agents. Therefore, PSA itself may be a predictive biomarker of AR pathway

activity and the benefit of AR pathway-directed therapies and may also be a

measure of disease burden and the relative benefits of immunotherapy. These

findings require prospective validation.

Transmembrane protease, serine 2 (TMPRSS2) encodes for an androgen-

regulated, prostate-specific protease. In about two thirds of prostate cancer,

TMPRSS2 fuses to ETS-related gene (ERG) or other oncogenes within the ETS

family, which results in ERG overexpression (Tomlins et al. 2005). It was hypoth-

esized that this overexpression predicts better response to androgen deprivation

therapy. However, in a phase II postchemotherapy study, the presence of the fusion

in CTCs did not predict for response to treatment with abiraterone (Danila

et al. 2011). Further prospective studies are needed to evaluate the potential

predictive value of ERG overexpression. Higher level of baseline adrenal andro-

gens is thought to predict for benefit from treatment with androgen biosynthesis

inhibitor. However, a survival benefit with abiraterone was seen even in men with

low levels of baseline adrenal androgen levels (Ryan et al. 2012). This hypothesis

is under evaluation in a phase III retrospective randomized trial of abiraterone +

prednisone vs. placebo + prednisone (Ryan et al. 2012).
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Potential Predictive Biomarkers of Response to Chemotherapy

Taxanes cause stabilization of cellular microtubules and mitosis phase arrest and

finally lead to cell death by apoptosis. One study reported that elevated class III

beta-tubulin expression is independently prognostic and is under investigation as a

predictor of resistance to taxane chemotherapy (Ploussard et al. 2010). There is an

ongoing prospective study on acetylated tubulin and microtubule dynamics in

CTCs to predict response of men with prostate cancer to docetaxel chemotherapy

(Nanus et al. 2012). Other biomarkers of docetaxel resistance such as MIC-1,

clusterin, BCL-2 levels, cytochrome P450 genetic variants, loss of epithelial

phenotype, and stemness pathways are also under evaluation. Domingo-

Domenech’s study provided evidence for that inhibition of Notch and Hedgehog

signaling in hormone refractory prostate cancer depletes a subpopulation of cells

responsible for acquired docetaxel resistance (Domingo-Domenech et al. 2012).

By inducing docetaxel-resistant DU-145 PC cells in culture, Marı́n-Aguilera

compared global gene expression between docetaxel-sensitive and docetaxel-

resistant cell lines and found that exposing parental cells to TGF-b1 increased

their survival in the presence of docetaxel. The result suggested a role of the

TGF-b superfamily in conferring docetaxel resistance (Marı́n-Aguilera et al.

2012). It was also reported that men with prostate cancer carrying two copies of

the CYP1B1*3 polymorphic variant had a poor prognosis after docetaxel-based

therapies compared with others carrying at least one copy of the CYP1B1*1 allele

(Sissung et al. 2008). This finding provided evidence that CYP1B1*3 may be a

predictive marker for estimating docetaxel efficacy in men with prostate cancer.

By comparing protein profiling between docetaxel-sensitive PC3 cells and

docetaxel-resistant PC3 cells, Zhao et al. identified MIC-1 and AGR2 as, respec-

tively, upregulated and downregulated in docetaxel-resistant cells, and the result

suggested that both AGR2 and MIC-1 play a potential predictive role in docetaxel

resistance in CRPC (Zhao et al. 2009).

Potential Predictive Biomarkers of Response
to Bone-Targeted Agents

Bone turnover markers are confirmed to be prognostic for CRPC; however, their

predictive value has not been validated yet. Bone turnover markers such as Ntx,

tartrate-resistant acid phosphatase 5b, C-telopeptide, alkaline phosphatase, and

osteopontin have been evaluated as potential predictive biomarkers in multiple

studies of zoledronic acid or denosumab in patients with bone metastases

(Coleman et al. 2005; Jung et al. 2011). Pretreatment elevations in BAP appear

to associate with the relative survival improvements associated with radium-223,

suggesting a potential predictive role for this biomarker (Parker et al. 2013).

Posttreatment BAP reductions are also highly associated with improvements in

survival in men with metastatic prostate cancer treated by radium-223 chloride

(Parker et al. 2013), which indicates the predictive value of posttreatment
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BAP in men with CRPC treated with radium-223 chloride. Urinary Ntx is

reported to be associated with skeletal complications, disease progression, and

death (Brown et al. 2005). Prospective validation of these predictive uses of

bone turnover markers in the context of bone-targeted therapies is needed;

however, currently, treatment selection for these agents is not recommended

based on elevations or changes in these biomarkers given the lack of prospective

validation.

Potential Predictive Biomarkers of Response to Immunotherapy

Sipuleucel-T is a therapeutic vaccine and is FDA approved for minimally symp-

tomatic men with metastatic CRPC. However, there is no validated predictive

marker to help select patient who may derive benefit from this treatment.

Sipuleucel-T was reported to be more beneficial in patients with lower baseline

PSA than those with higher PSA level (Schellhammer et al. 2013). This indicates

sipuleucel-T therapy may work better in early state when disease burden is low and

immunologic tolerance is less. McNeel DG et al. reported that posttreatment

eosinophilia predicted prolonged survival with sipuleucel-T therapy (McNeel

et al. 2012). Further evaluation of predictive immunologic biomarkers is needed

given the rapid progression in emerging immunotherapy in prostate cancer, partic-

ularly immune checkpoint therapies (CTLA-4 and PD-1/PD-L1 inhibition) and

targeted vaccines.

Potential Predictive Biomarkers of Targeted Therapy

Cabozantinib is an inhibitor of the receptor tyrosine kinase c-met and VEGFR-2.

Antitumor activity of cabozantinib has been reported in multiple tumors including

prostate cancer (Hussain et al. 2011). C-met overexpression or activity may be

predictive for benefit from cabozantinib treatment given the lack of observed

efficacy of this agent in improving survival in unselected groups of men with

mCRPC. Additional studies are needed to confirm the predictive role of c-met in

CRPC. PI3K pathway is activated by loss of PTEN or other phosphatases or gains

in activating genes. The aberrancies in PI3K pathway are seen in almost 100 %

men with CRPC (Taylor et al. 2010). However, loss of PTEN or other activation

of PI3K pathway has not been found to be predictive to clinical outcomes.

Validation of predictive value of PI3K pathway inhibitor in CRPC needs pro-

spective evaluation in clinical trials. LDH elevation is a predictive biomarker for

OS in patients treated with mTOR inhibitor (e.g., temsirolimus) in renal cell

carcinoma (Armstrong et al. 2012). Whether or not LDH serves the similar

predictive role in CRPC needs prospective clinical trials to confirm associations

with benefit to PI3K pathway inhibition. KRAS and BRAF mutations are known

to rarely occur in prostate adenocarcinomas (Chao et al. 2006). However, KRAS

pathway activation is commonly observed in mCRPC (Karantanos et al. 2013).
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Sorafenib was reported to improve bony metastatic lesions, though interpretation

of the study result is complicated by discordant radiographic and PSA responses

(Dahut et al. 2008). This result suggested that sorafenib may have a role in

patients with metastatic bone lesions, due to its inhibition of the ERK/mitogen-

activated protein kinase pathway. Vemurafenib is proved to improve rates of

overall and progression-free survival in patients with previously untreated mela-

noma with the BRAF V600E mutation (Chapman et al. 2011). Whether or not

vemurafenib has similar value in prostate cancer is under study. Status of muta-

tions in KRAS and BRAF may be used as predictive marker to help identify men

with CRPC who may benefit from sorafenib or vemurafenib. The RB is a critical

mediator of cell cycle progression and is functionally inactivated in the majority

of human cancers, including prostatic adenocarcinoma. Twenty five percent to

50 % of prostatic adenocarcinomas harbor aberrations in RB pathway (Sharma

et al. 2007). In Sharma’s study, RB-deficient cells failed to elicit a cytostatic

response when challenged with androgen ablation, AR antagonist, or combined

androgen blockade. In the contrary, RB-deficient prostate cancer cells showed

enhanced susceptibility to cell death induced by a selected subset of cytotoxic

agents including antimicrotubule agents and a topoisomerase inhibitor. Therefore,

the RB deficiency status can be potentially predictive for response to androgen

deprivation or cytotoxin agents in men with CRPC. The cyclin/cyclin-dependent

kinase (CDK)/RB-axis is a critical modulator of cell cycle entry and is aberrant in

many human cancers including prostate cancer. PD-0332991 is a selective

CDK4/6 inhibitor and was reported to effectively limit proliferation of

hormone-sensitive and CRPC cells in vitro (Comstock et al. 2013). This

PD-mediated inhibition of prostate cancer proliferation is dependent on the

presence of RB. RB disruption might be predictive for the development of

resistance to therapeutic agents that inhibit CDK4/6 activity (Comstock

et al. 2013). Based on the fact that RB is commonly disrupted in CRPC (Sharma

et al. 2010), early-stage prostate cancer patients with functional RB have a greater

benefit from CDK4/6 inhibition; in the contrary, men with CRPC would be

predicted to be resistant to CDK inhibition.

Conclusions

Prostate cancer has a complex molecular etiology and a prolonged disease course.

Although most men initially respond to androgen deprivation therapy, most will

eventually become castration resistant and develop lethal metastases. CRPC is a

group of heterogeneous diseases, both in clinical manifestations and outcomes,

requiring an individualized approach to both patient care and trial design. Given the

increasing number of molecularly targeted and expensive systemic therapies,

improving patient selection is critical to maximize benefit and minimize harms

and costs. A major challenge in CRPC is how to define a molecular taxonomy that

incorporates the clinical presentation or phenotype prospectively and in real time

using tissue- or blood-based assays to define a homogeneous population and to
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evaluate specific therapies in these specific contexts. With the increasing number of

treatment choices in CRPC, risk stratification and predictive biomarkers will help in

the selection of patients who will be more likely to benefit from a specific treatment.

Composite studies of multiple biomarkers will provide evidence for improved risk

stratification, prognostication, and therapeutic decisions. The clinical utility of

biomarkers in CRPC is dependent on the clinical context (e.g., prognosis, predic-

tion, and surrogacy), the mechanism of action of a therapy, and how the biomarker

will affect on the therapy decision. There are no credentialed predictive or surrogate

biomarkers in CRPC yet as of 2015, but many are under evaluation. More rigorous

studies on CRPC biomarkers are needed to facilitate new drug development and

help promote more intelligent use of systemic therapies with most benefit and

least harm.

Potential Applications to Other Diseases and Conditions

Advances in human genetics and tumor biology together with the development of

drugs for specific targets hold promise for a new era of personalized oncology

treatment. The essence of personalized oncology treatment relies on the use of

precision biomarkers that define the disease in question biologically. Development

of new biomarkers is important for all cancers, particularly for those with lethal

potential. For example, there is growing evidence that CTCs are prognostic for OS

in multiple malignancies including prostate cancer, breast cancer, and colorectal

cancer (Budd et al. 2006; Cristofanilli et al. 2004; Tol et al. 2010). In breast cancer,

the number of CTCs before treatment is reported to be an independent predictor of

PFS and OS in patients with metastatic breast cancer (Cristofanilli et al. 2004). The

CTC count before and during treatment also independently predicts PFS and OS in

colorectal patients treated with chemotherapy plus targeted agents (Tol

et al. 2010). With the improvement of CTC capturing technique, CTC biomarker

characterization through genomic or protein-based application should contribute

to guiding specific targeted therapy and personalized medicine in multiple

malignancies.

Summary Points

• This chapter focuses on the introduction of biomarkers in CRPC and future

development in biomarker in CRPC.

• Composite uses of multiple prognostic biomarkers in men with mCRPC help to

risk stratify, prognosticate, and inform on therapeutic decision-making.

• Prognostic biomarkers provide insights on the natural history of disease with

many emerging prognostic biomarkers under study in men with CRPC.

• There are no validated predictive biomarkers to date in men with CRPC,

although this is an area of active research, including measurements in tumor

tissue, whole blood, and circulating tumor cells.
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Abstract

The effectiveness of a preventive human papillomavirus (HPV) vaccination for

reducing the cervical cancer (CC) burden will likely not be known for 30 years.

Current screening methods for detecting high-grade cervical intraepithelial neo-

plasias (CIN2/3) and CC (CIN2+) have low sensitivity (Pap test) or low spec-

ificity (HPV tests). Improved procedures for CC screening and treatment are

therefore required. Based on comparisons with healthy cervical epithelium,
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the genes most upregulated and enriched in CC are those involved in mitosis.

Some of these upregulated genes might be good candidates for CC screening or

survival markers or as potential therapeutic targets. In this chapter, we analyze

the benefits and limitations of current methods used for early CC detection, the

evidence that demonstrates that the most enriched genes in CC are those

involved in mitosis, the mechanism that regulates mitosis and its relationship

with HPV, and our experimental evidence suggesting that some mitosis genes

might be good markers for screening and survival in CC. In addition, we discuss

the need to develop less expensive and more efficient methods that can be

automated for large-scale application in poor and developing countries. We

also discuss the potential use of the markers for other types of cancers and as

potential therapeutic targets.

List of Abbreviations

APC/C Anaphase-Promoting Complex

AUC Area Under the Curve

CC Cervical Cancer

Cdks Cyclin-Dependent Kinases

CIN Cervical Intraepithelial Neoplasia

DNA Deoxyribonucleic Acid

DSB Double-Strand Breaks

ELISA Enzyme-Linked Immunosorbent Assay

FDA US Food and Drug Administration

FIGO International Federation of Gynecology and Obstetrics

H&E Hematoxylin and Eosin Stain

HC2 Hybrid Capture 2 Technology

HPV Human Papillomavirus

HR Hazard Ratio

IH Immunohistochemistry

mRNA Messenger Ribonucleic Acid

NPV Negative Predictive Value

Pap Papanicolaou Test

PPV Positive Predictive Value

qRT-PCR Quantitative Reverse-Transcription PCR

RMA Robust Multi-array Average

ROC Receiver-Operating Characteristic

Key Facts of Microarray Technology

• A microarray consists of an orderly arrangement of small probes of genetic

material that are chemically synthesized on a solid surface. The precise location

where each probe is synthesized is called a cell, and a microarray contains

thousands of cells. A microarray experiment can be used to explore thousands

of genes simultaneously.
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• There are different types of microarrays. DNA microarrays are used to explore

single-nucleotide polymorphisms (SNPs). RNA microarrays are used to explore

gene expression. There are also tissue microarrays for the detection of proteins

by immunohistochemistry and immunofluorescence.

• Some applications of microarrays include the identification of differential gene

expression, splicing variants, changes in the methylation patterns, germ line and

somatic mutations, genotype, and changes in gene copy number.

• Microarray technology is based on hybridization of nucleic acids. In the case of

expression microarrays, the experiment starts with the total RNA to be explored.

It is then converted to cDNA, transcribed in vitro, fragmented, and labeled.

Subsequently, the microarray is hybridized with the labeled material for 16 h at a

constant temperature of 45 �C, followed by washing and staining. The intensity

signal of each probe is then read with a special fluorescent reader.

• In order to eliminate experimental biases, microarray expression signals are

normalized prior to conducting statistical analysis. One of the most commonly

used algorithms to accomplish this, is the robust multi-array average (RMA),

which is based on equalizing the median signal intensity of each microarray. The

accuracy of the algorithm increases with the number of analyzed microarrays.

• One of the objectives of an expression microarray is the identification of genes

that are differentially expressed between an experimental condition and a control

group. Such genes may be used as biomarkers for screening, diagnosis, progno-

sis, and treatment decisions.

• Validation of microarray experiments is indispensable. The predominant tech-

nology used to validate expression microarrays is quantitative reverse-

transcription PCR.

Definitions of Words and Terms

Anaphase Bridges Chromatin fibers that connect two separated chromosomes

resulting from the presence of dicentric chromosomes that are formed by the fusion

of two telomere-deficient fragments. This phenomenon occurs commonly in cancer

because of the lack of ligation of DNA double-strand breaks.

Aneuploidy Structural alterations of the genome characterized by an abnormal

number of chromosomes.

Area Under the Curve (AUC) The area under the curve of a receiver-operating

characteristic (ROC) graph, which is designed to select the best signal cutoff value

for detecting the greatest number of true positive samples (cases, sensitivity) and

the lowest number of true negative samples (controls, specificity). The higher the

value of the AUC, the higher the discriminative power of the algorithm.

Cervical Intraepithelial Neoplasia (CIN) Noninvasive cervical epithelial lesions

characterized by abnormal growth and neoplastic changes in cell morphology.
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CINs are classified by the fraction of affected epithelium as measured from the

basal to the apical side of the epithelium, CIN1, CIN2, and CIN3 representing 1/3,

2/3, or the full cervical epithelium, respectively.

FIGO Stage A clinical classification system of tumors based on tumor character-

istics such as size, degree of invasion, spread to lymph nodes, and metastasis. FIGO

was established by the International Federation of Gynecology and Obstetrics.

Hematoxylin and Eosin Stain (H&E) A histological stain that combines a basic

(hematoxylin) and an acid (eosin) dye that enables the identification of cellular

structures with a light microscope. The stain is used commonly in histologic and

pathologic analyses because the procedure is rapidly performed and inexpensive.

Hybrid Capture 2 Technology (HC2) A DNA hybridization technique

performed in a liquid solution to detect human papillomavirus DNA obtained

from cervical samples, such as exudates and tumor biopsies. It is useful as an initial

screening methodology.

Negative Predictive Value (NPV) The probability of being free of the disease if

the result of the diagnostic test is negative.

Positive Predictive Value (PPV) The probability of having the disease if the

result of the diagnostic test is positive.

Potential Therapeutic Target A deregulated gene that has a high power of

discrimination between cancer and control samples and that is extremely important

for cancer development. Blocking such a gene might delay or prevent cancer cell

proliferation or tumor growth.

Quantitative Reverse Transcription PCR (qRT-PCR) A quantitative DNA

technology based on amplification of genomic material by the polymerase chain

reaction (PCR) that is used to assess the level of gene expression by measuring the

amplified product in each growth cycle with fluorescently labeled probes.

Introduction

The human papillomavirus (HPV) is the main causal factor in the development of

invasive cervical cancer (CC), being found in nearly 100 % of these tumors

(Schiffman et al. 2011). CC develops through the progression of preinvasive

cervical intraepithelial neoplasia (CIN), which is histologically graded as mild

(CIN1), moderate (CIN2), or severe (CIN3) dysplasia. CC develops predominately

from CIN3 and CIN2 but rarely from CIN1, with estimated progression rates

from these lesions to CC of 12 %, 5 %, and 1 %, respectively (Ostor 1993).
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Currently, there are vaccines on the market that prevent infection by oncogenic

HPV types 16 and 18, which are associated with 65–70 % of CCs worldwide

(de Sanjose et al. 2010). These vaccines are highly efficient at preventing infection

and high-grade CINs (CIN2/CIN3) (Lehtinen et al. 2012). However, vaccinated

women must continue to participate in early detection programs for CC because the

vaccines can only protect against certain virus types, and it is not known for how

long the immune protection against the targeted virus remains (Romanowski 2011).

In many countries, preventive vaccines for HPV16 and HPV18 have been incorpo-

rated into a national vaccination program for girls from 9 to 12 years of age (Cuzick

2010; Markowitz et al. 2007). However, because the peak incidence of CC occurs in

women 45–50 years old, the effectiveness of these preventive vaccination programs

on reducing the incidence of CC will not be known for 30 years. Therefore, it is

necessary to improve the procedures for CC screening and treatment. Because each

year 530,000 new CC cases and 275,000 CC deaths are reported worldwide, the

mortality-to-incidence ratio is approximately 50 % (Hwang and Shroyer 2012;

Ferlay et al. 2008).

For many years, the Papanicolaou (Pap) test has been the most important

screening procedure for early detection of CC, and its massive application in

developed countries has decreased the incidence of CC by more than 50 % in the

last 40 years (McCrory et al. 2009). Women with abnormal Pap test results are

referred for colposcopy to confirm, reject, or clarify the diagnosis with histopath-

ological analysis. Unfortunately, the average sensitivity of cytology for detection of

CIN lesions is only 50–60 %, although the specificity is very high at approximately

90 % (Wright 2007). Since HPV is essential for the development of CC, several

procedures to detect the HPV genome have been incorporated into CC screening.

Hybrid Capture 2 technology (HC2) is the methodology most frequently used for

screening, particularly for measuring high-risk virus. This method, approved by the

Food and Drug Administration (FDA) in the United States, demonstrates higher

sensitivity but lower specificity than conventional cytology for detectingCIN2 lesions

or higher (CIN2+). HC2 has an average sensitivity of 95 % (range, 62–98 %) for

detecting high-grade lesions and invasive cancer. However, HC2 has low specificity

for CIN2+, especially in young women, because the majority of detected infections

are not associated with neoplastic lesions (Leinonen et al. 2009;Whitlock et al. 2011).

Inwomen over the age of 30 years, the specificity is higher, but it varies among studies

because of its partial dependence on the prevalence of HPV in the study population

(Giorgi-Rossi et al. 2012). In most studies, the positive predictive value (PPV) is

less than 20 %, which is consistent with the percentage of infected women having

high-grade lesions. The high sensitivity and high negative predictive value (NPV) of

HPVDNA tests for the detection of CIN2+ lesions suggest that this test could be used

to extend screening intervals. However, the low specificity of HPV DNA tests would

increase the number of follow-up tests and colposcopy referrals, thereby increasing

the cost of screening (Leinonen et al. 2009).

Therefore, there is an obvious need to develop new methods for early detection

of CC with high sensitivity and specificity. Multiple tumor markers associated with
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CIN2+ have been identified, in particular CDKN2A, TOP2A, andMCM2. However,
these markers have been proposed not for screening but for diagnosis, prognosis, or

clinical management (Natunen et al. 2011). Although several studies have used

microarrays to identify genes associated with cervical cancer (Narayan et al. 2007;

Gius et al. 2007; Zhai et al. 2007; Pyeon et al. 2007; Biewenga et al. 2008;

Buitrago-Pérez et al. 2009), most have been insufficient for identifying screening

markers because they employed an insufficient design, such as heterogeneous

samples positive for different or undetermined HPV types and/or a small number

of tumors and controls.

It is important to emphasize that the primary value of CC biomarkers and the

goal of developing procedures for cervical screening are to improve the specificity

rather than the sensitivity relative to HPV testing (Hwang and Shroyer 2012).

Primary HPV DNA screening with cytology triage increases the specificity to an

extent similar to that of conventional cytology (Markowitz et al. 2007; Leinonen

et al. 2009). However, use of this procedure in developing countries creates

logistical problems because a high percentage of women who test positive for

HPV do not return for a cytological follow-up or because of the handling diffi-

culties associated with a sample taken for cytology at the first visit. In addition, the

procedure appears to be impractical because it cannot be automated. The simul-

taneous use of HC2 for high-risk viruses with a molecular method that can

distinguish CIN2+ from CIN1� would increase the specificity and PPV and

would provide the advantages of speed and automation potential compared to

triaged cytology.

Use of p16 for Clinical Diagnosis but not for Screening
Cervical Cancer

Of the markers associated with CC, the tumor suppressor protein p16 has been the

most widely studied (Hwang and Shroyer 2012). This protein accumulates in the

nucleus and cytoplasm of cells transformed by high-risk HPVs and is usually

detected by immunohistochemistry (IH). The amount of p16 is related to the

severity of cervical neoplasia and is considered to be a marker of CIN2+. p16 has

been used successfully to classify HPV-related diseases. Lower interobserver

variations have been reported for IH detection of p16 in punch and cone biopsies

than for diagnosis with hematoxylin and eosin (H&E)-stained sections. Recently,

p16 has emerged as a sensitive and specific diagnostic tool to detect CIN2+ lesions

in cervical cytology specimens (Hwang and Shroyer 2012). p16 consistently

exhibits high sensitivity (80–95 %) for detection of CIN2+, but its specificity is

lower (ca. 50 %) than that of cytology (Tsoumpou et al. 2009). The low specificity

is because p16 is expressed in approximately 38 % of low-grade CIN lesions, i.e.,

those infected with high-risk HPV types (Tsoumpou et al. 2009). The relatively low

specificity and the need for a pathologist to interpret the IH results are the major

reasons contributing to the fact that p16 has not been widely adopted for primary

screening. Recently, Wentzensen et al. developed enzyme-linked immunosorbent
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assay (ELISA) method to detect p16 protein in cell lysates of cervix exudates,

which provides a sensitivity and specificity for the identification of high-risk lesions

of 84–87 %, respectively (Wentzensen et al. 2006).

Mitosis is the Main Phase of the Cell Cycle Altered
in Cervical Cancer

The cell cycle is the primary process altered in CC; it is ranked highest in all

published CC studies that have analyzed biological processes (Buitrago-Pérez

et al. 2009). Similarly, in two studies of CC, in which we analyzed the expression

of 8,638 genes with the HG-Focus microarray (Espinosa et al. 2013) or 21,034

genes with the HG 1.0 ST microarray from Affymetrix, the cell cycle process was

the most enriched and appeared at the top of the lists of gene datasets that were

analyzed with the Database for Annotation, Visualization and Integrated Discovery

(DAVID) tool at medium stringency (Table 1). However, in both datasets, the

M-phase processes were the most enriched (labeled in red in Table 1) when the

analyses were conducted at high stringency, suggesting that the M phase is the main

altered cell cycle phase in CC. According to the IH data, approximately 30 % of

tumor cells in CC might be in the M phase (Espinosa et al. 2013). These findings are

consistent with the in vitro alterations in the cell cycle and mitosis caused by HPV

(Teissier et al. 2007; Moody and Laimins 2010), and they correlate with other CC

studies (Teissier et al. 2007). The E6 and E7 oncoproteins of high-risk HPVs induce

numerous mitotic defects, including multipolar mitoses, chromosomal

missegregation, anaphase bridges, and aneuploidy. Although cells with abnormal

mitosis are normally targeted for cell death, E6 and E7 act cooperatively to allow

cells with abnormal centrosomes to accumulate by relaxing the G2/M checkpoint

response and inhibiting apoptotic signaling (Moody and Laimins 2010). In agree-

ment with these data, the canonical pathways G2/M DNA damage checkpoint

regulation and role of CHK proteins in cell cycle checkpoint control were ranked

at the second and fifth positions, respectively, of the altered canonical pathways in

CC (Espinosa et al. 2013). Furthermore, E6 and E7 induce mechanisms that also

avoid the mitosis checkpoint. The E6 and E7 genes have been shown to induce

overexpression of CDC20 and UBCH10, which activates the APC/C ubiquitin

ligase complex (Patel and McCance 2010). The finding of the enrichment of

positive regulation of ubiquitin–protein ligase activity during the mitotic cell

cycle in CC is consistent with the in vitro results (Espinosa et al. 2013).

A total of 128 genes of the mitosis phase were identified in two series of CCs

studied in Mexico: 72 with HG-Focus microarray, 114 with HG 1.0 ST microarray,

and 58 genes shared with both. The non-supervised hierarchical clustering

performed with both sets of gene expression values clearly separated the cancer

samples from those of the control group (Fig. 1). Interestingly, all but four genes

involved in mitosis were upregulated (Fig. 2). Eleven of those genes (CCNB2,
CDK1, CDC20, CDKN3, CKS2, MKI67, NUSAP1, PRC1, SMC4, SYCP2, and
ZWINT), together with some genes used previously as markers for CC (CDKN2A,
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Table 1 DAVID functional annotation cluster analysis at medium stringency of genes
deregulated in cervical cancer. The table shows the 10 most enriched biological processes in

the set of deregulated genes in cervical cancer obtained both with HG-Focus (panel A) and HG 1.0

ST (panel B) microarrays and analyzed with the DAVID tool

Cluster

Enrichment

scorea Biological process

No. of

genes p-value
Fold

changeb

A. Deregulated genes in 43 CC identified with HG-Focus (n = 997)

1 19.92 Cell cycle 140 2.1E-30 2.8

M phase 72 2.0E-20 3.4

Mitosis (1) 51 1.4E-15 3.6

2 11.59 DNA metabolic process 99 4.3E-24 3.1

DNA repair 51 4.0E-11 2.8

3 9.53 Regulation of

ubiquitin–protein ligase

activity during mitotic cell

cycle (2)

30 6.3E-17 6.6

Anaphase-promoting complex-

dependent proteasomal

ubiquitin-dependent protein

catabolic process

28 4.5E-16 6.8

4 7.97 Response to chemical stimulus 150 9.8E-14 1.8

5 7.26 Spindle organization 21 6.8E-13 7.3

Cytoskeleton organization 57 3.7E-07 2.1

6 5.53 Developmental process 268 5.6E-08 1.3

Cell differentiation 129 7.1E-03 1.2

7 5.5 Negative regulation of

nucleobase, nucleoside,

nucleotide, and nucleic acid

metabolic process

51 1.6E-03 1.6

8 5.38 Interphase 24 1.7E-07 3.6

G1/S transition of mitotic cell

cycle

13 1.7E-04 3.6

9 5.23 Embryonic development 66 2.7E-06 1.8

10 4.89 Regulation of cell cycle 61 1.1E-13 2.9

Regulation of mitosis 13 1.7E-04 3.6

B. Deregulated genes in 48 CC identified with HG 1.0 ST (n = 1,812)

1 29.47 Cell cycle 200 4.3E-41 2.7

M phase 114 8.5E-36 3.6

Mitosis (1) 83 4.9E-29 3.9

2 9.19 DNA metabolic process 112 1.9E-17 2.3

DNA repair 63 4.4E-10 2.3

3 8.06 Chromosome segregation 36 2.0E-15 4.6

Mitotic sister chromatid

segregation

19 7.3E-10 5.5

4 7.62 Microtubule cytoskeleton

organization

39 9.2E-09 2.8

Cytoskeleton organization 54 3.6E-08 2.2

(continued)
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MCM2, TOP2A, and PCNA), were validated with quantitative reverse-transcription
polymerase chain reaction (qRT-PCR) mostly in HPV16-positive CC and

healthy cervical epitheliums (Espinosa et al. 2013). The box plots (Fig. 3) clearly

show the difference in gene expression between the cancer and control groups

( p < 1 � 10�15 for all genes, Mann–Whitney U test).

The mitosis genes identified in both series of tumors participate in several of the

subprocesses of mitosis, primarily formation and control of mitotic use, regulation

of the metaphase-to-anaphase transition, chromosome segregation, cytokinesis, and

mitotic entrance/exit (Fig. 4). While activation of cyclin-dependent kinases (Cdks)

drives cells into mitosis, mitotic exit depends on inhibition of Cdk activity and

dephosphorylation of proteins phosphorylated by Cdks. The activity of Cdks is

inhibited primarily through degradation of mitotic cyclins by the anaphase-

promoting complex (APC/C) and accumulation of Cdk inhibitor proteins. Five

(CDK1, CCNB2, CDC20, CDKN3, and PRC1) of the eleven mitosis proteins

validated in a previous paper (Espinosa et al. 2013) appear to be essential in these

processes. Cyclin B2 (CCNB2) and cyclin B1 (CCNB1) bind to CDK1 (CDC2) to

form the complex M-CDK, which is essential for control of the cell cycle at the

G2/M transition. However, while cyclin B1-CDK1 causes chromosome condensa-

tion, reorganizes microtubules, and disassembles the nuclear lamina and the Golgi

apparatus, cyclin B2-CDK1 is restricted to the cytoplasm and disassembles the

Golgi apparatus during mitosis (Gong and Ferrell 2010). Consistent with these data,

cyclin B2 was localized exclusively in the cytoplasm of the CCs examined in our

study (Espinosa et al. 2013). Interestingly, the expression of cyclin B1 in these

tumors did not differ from that in the control samples. Degradation of cyclin B1 by

APC/C, a key regulator of the metaphase-to-anaphase transition, allows progression

of mitosis from metaphase to anaphase (Gong and Ferrell 2010). While CCNB2 has
been scantily associated with CC (Buitrago-Pérez et al. 2009), it has also been

Table 1 (continued)

Cluster

Enrichment

scorea Biological process

No. of

genes p-value
Fold

changeb

5 6.87 DNA packaging 45 2.3E-16 4.0

Chromosome organization 92 2.4E-10 2.0

6 6.74 Meiosis 31 4.9E-09 3.3

Meiotic cell cycle 31 8.3E-09 3.2

7 5.31 Developmental process 387 1.3E-08 1.3

Cell differentiation 196 5.9E-04 1.2

8 4.73 Response to chemical stimulus 172 3.1E-06 1.4

9 4.17 Regulation of cell cycle 69 1.0E-09 2.2

Regulation of mitosis 16 1.9E-04 3.0

10 3.94 Angiogenesis 31 6.1E-05 2.2

aEnrichment score is the -log10 of the average p-value of the terms in the cluster. bFold change is

the ratio of the proportion of genes in the tested list versus the Human Gene Reference database.

The clusters in red were enriched in a functional annotation cluster analysis at highest stringency
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reported to be associated with other types of cancer. For example, it is upregulated

in cancers of the colon (Park et al. 2007), lung, and digestive tract (Mo et al. 2010).

An increased amount of CDC20, a key regulatory protein of the APC/C complex

during anaphase, could explain the absence of cyclin B1. UBE2C (also known as

UBCH10) was also found to be increased in CC (Espinosa et al. 2013). Both

CDC20 and UBE2C are required for full ubiquitin ligase activity of the APC/C

complex and may confer substrate specificity upon the complex. CDC20 is nega-

tively regulated by MAD2L1 and BUB1B (also known as BUBR1). In metaphase,

the MAD2L1-CDC20-APC/C ternary complex is inactive, whereas in anaphase, the

CDC20-APC/C binary complex is active in degrading substrates. Interestingly, the

MAD2L1 and BUB1B transcripts were also increased in CC (Espinosa et al. 2013),

suggesting that the corresponding proteins could be increased, thereby preventing

activation of APC/C. However, part of the CDC20 protein could remain free to bind

and activate APC/C, as has been shown in transfected cells expressing E6 and E7

proteins (Patel and McCance 2010). Upregulated CDC20 has been found in lung,

pancreatic, and gastric cancers (Nakayama and Nakayama 2006), as well as in CC

(Teissier et al. 2007).

CDKN3 is a dual-specificity protein phosphatase of the Cdc14 phosphatase

group that interacts with CDK1 (CDC2) and inhibits its activity (Demetrick

et al. 1995). CDKN3 and other Cdc14 phosphatases have not been well studied,

but they appear to be essential for antagonizing Cdk activity in late mitosis,

allowing cells to exit mitosis and enter telophase. Regulation of cytokinesis may

be the one conserved function of the Cdc14 phosphatases. Although overexpression

of CDKN3 has been associated with inhibition of cell proliferation in colon cancer

cell lines (Galamb et al. 2010), it has been found to be overexpressed in breast,

prostate, and lung cancers (MacDermed et al. 2010; Julien et al. 2011; Taylor

et al. 2010). In the previous report of the association of CDKN3 with cervical

cancer, CDKN3 was shown to behave as an oncogene (Espinosa et al. 2013).

However, it has been proposed that CDKN3 is a tumor suppressor of mitosis control

(Nalepa et al. 2013).

PRC1 is essential for control of the spatiotemporal formation of the midzone and

successful cytokinesis (Subramanian et al. 2010). It is required for kinesin family

member 14 (KIF14) (Gruneberg et al. 2006) and polo-like kinase 1 (PLK1) (Lens

et al. 2010) localization to the central spindle and midbody. Suppression of PRC1

blocks cell division. Transcription of PRC1 is repressed by p53 and is one of the

routes by which p53 stops the cell cycle at the G2/M checkpoint (Li et al. 2004).

�

Fig. 1 Segregation of tumor and control samples according to the mitosis gene expression
profile. Unsupervised hierarchical cluster analysis using the expression values of the top 30 genes
deregulated from mitosis as identified with either the HG-Focus (panel a: 43 CCs and 12 healthy

cervical epitheliums) or the HG 1.0 ST (panel b: 48 CCs and 17 healthy cervical epitheliums)

microarray. Each row represents a gene, and each column represents a sample. The length and the

subdivision of the branches represent relationships among the samples based on the intensity of

gene expression. The cluster is color-coded using red for upregulation, blue for downregulation,

and white for unchanged expression
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Because the E6 oncoprotein of HPV16 induces degradation of p53 in proteasomes,

it is likely that in cervical carcinomas PRC1 is overexpressed via this mechanism.

PRC1 has been reported to be associated with liver cancer (Wang et al. 2011) and

CC (Zhai et al. 2007).

NUSAP1 is a nucleolar-spindle-associated protein that plays a role in spindle

microtubule organization. The gene for NUSAP1 has not been associated with CC

but has been found to be upregulated in breast cancer and melanoma (Kretschmer

et al. 2011).

SYCP2 is a major component of the synaptonemal complex, which promotes the

repair of double-strand breaks (DSBs) by the homologous recombination pathway

in meiosis (Li et al. 2011). The high levels of SYCP2 expression in the CCs

examined in our previous work (Espinosa et al. 2013) suggest that DSBs are very

common in some CC samples and that SYCP2 might be involved in DSB repair via

the stimulation of the homologous recombination pathway. Interestingly, SYCP2
has been found to be upregulated in CC (Buitrago-Pérez et al. 2009) and oropha-

ryngeal squamous cell carcinomas positive for HPV16 but not in HPV-negative

carcinomas (Martinez et al. 2006).

Fig. 2 Distribution of deregulated genes involved in mitosis according to fold change
(FC) and Δ-score. The 1812 deregulated genes (circles) found in tumors of cervical cancer

with the HG 1.0 ST microarray are shown in a volcano plot. The x-axis represents the FC of

gene expression (tumor/control) expressed in log2 values, and the y-axis shows the absolute

value of the Δ-score, which is equivalent to the t value in a student’s t-test, calculated by the

significance analysis of microarrays (SAM) method. A higher value of the Δ-score correlates with
greater statistical significance. Log2 FC values were positive in overexpressed genes and negative

in underexpressed genes. The black dashed lines show the cutoff point for the most significant

genes. The 128 genes of mitosis identified with HG-Focus and HG 1.0 ST microarrays are shown

as red circles. The gray circles in the background represent deregulated genes not involved in

mitosis
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Mitosis as a Source of Targets for Screening and Survival
in Cervical Cancer

The genes involved in mitosis were not only the most enriched in CC but also the

most different in terms of expression fold change and Δ-score (statistical signifi-

cance) when compared with control samples (red circles in Fig. 2). Therefore, these

genes are good candidates to be tested as markers for screening and survival or as

potential therapeutic targets. Furthermore, several of the 15 markers validated in

our previous study either have not been identified previously (CDKN3, NUSAP1,
and SMC4) or have been identified rarely in other studies (CCNB2, CDC20, CKS2,
PRC1, and SYCP2). By contrast, genes not associated with mitosis have been

identified in many studies (CDKN2A, MCM2, TOP2A, and PCNA) (Buitrago-

Pérez et al. 2009).

Markers for Cervical Cancer Screening

In order to establish the potential value of these genes as markers in CC by defining

a line of separation between cancer and control group signals, cutoff values

were established by analyzing receiver-operating characteristic (ROC) curves.

Fig. 3 Validation of gene expression of six genetic markers by qRT-PCR. The intensity of

gene expression, expressed in log2 values, is shown in box plots. Expression of the six genes

(CCNB2, PRC1, SYCP2, CDKN3, CDC20, and NUSAP1) is compared among four groups: healthy

cervical epitheliums (normal, n = 25), low-grade CIN (CIN1, n = 29), high-grade CIN (CIN2/3,

n = 21), and invasive CC (cancer, n = 44). The upper and lower boundaries of the boxes

represent the 75th and 25th percentiles, respectively. The black line within the box represents

the median value, and the whiskers represent the minimum and maximum values that lie within

1.5� the interquartile range from the end of box. Values outside this range are represented by

black circles. The fold change (FC) in expression was calculated by dividing the median of each

pathological group by the median of the control group
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In general, ROC curves with an area under the curve (AUC) � 0.75 are not

clinically useful, whereas an AUC of 0.97 has very high clinical value (Fan

et al. 2006). The AUC for 10 genes (CDKN2A, MKI67, PRC1, CDC2, CCNB2,
SYCP2, PCNA, NUSAP1, CDC20, and CDKN3) was �0.97 (Table 2). In fact, most

of these genes had a sensitivity and specificity greater than 95 %, suggesting that

they might be good screening markers that could distinguish healthy samples from

invasive cancers. Interestingly, this subset included six genes involved in mitosis

that had not been reported to be associated with CC (NUSAP1 and CDKN3) or that
had been only rarely reported to be associated with CC (PRC1, SYCP2, CCNB2,
and CDC20).

For screening tests, it is important to detect not only CC but also high-grade

lesions (CIN2/3) and to distinguish them from low-grade CIN lesions (CIN1) and

healthy controls. To investigate whether these genes can differentiate CIN2+ from

CIN1�, their expression was analyzed in two additional groups of samples:

29 low-grade CINs and 21 high-grade CINs (Espinosa et al. 2013). According to

the median and distribution of the data shown in the box plots of Fig. 3, the six

markers could be classified into two groups. The first group included markers linked

exclusively (CCNB2 and PRC1) or mostly (SYCP2) to invasion, which clearly

differentiated invasive tumors from high-grade CIN, low-grade CIN, and normal

cervices. The specificity for detecting only CC, and no other lesions, ranged from

0.85 (SYCP2) to 0.98 (CCNB2). The second group included the other three genes

M phase
Mitosis

G2 phase

G1 phase

Citoquinesis
CDK1
NUSAP1

CKS2

MCM2
TOP2A
PCNA
MKI67

CDKN2A

ZWINT
CCNB2

SMC4
CDC20

CDKN3
PRC1
SYCP2

S phase

Fig. 4 Localization of the 15 genes described in this chapter in the cell cycle phases. The cell
cycle phases and the genes altered in cervical cancer described in this chapter. All but four genes

(TOP2A, PCNA, MCM2, and CDKN2A) participate in mitosis
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(CDC20, NUSAP1, and CDKN3), the expression of which tended to increase from

the control to the CC group (CDC20 and CDKN3) or the high-grade CIN group

(NUSAP1). These three genes could distinguish CIN2+ lesions from CIN1� lesions

( p < 1 � 10�15, Mann–Whitney U test [MW]). It is clear that genes in the first

group would not be good markers for screening since they could not distinguish

high-grade CIN and CC lesions from low-grade CIN lesions and control samples.

Therefore, ROC analysis was performed to explore the potential of the genes in the

second group (CDC20, CDKN3, and NUSAP1) together with CDKN2A as markers

for screening. None of them had AUC values equal to or greater than 0.97; the

highest AUC value was obtained with CDKN2A (0.92), followed by NUSAP1
(0.917), CDKN3 (0.91), and CDC20 (0.86). However, the new markers (NUSAP1
and CDKN3) showed slightly greater sensitivity than CDKN2A but lower specificity

(Fig. 5). The sensitivity and specificity did not increase significantly when data for

the individual markers were combined (Espinosa et al. 2013).

NUSAP1, CDKN3, or CDKN2A might be good candidates to use with HC2 as a

first-line strategy in a screening program. The goal of our previous study (Espinosa

et al. 2013) was to perform a feasibility evaluation of mRNA levels of novel genes

in cervical samples as diagnostic markers to identify high-grade CIN or invasive

lesions with high sensitivity and specificity. However, the sensitivities reported in

that analysis were probably greater than those likely to be found in clinical practice

because patients with CIN2+ have a higher proportion of cervical cancer (which is

easy to identify) than would be expected in any screening setting. By contrast, the

specificity appears to be underestimated, given that a large proportion of CIN1�
had CIN1. Therefore, we did not expect to obtain conclusive data on the sensitivity,

specificity, or predictive values of the assays. Additional studies of a screening

population are needed to determine the levels of CDKN3, NUSAP1, or CDC20
mRNA or protein in cervical samples, to obtain information about the predictive

values, and to define the optimal trade-off between sensitivity and specificity for the

detection of CIN2+.

Markers for Cervical Cancer Survival

One way to investigate whether or not these molecular targets are associated with

CC progression is to conduct a survival study. Therefore, a survival analysis using

qRT-PCR expression values of the 15 validated markers and International Feder-

ation of Gynecology and Obstetrics (FIGO) staging was conducted on 42 patients

with HPV16-positive CC whose progress was followed for at least 3.5 years after

diagnosis and initial treatment (Espinosa et al. 2013). This sample included indi-

viduals at FIGO stages IB1 (n = 16), IB2 (n = 14), IIA (n = 1), IIB (n = 9), and

IIIB (n = 2). The overall survival rate for the whole sample was 79.6 % and for

FIGO stages IB1, IB2, IIA, IIB, and IIIB was 100 %, 69.2 %, 0 %, 85.7 %, and 0 %,

respectively. These differences were statistically significant ( p < 0.001, log-rank

test, Fig. 6). Of the 15 genes analyzed using Kaplan–Meier survival curves, only

CDKN3 was associated with poor survival ( p = 0.004, log-rank test; Fig. 6).
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The overall survival rate of patients with higher levels ofCDKN3 (fold change > 15)

was 42.9 %, and the median survival time was 22 months. By contrast, those with

lower levels of CDKN3 had an overall survival rate of 87.5 %. FIGO staging and

CDKN3 expression were analyzed together using Cox proportional hazard models,

Fig. 6 The Kaplan–Meier survival curves for FIGO staging and CDKN3, MKI67, PCNA,
CDKN2, and SYCP2 genes. Patients were followed for at least 42 months. For gene expression,

cancer patients with higher (red line) and lower (blue line) expression fold-change values were

compared. The cutoff values were calculated with the ROC method. The p-values were calculated
by comparing the curves with the log-rank test. Censored patients are labeled with black dots, but
only four of them were censored before the minimal period of follow-up (42 months)
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and CDKN3 remained invariably significant with a hazard ratio (HR) of 5.9 (95 %

confidence interval (CI), 1.4–23.8, p = 0.01). These results suggest that CDKN3
could be a prognostic factor for survival that is independent of FIGO staging.

However, a larger sample size is needed to confirm these results.

Potential Applications to Diagnosis, Prognosis, and Other
Diseases or Conditions

A system for early detection of CC must be efficient and inexpensive. The markers

proposed in our previous work (Espinosa et al. 2013) and this chapter (CDKN3,

NUSAP1) have a sensitivity and specificity of approximately 90 %. However, the

initial discoveries were made by analyzing mRNA of tumors and controls with

traditional qRT-PCR, which is performed in four steps and costs approximately

50 USD. Because analysis of these markers with traditional qRT-PCR would be

neither inexpensive nor easy, cheaper, easier, and high-performance screening

methods that can be automated must be developed. Because our previous work

using IH demonstrated that proteins encoded by the genes proposed as markers

were overexpressed in tumors, ELISA methodology meets these requirements.

However, it must be shown that the measurement of CDKN3 and NUSAP1 proteins

by ELISA has a sensitivity and specificity similar to that of qRT-PCR analysis of

mRNA. Another possibility would be to develop a cheaper qRT-PCR procedure

that can be automated, for example, the use of a one-step qRT-PCR procedure that

would allow simultaneous synthesis of cDNA and quantitative PCR in the same

tube. Three markers labeled with different fluorochromes could be used simulta-

neously: one to detect high-grade lesions (NUSAP1 or CDKN3), another to detect

exclusively invasive lesions (PRC1 or CCNB2), and an internal control. This

methodology, besides to detect the CIN2+ lesions (NUSAP1 or CDKN3), could

detect already invasive lesions (PRC1 or CCNB2), which deserve an immediate

clinical attention. The cost of such a system, including RNA purification, produced

in high volume would be approximately 5–10 USD. A low-cost system with high

sensitivity and specificity could be easily adopted for the early detection of cervical

cancer in poor and developing countries. However, validation of the system would

require comparison with cytology and HPV testing in a large sample (ca. 5,000) of

unselected women who regularly attend an early cancer detection program.

The association of CDKN3 with lower survival of CC patients clearly indicates

that this gene is involved in the progression of CC. CDKN3 mRNA measurements

might serve as a good predictive marker to assess patient survival and tumor

aggressiveness. Depending on the clinical stage of the disease, invasive CC is

treated currently with surgery, chemotherapy, radiotherapy, or a combination of

these therapies. The success of conventional therapies and patient survival dimin-

ishes as the disease progresses to more advanced stages (Andrae, et al. 2012). In

fact, the percentage of women who survive 5 years decreases from 93 % for stage

IA to 15 % for stage IVB (www.cancer.org). The level of CDKN3 mRNA could be

used to select women who need to be treated more aggressively with additional
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neoadjuvant chemotherapy. Appropriate clinical trials should investigate the clin-

ical value of measuring CDKN3 mRNA as an indicator for additional specific

cancer therapy.

In contrast to other types of cancer, for which several specific molecular drugs

have been developed (Torti and Trusolino 2011), there are no specific molecular-

targeted therapies for CC. The majority of specifically targeted cancer drugs are

directed toward mutated proteins, especially protein kinases (Knight et al. 2012),

but some drugs also target normal proteins that are overexpressed, such as HER2/

neu in breast cancer (Saxena and Dwivedi 2012). The first step in developing a

specific molecular drug is identifying universal molecular targets that are present in

patients with CC and absent in healthy women. Inhibition of mitosis is a well-

known strategy to combat cancers. Drugs that perturb the process of cell division

have proven to be effective anticancer therapies. Well-known examples of these

drugs, such as taxanes and vinca alkaloids, perturb the formation of the mitotic

spindle. However, they have remarkably low therapeutic indices and narrow ther-

apeutic windows. Their efficacy is restricted because they also perturb the micro-

tubule network of nondividing cells, causing neurotoxic effects and affecting

endothelial cell function. To resolve these issues, a new generation of antimitotic

agents has been developed that target kinesins and kinases that play unique roles in

mitosis, such as KIF11, PLK1, and aurora kinase A (AURKA) (Lens et al. 2010).

Interestingly, the transcripts of these three genes were upregulated in the CCs

evaluated; AURKA ranked in 19th place, KIF11 ranked in 72nd place, and PLK1
ranked in 263rd place (Espinosa et al. 2013). Therefore, the new generation of

antimitotic drugs could be tested for treating cervical cancer. In addition to testing

exiting drugs, several factors make CDKN3 a potential target for treating CC. First,

CDKN3 is involved in mitosis; second, it is overexpressed in CC, averaging seven

times higher than expression in the healthy cervix; and third, it is associated with

low survival in CC patients, suggesting that it is associated with aggressive tumors.

However, it remains to be demonstrated that CDKN3 is indispensable for tumor

growth and that small drugs that inhibit CDKN3 function in tumor cells can be

discovered.

Consistent with our data, CDKN3, along with other genes, has been found to be

associated with lower survival of patients with lung adenocarcinomas (MacDermed

et al. 2010; Tang et al. 2013). In addition, CDKN3 has been shown to be essential

for in vitro neoplastic growth of cells derived from hepatocellular carcinoma (Xing

et al. 2012). Therefore, the clinical utility of CDKN3 as a potential drug target and

as a diagnostic tool to evaluate survival and select patients for more aggressive

treatments could also be evaluated in lung cancer and hepatocellular carcinoma.

Summary Points

• The effect of preventive human papillomavirus (HPV) vaccination on the reduc-

tion of the cervical cancer (CC) burden will not be known for 30 years.

Current methods for screening have low sensitivity (Pap test) or low specificity
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(HPV tests) for the detection of high-grade cervical intraepithelial neoplasias

(CIN2/3) and CC (CIN2+). Therefore, it remains necessary to improve the

procedures for CC screening and treatment.

• The tumor suppressor protein p16 is one of the most widely studied markers

associated with CC. The amount of p16 is related to the severity of cervical

neoplasia and is considered a marker of CIN2+. However, the relatively low

specificity of this marker and the need for a pathologist to interpret the test

results are the major reasons that this marker has not been adopted for primary

screening.

• The most upregulated and enriched genes in cervical cancer, compared with

healthy cervical epithelium, are those involved in mitosis. Some mitotic genes

might be good candidates as markers for screening or survival or as potential

therapeutic targets.

• Six genes from mitosis were recently discovered to be associated with CC

(CCNB2, PRC1, and SYCP2) and also with CIN2/3 (CDC20, NUSAP1, and
CDKN3).

• The sensitivity and specificity of CDKN3 and NUSAP1 to detect CIN2+ was

approximately 90 %. Therefore, they may be potential targets for the develop-

ment of novel screening methods.

• CDKN3 was also associated with poor CC patient survival, and it was indepen-

dent of clinical stage. Therefore, CDKN3 might serve as both a screening tool

and a survival marker.
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Abstract

HER2 or ErbB2 is a member of the epidermal growth factor family and is a well-

established biomarker that is overexpressed in a wide variety of tumor types

including breast, ovarian, gastric, colorectal, pancreatic, and endometrial can-

cers. HER2 regulates signaling through several pathways (Ras/Raf/mitogen-

activated protein kinase and phosphatidylinositol-3 kinase/protein kinase-B/

mammalian target of rapamycin pathways) associated with cell survival and

proliferation. In endometrial cancer there have been several studies linking the

overexpression of HER2 and/or the amplification of the c-erbB2 gene with

chemoresistance and overall poor survival. Immunotherapy with monoclonal

antibodies targeting HER2 as well as the use of novel tyrosine kinase inhibitors

targeting the erbB pathway may hold promise for patients harboring these

biologically aggressive endometrial neoplasms.
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Key Facts

Key Facts on HER2 in Endometrial Cancer

• HER2 or ErbB2 is a member of the epidermal growth factor family.

• Type I uterine cancers constitute 80 % of cases and consist of grades 1 and

2 endometrioid histologies; type II uterine cancers include grade 3 endometrioid,

serous, carcinosarcoma, and clear cell histologies.

• HER2 overexpression results in constitutive activation and has been documented

in a number of human cancers, including breast, esophageal, gastric, ovarian,

and uterine cancers.

• HER2 amplification has been correlated with poor overall survival in some

studies of uterine carcinoma.

• There has been a considerable interest in HER2-targeted therapy in endometrial

cancer over the last decade, and studies are still ongoing in this field of research.

Definition of Words and Terms

Immunotherapy The prevention or treatment of disease with substances that

stimulate the immune system.

Phenotype The set of observable characteristics of an individual resulting from

the interaction of their genotype with the environment.

Antibody-Dependent Cellular Cytotoxicity A mechanism of cell-mediated

immune defense whereby an effector immune cell actively lyses a target whose

membrane-surface antigens have been bound by specific antibodies.

CDC Lysis of a target cell in the presence of complement system proteins.

Polymorphism Occurs when two or more clearly different phenotypes exist in

the same population of a species or the occurrence of something in more than

one form.

Microdissemination Widespread release of substances not capable of being seen

with the naked eye throughout the body, for example, tumor microdissemination.

Monoclonal Antibody A type of protein made in the laboratory that can bind to

substances in the body, for example, cancer cells.

Neoadjuvant Treatment given prior to mainstay of treatment to reduce disease

burden, for example, chemotherapy done before surgery.
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Tregs Regulatory T cells, formerly known as suppressor T cells, are a subpopula-

tion of T cells which modulate the immune system and maintain tolerance to self-

antigens.

Anthracyclines Anthracyclines are a class of drugs used in cancer chemotherapy

derived from Streptomyces species. These compounds are used to treat many cancers,

including leukemias, lymphomas, and breast, uterine, ovarian, and lung cancers.

Introduction

Receptor Family Characteristics and Biologic Pathway Crosstalk

HER2 (human epidermal growth factor receptor) is a 1,255 amino acid protein

synonymous with metastatic lymph node gene 19 (MLN19), NGL, neu, or CD340.

The protein is encoded by the gene ErbB2, located on chromosome 17q12, and is

one of four members of the ErbB family including ErbB1 (EGFR, epidermal growth

factor receptor; HER1), ErbB3 (HER3), and ErbB4 (HER4).

These proteins share an extracellular binding domain, a single transmembrane-

spanning portion, and a cytoplasmic tyrosine kinase domain. Unique among the

family, HER2 is considered an orphan receptor as no direct ligand has been

identified. Alternatively, HER2 tends to homo- or hetero-dimerize with other

ErbB proteins leading to activation of numerous downstream and lateral

pathways involving rat sarcoma/rapidly accelerated fibrosarcoma/mitogen-

activated protein kinase (Ras/Raf/MAPK), phosphatidylinositol-3 kinase/protein

kinase-B/mammalian target of rapamycin (PI3K/AKT/mTOR), and nuclear factor

(NF)-κB, with subsequent effects on cell cycle control, proliferation, and invasion
(Fig. 1).

HER2 overexpression results in constitutive activation; has been documented in

a number of human cancers, including breast, esophageal, gastric, ovarian, and

uterine cancers; and appears to have not only prognostic but therapeutic potential.

Uterine Cancer: Burden of Disease

Uterine cancer has become the most common gynecologic cancer in the developed

world, with 49,560 new cases and 8,190 related deaths predicted to occur in the

United States in 2013 (Siegel et al. 2012). Uterine cancers are commonly dichot-

omized into type I and type II variants (Bokhman 1983), which arise through

distinct pathogenetic mechanisms (Table 1). Type I cancers constitute 80 % of

cases (Felix et al. 2010) and consist of grades 1 and 2 endometrioid histologies; type

II cancers include grade 3 endometrioid, serous, carcinosarcoma, and clear cell

histologies. Uterine serous carcinomas (USC) account for 10 % of cases and a

disproportionate number of deaths due to aggressive course and chemoresistance.

While the 5-year overall survival for endometrioid cancers is 80 %, the rate for USC

510 D.P. English et al.



Fig. 1 HER2 signaling pathways. RAS rat sarcoma, RAF rapidly accelerated fibrosarcoma, ERK
extracellular signal-regulated kinase, MEK mitogen-activated protein/extracellular signal-

regulated kinase, MAPK mitogen-activated protein kinase, PIP2 phosphatidylinositol

4,5-bisphosphate, PIP3 phosphatidylinositol (3,4,5)-triphosphate, PI3K phosphatidylinositol

3-kinase, PDK1 3-phosphoinositide-dependent protein kinase-1, PKB protein kinase-B, PTEN
phosphatase and tensin homologue, mTORc mammalian target of rapamycin complex, NF-κB
nuclear factor kappa-light-chain-enhancer of activated B cells

Table 1 Genetic mechanisms and clinical associations of type I versus type II uterine cancer. The

two types of uterine cancer are noted in the table with their corresponding characteristic mutational

pattern and clinical history with regard to ER/PR receptor status, parity, and race. The references

have also been included in the table (No copyright issues)

Type I Type II Sources

Mutations
and
pathogenesis

K-Ras mutations Aneuploidy Lax et al. 1998; Sherman

et al. 2000; Hecht et al. 2006PTEN mutations TP53 mutations

HER2

E-cadherin

ER/PR status Positive Negative Grundker et al. 2008

Parity Nulliparous Parous Wilson et al. 1990

Race Lower frequency

among black

patients

Higher frequency

among black

patients

Wilson et al. 1990; Wright

et al. 2009; Boruta

et al. 2009

ER estrogen receptor, PR progesterone receptor
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is only 54 %, due in part to greater propensity for extrauterine spread at time of

initial diagnosis for type II cancers (Yoon et al. 2010).

Frequency of HER2 Overexpression and Prognostic Significance
in Uterine Cancers

Frequency of Overexpression

HER2 overexpression is commonly tied to the development of a malignant phenotype,

including correlation with depth of myometrial invasion, advanced stage (Diaz-

Montes et al. 2006), and loss of progesterone receptor status. HER2/neu

overexpression has been described in low-grade, low-stage tumors relative to normal

endometrium and has been reported in 0–80 % of uterine cancers depending on

analytic technique employed and histology (Santin et al. 2002; Buza et al. 2013, 2014).

In GOG-181B, in which 286 advanced or recurrent endometrial carcinomas

were screened for HER2 overexpression, only 7 % of endometrioid tumors were

HER2 amplified, compared to 38 % of clear cell and 28 % of serous cancers

(Fleming et al. 2010). In GOG-177, 234 specimens representing advanced or

recurrent endometrial cancer were available for immunohistochemistry and

182 for fluorescence in situ hybridization. Of these, 11 % of grade 3 endometrioid

and 21 % of serous tumors overexpressed HER2 by FISH (Grushko et al. 2008).

The proportion of overexpression was significantly higher in serous versus

non-serous histologies (61 % vs. 41 %, p = 0.03). There was also correlation of

amplification with grade: 3 % in grade 1, 2 % in grade 2, and 21 % in grade

3 cancers ( p = 0.003). In other studies of endometrioid tumors, IHC positivity has

ranged from 1 % to 47 %, with amplification rates of 0–38 %; IHC and amplifica-

tion rates for clear cell carcinomas have been as high as 33–66 % and 22–38 %,

respectively (Fleming et al. 2010).

Corresponding rates for carcinosarcoma may be as high as 75 % and 50 %,

respectively (Saffari et al. 1995). In several analyses of carcinosarcomas, staining

of 2+/3+ was present within the epithelial component in 22.5–56 % of cases but

only 4–6 % within the sarcomatous component (Sawada et al. 2003). Endometrial

stromal sarcomas, leiomyosarcomas, and adenosarcomas generally do not

overexpress HER2 (Cheng et al. 2011), though EGFR may be strongly positive.

Impact on Survival

HER2 amplification has been correlated with poor overall survival in some studies

of uterine carcinoma across a variety of histological subtypes yet not found to be

prognostic in other studies of endometrioid, serous, or carcinosarcomatous histol-

ogies. Akin to breast cancer, a triple-negative phenotype (estrogen receptor, pro-

gesterone receptor, and HER2) has been associated with poor survival. In a

retrospective study of early and advanced endometrial cancers including
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endometrioid, adenosquamous, serous, and carcinosarcomatous histology, the addi-

tion of adjuvant chemotherapy or radiation improved survival in those tumors that

overexpressed HER2 but not in those that failed to exhibit overexpression (Saffari

et al. 1995).

Racial Variation

Santin et al. (2005a) reported a 70 % HER2 overexpression rate (3+ by IHC) in

uterine serous carcinoma tissue blocks from African-American patients with USC,

in contrast to 24 % in tumors from Caucasian patients. Shorter survival was

independently associated with HER2 expression, but not age or race. The authors

concluded that HER2 expression may contribute significantly to racial disparities.

Polymorphisms

Recently, specific HER2 polymorphisms (e.g., +655 A/G) have been implicated in

increased risk of breast, prostate, and gastric cancers. There is no evidence for a role

in the pathogenesis of uterine cancers or any variation across subtype (Kitao

et al. 2007); however, existing studies have been largely restricted to Japanese

populations.

Techniques for Quantification

Immunohistochemistry

Immunohistochemistry (IHC) is a semiquantitative method for determination of

protein expression. The technique is inexpensive and relatively quick to perform.

Chromogenic results are not susceptible to degradation and may therefore be stored

for reference over long periods of time. Unfortunately, interpretation may be highly

subjective, and standardization of scoring systems is essential (Penault-Llorca

et al. 2009). No specific guidelines exist for HER2 testing and scoring in endome-

trial cancer, and methodologies used in studies to date remain widely varied.

Definitions of overexpression also differ between studies. Some clinicians and

researchers apply the proposed guidelines put forth for breast cancers by the

College of American Pathologists (CAP) and American Society for Clinical Oncol-

ogy (ASCO) which were recently updated for 2013 (Wolff et al. 2013). In this

scheme, an area of tumor consisting of >10 % of contiguous and homogeneous

tumor cells is examined. The specimen is considered positive if IHC score is 3+

(complete, intense circumferential membrane staining). The specimen is considered

negative if IHC score is 0 (no staining or faint membrane staining in � 10 % of

tumor cells) to 1+ (incomplete staining of >10 % of tumor cells). Testing is

equivocal if IHC is 2+ (circumferential membrane staining that is incomplete
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and/or weak/moderate and within >10 % of the invasive tumor or complete and

circumferential membrane staining that is intense and within�10 % of the invasive

tumor); in such instances, repeat testing on another sample or in situ hybridization

(ISH, below) on the same sample is required (Fig. 2).

In Situ Hybridization

In situ hybridization is a technique for identification of the number of gene copies

present. Fluorescence in situ hybridization (FISH) uses fluorescently labeled DNA

probes to localize sequences of interest on cell blocks or formalin-fixed paraffin-

embedded tissues sectioned to 4–5 μM. Because DNA is generally more stable than

protein, results are more resilient to variations in processing. FISH interpretation is

felt to be less subjective than IHC but requires fluorescence microscopy and is more

time-consuming, though automated image analysis has been validated. The price of

FISH testing may be more than twice that of IHC.

Fig. 2 HER2 expression by immunohistochemistry in endometrial serous carcinoma. (a) HER2
score 1+, negative: weak, incomplete membranous staining in majority of tumor cells. (b) HER2
score 2+, equivocal: weak to moderate membranous staining with a predominant lateral/

basolateral pattern. (c) HER2 score 3+, positive: strong staining with a complete or lateral/

basolateral membranous staining pattern. (d) Heterogeneous HER2 expression by immunohisto-

chemistry in an endometrial serous carcinoma. Parts of the tumor show strong, complete mem-

brane staining, while other areas (right upper corner) are completely negative
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Chromogenic in situ hybridization (CISH) employs the same principles as FISH;

however, nucleic acid probes are labeled by dye detectable by standard bright-field

microscopy at less cost (Cayre et al. 2007). Dual-color CISH (dc-CISH) uses

separate labels for HER2 and chromosome 17 centromere (CEP17). Silver-

enhanced in situ hybridization (SISH) is a fully automated alternative to CISH

interpretable by bright-field microscopy. SISH protocols can be completed in 6 h or

less, compared to nearly 2 days required for FISH or CISH.

CAP/ASCO guidelines consider FISH/CISH testing positive if the single-probe

average HER2 copy numbers are �6 signals/cell, the dual-probe HER2/CEP17

ratio is�2, or the dual-probe HER2/CEP17 ratio is<2, but the average HER2 copy

number is �6 signals/cell (Wolff et al. 2013). SISH is scored similarly with no

amplification if <6 copies are present in >50 % of tumor cells; high amplification

requires >10 copies or large clusters in the nuclei of >50 % of tumor cells.

Concordance of IHC and FISH

In one study that examined IHC and FISH across 72 endometrial cancers, there

were 2 cases of overexpression without altered copy number and 5 instances of

amplification without overexpression (Rolitsky et al. 1999). Similar rates were

identified in another study of 88 cases (Xu et al. 2010). Lower rates of concordance

have been reported in other studies. Santin et al. 2005 identified heterogeneity of

HER2 amplification in 27.3 % (3 of 11) cases with 2+ IHC but 100 % concordance

among pure serous carcinomas that scored 0, 1+, or 3+ (Santin et al. 2005b).

Concordance Between IHC and FISH and Implications
of Intratumoral Heterogeneity

In GOG-181B, single-agent trastuzumab produced no objective tumor responses in

patients with advanced or recurrent HER2-positive endometrial cancers, though it

was terminated prematurely due to slow accrual (Fleming et al. 2010). One expla-

nation for the inconsistent biologic response of these tumors to targeted therapy and

variable prognostic significance of HER2 overexpression lies in intratumoral

heterogeneity.

In a study of 85 pure serous carcinomas and 23 mixed endometrial carcinomas

with serous component identified over a 4-year period within a single institution,

Buza and colleagues found that while 35 % exhibited HER2 overexpression and/or

gene amplification, the rate of IHC heterogeneity in serous tumors was as high as

53 % in HER2-positive tumors (31 % of all serous tumors) (Buza et al. 2013; Buza

and Hui 2013). Marked heterogeneity of HER2/neu gene amplification was also

confirmed by FISH in a subset of these cases (Buza and Hui 2013). This mimics the

experience in esophageal and gastric cancers and is generally higher than that

described for breast cancers. Clinically meaningful testing will likely evolve to

include composite scoring on multiple or large tumor sections (Buza et al. 2013).
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In addition, loss of apical staining (lateral/basolateral staining pattern as opposed to

complete circumferential staining) was also frequently observed, similar to gastric

and esophageal adenocarcinomas (Buza et al. 2013).

Therapeutic Implications

Potential Applications to Prognosis, Other Diseases or Conditions

Several research groups have sought to evaluate potential biomarkers useful for

predicting drug responsiveness and disease course. In breast cancer HER2

overexpression has been associated with both resistance to chemotherapeutic agents

and also is predictive of a favorable response to other agents including trastuzumab

(Herceptin) (Noguchi 2006). One study involving metastatic breast cancer patients

treated with trastuzumab and paclitaxel found that high HER2 amplification index

and high class III β-tubulin expression were predictive of a good response to

therapy (Jung et al. 2012).

The prognostic impact of HER2 expression status and progesterone receptor

expression in endometrial carcinoma patients with positive peritoneal washings has

also been investigated. One study found that intraperitoneal microdissemination in

association with HER2 tumor overexpression and the lack of progesterone receptor

expression indicated the presence of a particularly aggressive tumor. There were

178 endometrioid and 22 papillary serous carcinoma patients in this study. Positive

peritoneal washing and HER2 identified a group of patients with a higher proba-

bility of dying (Benevolo et al. 2007).

Yet another study demonstrated that HER2, as a single marker, plays a minor

role in low-grade and low-stage endometrial cancer (the most common endometrial

cancers) (Morrison et al. 2006). As such the use of a panel of biomarkers and tumor

parameters instead of a single marker or parameter may be most appropriate for

determining and planning adjuvant therapy.

In uterine serous carcinoma, both hormone receptor expression and HER2

expression have been recognized as prognostic variables. Hormone receptor

expression in one study was defined as either estrogen or progesterone receptor

positivity. In this study, overexpression of HER2 was correlated with lower overall

survival, whereas hormone receptor expression was correlated on the other hand to

higher overall survival (Togami et al. 2012).

Immunotherapy

Although several mechanisms of action have been attributed to anti-HER2 mono-

clonal antibodies, including inhibition of tumor proliferation and/or promotion of

cell cycle arrest, strong investigational evidence suggests that engagement of Fc

receptors on effector cells (i.e., mainly natural killer (NK) cells) represents the

dominant component of the in vivo activity of these antibodies against tumors.
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Humanized monoclonal antibodies (mAb) against HER2 induce tumor lysis

through antibody-dependent cellular cytotoxicity (ADCC) or complement-

dependent cytotoxicity (CDC) (Clynes et al. 2000). This notion is further supported

by experimental studies comparing the in vitro and in vivo activities of IgG and

F(ab’)2 fragments in a mixture of three monoclonal anti-HER2 antibodies. In these

reports, the in vitro antiproliferative and proapoptotic effects of IgG and F(ab’)2
were similar, but only the IgGs had significant antitumor activity in vivo (Spiridon

et al. 2004).

Clinical results have also shown that there is an improved response to

trastuzumab in patients with a particular Fc polymorphism resulting in a higher

NK affinity to IgG1, which again lends support to the view that ADCC inclusive of

its mediators is critical for the in vivo efficacy of trastuzumab (Musolino

et al. 2008). Clinical research has also since shown that patients responding to

neoadjuvant trastuzumab showed a fourfold increase in antibody-dependent lytic

activity from isolated peripheral blood mononuclear cells in contrast to patients

without a response (Gennari et al. 2004).

Trastuzumab and Pertuzumab

As mentioned above, trastuzumab (Herceptin®, Genentech, CA, USA) is a human-

ized monoclonal IgG1 antibody that works both through recruitment of NK cells

and initiation of ADCC as well as reducing signaling of downstream effectors,

although all mechanisms of action have not been completely elucidated. In 2006,

the FDA-approved trastuzumab as part of a regimen containing doxorubicin,

cyclophosphamide, and paclitaxel for the adjuvant treatment of patients with

early stage HER2-positive, node-positive breast cancer. Over the last decade,

there has been significant interest in using anti-HER2 monoclonal antibodies for

high HER2 expressing gynecologic malignancies.

Previous case reports of uterine serous and high-grade endometrioid tumors

treated with trastuzumab have described clinical activity in these heavily pretreated

patients with high HER2 expressing advanced stage endometrial carcinoma. The

responses varied from complete response to stable disease with the longest period

of stable disease being 11 months (Santin et al. 2008). However when evaluated as a

single-agent, trastuzumab 4 mg/kg in week 1 then 2 mg/kg weekly until disease

progression in stage III/IV or recurrent endometrial cancers at the phase II level in

GOG-181B did not demonstrate significant clinical activity (Fleming et al. 2010).

A multi-institutional phase II trial is underway to investigate whether the addition

of trastuzumab to paclitaxel and carboplatin chemotherapy improves progression-

free survival (PFS) when compared to paclitaxel and carboplatin alone in stages III

and IV and recurrent USC patients overexpressing HER2 at 3+ level by IHC or

positive by FISH (NCT01367002).

Trastuzumab binds to subdomain IV of the extracellular domain of HER2,

whereas pertuzumab (Perjeta, Genentech, South San Francisco, CA, USA) is a

humanized IgG1 mAb that binds to HER2 near the center of domain II, the
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dimerization domain, and thus inhibits HER heterodimerization. Pertuzumab com-

pared to trastuzumab inhibits a broader array of downstream signal transduction

pathways through reduction of lateral signal transduction. One preclinical study

(El-Sahwi et al. 2010) investigated the sensitivity of USC cell lines to heterologous

peripheral blood lymphocytes (PBLs) in the presence of pertuzumab (2.5 μg/mL),

trastuzumab (2.5 μg/ml), and the combination of both in cell lines expressing high

levels of HER2. Pertuzumab and trastuzumab were found to induce equally strong

ADCC and CDC in FISH-positive uterine serous cell lines. Notably the combina-

tion of the two antibodies significantly increased ADCC also in low HER2

expressing USC cell lines (El-Sahwi et al. 2010).

Trastuzumab and pertuzumab combination may also enhance sensitivity to

endocrine therapy in HER2-overexpressing uterine tumors as has been shown

previously in ovarian cancer xenografts (Faratian et al. 2011).

Another area of blossoming research is the use of trastuzumab in cancers that are

not growth inhibited by this drug. Data has emerged showing that long-term

treatment with trastuzumab may facilitate responsiveness to alternate

HER-targeted inhibitors such as gefitinib and cetuximab. Given the safety profile

of trastuzumab along with the success of EFGR-targeted therapy in other solid

tumors, this strategy may prove useful in all histological types of endometrial

cancers (Wilken et al. 2010).

Trastuzumab Emtansine (T-DM1)

Trastuzumab emtansine (T-DM1, Genentech/Roche) is a novel antibody-drug

conjugate that combines trastuzumab with targeted delivery of the antimicrotubule

agent DM1. DM1 belongs to the maytansine class of chemotherapeutic agents, and

on average 3–4 molecules of DM1 are conjugated to each trastuzumab molecule.

T-DM1 is internalized by HER2 receptor-mediated endocytosis, and as such its

action is specific to HER2-expressing cells. After internalization, T-DM1 is then

degraded by lysosomes resulting in the release of free intracellular DM-1. DM-1 is

a potent microtubule assembly inhibitor, and its activity leads to cell death as a

result of G2/M phase cell cycle arrest and apoptosis (Barok et al. 2011). T-DM1 also

has the advantage of retaining the mechanism of action of trastuzumab in regard to

reducing signaling in the HER2 pathway and initiation of ADCC. T-DM1 is the first

antibody-drug conjugate receiving United States Food and Drug Administration

approval for HER2-positive metastatic breast cancer following the results of the

randomized phase III trial of T-DM1 versus lapatinib plus capecitabine in patients

previously treated with taxane and trastuzumab (EMILIA). A total of 978 patients

were treated in this study, and the median progression-free survival was 9.6 months

in the T-DM1 arm compared with 6.4 months in the capecitabine/lapatinib arm

(HR = 0.650, 95 % CI: 0.55–0.77; p <0.001). The objective response rate and

overall survival were significantly higher in the T-DM1 group compared with the

capecitabine/lapatinib group. Also T-DM1 was found to be much safer than the

capecitabine/lapatinib combination. Overall T-DM1 appears to be well tolerated as
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a single agent given at 3.6 mg/kg every 3 weeks. This dosing differs from the

6 mg/kg every 3-week trastuzumab dosing. Based on this evidence, clinical trials

exploring T-DM1 therapy in HER2-positive advanced/recurrent and/or refractory

endometrial cancer are warranted.

Augmenting Targeted Immunotherapy

In vitro studies demonstrated that trastuzumab results in antibody-dependent cel-

lular cytotoxicity (ADCC) in the range of 25–60 % against HER2-overexpressing

uterine serous carcinoma, which can be augmented by several means including IL-2

administration, treatment with agonist monoclonal antibody for costimulatory

receptors on NK cells, or the simultaneous administration of the heterodimerization

inhibitor pertuzumab (Boyman et al. 2012). The cytokine interleukin (IL)-2 con-

trols the growth and differentiation of a number of lymphocyte subsets, notably

CD8+ cytotoxic T cells (Tc), NK cells, and CD4+ helper T regulatory cells (Tregs).

High-dose recombinant IL-2 (aldesleukin, Proleukin®, Novartis, Switzerland) was

approved by the Federal Drug Administration (FDA) as early as 1998 for treatment

in metastatic melanoma and renal cell carcinoma. With IL-2 therapy comes certain

common undesirable side effects including significant pulmonary and hepatic

toxicities. Also IL-2 therapy may lead to parallel expansion of Tregs able to blunt

antitumor immune responses, thereby limiting the beneficial effects of expanding

tumor-reactive CD8+ Tc (Kohrt et al. 2012).

Although these side effects may limit somewhat IL-2 administration, there is

literature showing improved anti-HER2 antibody therapy with the addition of IL-2.

Research from El-Sawhi et al. 2010 showed enhanced cytotoxicity when

pertuzumab was combined with low doses of IL-2 (mean � SD: 46.9 � 11 %;

range, 22.4–74.2 %) versus pertuzumab alone (mean � SD: 41.5 � 12.8 %; range,

15.8–71.9 %) ( p = 0.04) in preclinical experiments on uterine serous carcinoma.

Membrane Complement Regulatory Proteins

Tumors may escape immune surveillance through antigen evolution and

upregulation of membrane complement regulatory proteins (mCRPs) that may

inhibit complement-dependent pathways (Carter 2001). mCRPs’ upregulation

leads to inactivation of C4b/C3b, dissociation of C3/C5 convertases, and prevention

of membrane-attack complex assembly (Gelderman et al. 2005). Recently, Bellone

et al, have shown that uterine serous carcinoma overexpress CD46, CD55, and

CD59 relative to normal endometrial cells; knockdown via siRNAs of CD55 and

CD59 but not CD46 significantly sensitized uterine serous carcinoma to

complement-dependent cytotoxicity and antibody-dependent cell-mediated cyto-

toxicity (Bellone et al. 2012). Similar results with anti-mCRP siRNAs have been

reported in breast, ovarian, and lung cancer (Mamidi et al. 2013). As such the

inhibition of mCRPs on type II endometrial cancers harboring c-erbB2 gene
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amplification may play a complementary role in improving the response rates of

these aggressive tumors to trastuzumab-mediated CDC and ADCC (Bellone

et al. 2012).

mTOR Inhibitors, Tyrosine Kinase Inhibitors, and Anti-HER2 Therapy

Blocking mTOR complex-1 induces upregulation of HER2 expression mediated by

mTOR complex-2 in preclinical models (Lang et al. 2010). Trastuzumab-resistant

HER2-positive breast cancer patients have derived clinical benefits from treatment

with everolimus (mTOR inhibitor) in phase I and II trials (Andre et al. 2010). Thus,

evaluation of mTOR inhibitors in combination with HER2-targeted therapy should

be investigated in gynecologic cancer.

Lapatinib is a reversible dual inhibitor of both HER2 and EGFR and has shown

efficacy in HER2-positive trastuzumab-resistant breast cancers and esophageal and

gastric adenocarcinomas. Lapatinib’s additive or synergistic effects with chemo-

therapy have also been demonstrated in these tumor types, and lapatinib has even

been shown in preclinical models to be effective at restoring trastuzumab sensitivity

(Ritter et al. 2007).

In GOG-229D, women with persistent/recurrent endometrial cancer following

one or two prior regimens were treated with 1,500 mg of oral lapatinib daily until

progression or severe toxicity. The majority of the patients had endometrioid

adenocarcinoma (53.3 %), and 23.3 % of patients had uterine serous carcinoma.

This study suggested that response in endometrial cancer patients may be correlated

with a particular mutation in EGFR (E690K). However lapatinib may be of limited

benefit in unselected endometrial cancer cases.

Pan-HER TKIs which inhibit epidermal growth factor family receptors and their

downstream pathways have also proved beneficial in solid tumor clinical trials.

Also new in therapeutic approaches for solid tumors is the targeting of heat shock

protein 90 (hsp90) molecular chaperone. Hsp90 is essential for the stability and

function of many oncogenic and signal-transduction proteins including HER2,

AKT, and others involved in cell cycle regulation (Neckers 2007). Hsp90 inhibitors

are thus currently under evaluation in early phase clinical trials as single-agent

therapy or in combination with trastuzumab.

Radioimmunotherapy

Preclinical studies have recently shown the safe applicability of radioimmunotherapy

in gynecologic cancer and other tumor types. A phase I trial evaluating lead-212

(212Pb)-trastuzumab in patients with HER2-positive ovarian, pancreatic, colon, gas-

tric, endometrial, or breast cancer patients documented to have peritoneal studding or

positive washings (intraperitoneal disease) is ongoing. This represents a potential

treatment approach for patients with metastatic endometrial cancer utilizing this lead

isotope with a short path length specifically targeted to malignant cells by the

trastuzumab antibody (http://www.clinicaltrials.gov/ct2/show/NCT01384253).
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Anti-HER2 Vaccine

While trastuzumab is an effective immunotherapeutic agent against a variety of

tumors overexpressing HER2, it potentially has limitations of eventual drug

resistance and risk of cardiotoxicity, especially in patients on previous

anthracycline-based regimens. As such interest naturally surfaced overtime in anti-

HER2 vaccines. The vaccine stimulates a preexisting anti-HER2 immune response

and as such has several advantages including fewer injections for patients but the

most important being the possibility of establishing a memory immune response

capable of preventing disease recurrence. Consistent with this view, several clinical

trials are underway in patients with solid tumors overexpressing HER2.

Generally, toxicities reported with the HER2 vaccine have been commonly local

reactions of erythema, induration, pruritus, and inflammation. The most frequent

systemic toxicities were fatigue, headache, arthralgias, myalgias, chills, and bone

and back pain.

HER2 vaccine-primed autologous T cells have also been studied in phase I

clinical trials and have been shown to be feasible and well tolerated. As such this

approach will form the basis of future trials utilizing HER2-primed T-cell therapy

to several tumor types.

Mechanisms of Resistance to HER2-Targeted Therapy

HER2-targeted treatment is a biologic therapy that holds great potential in

advanced and/or recurrent endometrial cancer patients. However there is a fraction

of patients with HER2-overexpressing tumors who will not respond to initial anti-

HER2 therapy (primary resistance), and those who respond may eventually lose the

clinical benefit of this therapy (secondary resistance.) Mechanisms resulting in

in vivo trastuzumab resistance are not fully understood.

It is important to first understand the suggested mechanisms of anti-HER2

monoclonal antibody therapy, and they include:

(I) The targeting of immune cells to HER2-positive tumor cells resulting in

binding of immune cells to Fc domain of the antibody, thus effecting

antibody-dependent cell-mediated cytotoxicity of HER2-positive tumor cells.

(II) Through the inhibition of proteolytic shedding via a possible steric or allosteric

mechanism resulting in decreased HER2 kinase activity (Pupa et al. 1993).

(III) Through the internalization and degradation of HER2.

Most of the literature on trastuzumab resistance has focused on the mechanisms

underlying secondary or acquired resistance. Primary resistance is overall less

studied, but more research is ongoing in this area.

As it stands anti-HER2 therapy resistance may occur via varying mechanisms

including secondary to proteolytic cleavage of full-length HER2 with the formation

of the cell surface–associated fragment (p95HER2), a constitutively kinase-active
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HER2 isoform lacking the trastuzumab-binding site. As p95HER2 lacks the

trastuzumab-binding domain of the full-length HER2, it may also be an important

mediator of primary trastuzumab resistance. Resistance to anti-HER2 therapy may

also occur due to compensatory signaling by other cell surface receptors including

EGFR/HER3 and other receptor tyrosine kinases suggesting that HER2 signaling

may be a dispensable or redundant signaling pathway in some tumor cells. This

theory is supported further by recent evidence that trastuzumab-mediated growth

inhibition can be overcome by ectopic expression of EGFR in SKBR3 breast cancer

cells (Dua et al. 2010).

Since tumor growth inhibition is dependent on the binding of anti-HER2 agents to

commonly the extracellular domain of HER2, then any molecule or process that

prevents this interaction with the HER2 receptor would hamper the effectiveness of

HER2-targeted treatment. Previous studies have proposed that CD44 and/or MUC4

expression may be associated with the formation of a steric interference therefore

reducing trastuzumab binding to cell surface HER2 (Palyi-Krekk et al. 2007). Besides

these associations with extracellular matrix and cell surface proteoglycans, cytosolic

regulators of HER2 such as cysteine protease calpain-1 have also been identified as

vital moderators of primary trastuzumab resistance (Kulkarni et al. 2010).

The well-recognized protein synthesis regulator, eEF-2 kinase, has also been

established to have a role in trastuzumab resistance. Cheng et al. 2010 have

demonstrated that siRNA-mediated knockdown of eEF-2 kinase, a negative regu-

lator of eukaryotic elongation factor-2, sensitizes breast cancer cells to trastuzumab

(Cheng et al. 2010).

The activation of downstream effectors by other mechanisms may also lead to

primary anti-HER2 therapy resistance. In vitro studies have identified

phosphatidylinositol-3 kinase (PI3K) expression, low PTEN expression, AKT

phosphorylation, and S6K phosphorylation as potential mediators of primary

trastuzumab resistance.

Conclusions

Recent research has elucidated the distinct molecular pathways involved in the

pathogenesis of the two types of endometrial carcinoma and subsequently laid the

foundation for in vitro and in vivo studies aimed at identifying potential therapeutic

targets. Based on several publications, HER2 appears to play an important role in

the pathogenesis of uterine serous and other types of biologically aggressive

endometrial cancers. HER2 protein expression/amplification thus has a potential

crucial role as both a biomarker and as therapeutic option in these tumors. Targeting

both HER2 and other gene targets downstream to HER2 provides a means of

directing therapy in recurrent or advanced endometrial cancer. Further molecular

profiling of endometrial cancer by next-generation sequencing technologies will

facilitate the identification of clinically relevant gene amplifications/deletion and

mutations which may potentially provide novel and/or improved therapeutic strat-

egies in endometrial carcinoma. Parallel to the ongoing clinical studies, a detailed
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assessment of the HER2 testing methods will be necessary to identify the unique

features of HER2 overexpression/amplification in endometrial cancer and correlate

them with clinical response to therapy and prognosis.

Summary Points

• The chapter focuses on HER2 which is a key gene for cell survival and

proliferation, and as a result HER2 amplification and protein expression may

lead to a propensity for malignant formation.

• Uterine cancer is the most common gynecologic cancer in the developed world

and is dichotomized into type I and type II variants.

• Clinicians and researchers evaluate HER2 expression in uterine cancer using the

College of American Pathologists (CAP) and American Society for Clinical

Oncology (ASCO) guidelines for determination of HER2 overexpression in

breast cancers.

• Intratumoral heterogeneity may explain the inconsistent biologic response of

HER2 expressing uterine tumors to targeted therapy.

• HER2-targeted treatment is a biologic therapy that holds great potential in

advanced and/or recurrent endometrial cancer patients. However there is a

fraction of patients with HER2-overexpressing tumors who will not respond to

initial anti-HER2 therapy (primary resistance), and those who respond may

eventually lose the clinical benefit of this therapy (secondary resistance).
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Abstract

Endometrial cancer is the most common malignancy of the female genital tract

in Western countries, and its incidence is rapidly increasing in Asia. The

standard treatment for women with endometrial cancer is staging operation

followed by adjuvant radiation therapy according to the risk factors for recur-

rence. These include tumor histology, differentiation grade, lymphovascular

space invasion, myometrial invasion, lymph node metastasis, and disease

stage. However, these factors are not accurate independent predictors of recur-

rence or prognosis in endometrial cancer. Therefore, several biomarkers have

been investigated as potential predictive or prognostic factors, and immunohis-

tochemical markers for endometrial cancer have been investigated extensively

in the past decades. In this chapter, we review recent advances in the identifica-

tion of immunohistochemical markers as predictive or prognostic markers in

endometrial cancer.

List of Abbreviations

CEA Carcinoembryonic Antigen

COX-2 Cyclooxygenase-2

EGF Epidermal Growth Factor

FIGO The International Federation of Obstetrics and Gynecology

GLUT Glucose Transporter

HER-2 Human Epidermal Growth Factor

HIF-1 Alpha Hypoxia-Induced Factor-1 Alpha

HNPCC Hereditary Nonpolyposis Colorectal Cancer

IL Interleukin

L1CAM L1 Cell Adhesion Molecule

MLH MutL Homolog

MMP Matrix Metalloproteinases

MMR gene Mismatch Repair Gene

MSH MutS Homolog

MSI Microsatellite Instability

mTOR Mammalian Target of Rapamycin

Op 18 Oncoprotein 18

P53 Phosphoprotein p53

PD-ECGF Platelet-Derived Endothelial Cell Growth Factor

PG Prostaglandin

PIK3 Phosphatidylinositol 3-Kinase

PTEN Phosphatase and Tensin Homolog

528 J.-H. Nam et al.



STMN 1 Stathmin 1

TGF-alpha Transforming Growth Factor Alpha

VEGF Vascular Endothelial Growth Factor

Key Facts of Endometrial Cancer

• Endometrial cancer is a malignancy of the endometrium of the uterus.

• It is the most common malignant tumor of the female genital tract in developed

and Western countries.

• The incidence of endometrial cancer is rapidly increasing in Eastern countries

because of the Westernized lifestyle.

• Unopposed estrogen exposure is the primary etiological factor in endometrial

cancer.

• Endometrial cancer is usually diagnosed in perimenopausal women.

• Most endometrial cancers are diagnosed at an early stage because vaginal

bleeding is present in most cases during the early course of the disease.

• The standard treatment of endometrial cancer is surgery, including hysterectomy.

• Adjuvant radiation therapy is recommended after surgery if there are risk factors

for recurrence in the pathology report.

• The prognosis of early stage endometrial cancer is excellent, although curative

treatment modalities for advanced endometrial cancer are lacking.

Definition of Words and Terms

Immunohistochemistry Histopathologic technique for the documentation and

localization of immunoreactive proteins in cells or tissues using specific antibodies.

Biomarker Substances present in the blood, body fluids, or tissues of the human

body or tumors that can be used in cancer diagnosis and in the prediction of

treatment response and prognosis after treatment.

Predictive marker A molecular or clinical marker that can indicate disease status

and predict the response to treatment in cancer patients.

Prognostic marker A molecular or clinical marker that can predict recurrence or

survival after treatment in cancer patients.

Disease-free survival Time interval between the completion of cancer treatment

and recurrence.

Overall survival Time interval between the completion of cancer treatment and

death.
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Introduction

Endometrial cancer is the most common malignancy of the female genital tract in

developed countries (Bray et al. 2005). Its incidence differs among regions. In

North America and Europe, it is the most common gynecologic cancer and the

fourth most common cancer among women (Amant et al. 2005). The incidence of

endometrial cancer is relatively low in Asian countries; however, it has become

more prevalent in recent years and could become the most common gynecologic

cancer in Asia in the near future (Ushijima 2009). Worldwide, endometrial cancer is

the seventh most common cancer among women, with approximately 200,000 new

cases diagnosed each year (Parkin et al. 2005).

Most endometrial cancers are diagnosed at an early stage because the disease

presents with abnormal vaginal bleeding, which leads patients to seek medical help

during the early course of the disease. The current standard treatment for endome-

trial cancer is staging operation followed by adjuvant radiation therapy according to

the risk factors for recurrence (Wright et al. 2012). Several clinicopathologic

factors have been suggested as predictive factors for recurrence or prognostic

factors after treatment in patients with endometrial cancer, including tumor histol-

ogy, differentiation grade, lymphovascular space invasion, myometrial invasion,

lymph node metastasis, and disease stage (Colombo et al. 2013). However, none of

these factors are sufficiently accurate for predicting the recurrence or prognosis of

endometrial cancer. Therefore, many other biomarkers have been investigated as

predictive or prognostic factors, and immunohistochemical markers, which have

been extensively investigated in the past decades as biomarker platforms for

endometrial cancer, have been adapted for the differential diagnosis and prediction

of tumor behavior or prognosis after treatment in patients with endometrial cancer.

Most studies and review articles have focused on the differential diagnosis of

endometrial cancer using these markers. In this chapter, we review recent findings

on the use of immunohistochemical markers as predictive or prognostic biomarkers

in endometrial cancer.

p53

p53 is a guardian of the genome and gatekeeper of cells. However, mutations of

this tumor suppressor gene are present in more than half of all human tumors, and

p53 gene mutation is the most common genetic alteration in human cancer. The

p53 gene, which is located on the short arm of chromosome 17, plays a role in the

regulation of apoptosis and tumorigenesis. It encodes a short-lived protein that

suppresses abnormal cell proliferation by inducing apoptosis and preventing cell

division (Sakuragi et al. 2002). p53 mutations occur late in the development of

type I endometrial cancer and early in the development of type II endometrial

cancer and are an independent predictor of poor survival (Liu 2007; Fig. 1 and

Table 1). p53 mutations are found in approximately 10–20 % of all endometrial

cancers and occur mostly in high-grade tumors. Almost half of all grade 3 tumors
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and rarely grade 2 tumors contain p53 mutations, which are not present in grade

1 endometrial cancer or endometrial hyperplasias. In addition, p53 mutations are

more frequently observed in papillary serous and clear cell-type carcinoma

(Salvesen and Akslen 2002).

HIF-1a

Overexpression of HIF-1α promotes angiogenesis and is associated with an

unfavorable prognosis in endometrial cancer (Dousias et al. 2012; Table 1).

HIF-1α positive tumors tend to be resistant to chemotherapy and radiotherapy

(Koukourakis et al. 2000). The expression of HIF-1α increases gradually in

correlation with the progression of endometrial cancer, and a similar trend is

observed in its immediate downstream genes such as the GLUT I transporter and

carbonic anhydrase 9 (Ozbudak et al. 2008). This phenomenon is associated with

changes in microvascular density, a marker of angiogenesis, which indicates that

the link between HIF-1α and angiogenesis is relevant to carcinogenesis (Espinosa

et al. 2010). A positive correlation between HIF-1α expression and increased

angiopoietin-1/2 and IL-8 production supports the important role of HIF-1α in

angiogenesis in endometrial cancer (Fujimoto et al. 2006). The expression of

HIF-1α is correlated with the development of type 1 endometrial cancers,

although it is more common in type 2 endometrial cancers (Fig. 1). HIF-1α
expression is associated with deep myometrial invasion, advanced clinical

stage, high tumor grade, and adnexal or lymphovascular invasion in type 1 endo-

metrial cancers (Pansare et al. 2007); however, its relationship with prognosis has

not been investigated in detail. Studies investigating the relationship between

HIF-1α and the prognosis of patients with endometrial cancer reported contro-

versial results. While previous study showed that necrotic or perinecrotic HIF-1α

Fig. 1 Expression of p53/HIF-1α in endometrial cancer (a and b �200. Provided by department

of pathology, Asan Medical Center)
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expression associated with p27kip expression is a prognostic factor of poor

progression-free and overall survival in endometrial cancer, other study did not

find such an association (Horree et al. 2008; Seeber et al. 2010). Therefore, larger

well-designed studies are required to confirm that HIF-1α is an independent

prognostic factor in endometrial cancer.

PTEN

Endometrial cancer is characterized by various genetic alterations, and mutations

in the PTEN gene are among the most frequent changes associated with the

disease (Tsikouras et al. 2013). The PTEN gene is located at q23 of chromosome

10 and acts as a tumor suppressor gene through the negative regulation of tyrosine

kinase pathways. Up to 88 % of endometrial cancers and 55 % of precancerous

endometrial lesions show PTEN gene alterations (Mutter 2001). Loss of hetero-

zygosity and PTEN mutations leading to loss of expression result in abnormal cell

growth and escape from apoptosis. Evidence of PTEN loss in precancerous

lesions suggests that it is one of the early events in endometrial carcinogenesis.

Estrogen promotes PTEN alterations, whereas progesterone reverses this effect,

consistent with clinical observations of the effects of progesterone on the sup-

pression and resolution of endometrial cancer and its precursors (Maxwell

et al. 1998). PTEN gene alterations are not associated with age, stage, depth of

myometrial invasion, or histologic grade in endometrial cancer patients. How-

ever, PTEN-positive staining is positively associated with the survival of

advanced endometrial carcinoma patients undergoing postoperative chemother-

apy (Kanamori et al. 2002; Table 1).

L1CAM

L1CAM, a 200–220 kDa membrane glycoprotein involved in neurogenesis, is a

member of the immunoglobulin superfamily (Schafer and Altevogt 2010). It is

encoded by a gene located on the X chromosome (Spatz et al. 2004). Although

L1CAM expression is undetectable in the normal epithelium, it is overexpressed

in various types of cancers. It is a key driver of epithelial-mesenchymal transition

and tumor invasion (Kiefel et al. 2012). L1CAM is strongly expressed in serous

and clear cell endometrial cancer, whereas it is not expressed in the normal

endometrium or in most endometrioid adenocarcinomas of the uterus (Huszar

et al. 2010). L1CAM is associated with advanced stage and high tumor grade and

with deep myometrial invasion in stage I endometrial cancers (Zeimet

et al. 2013). A recent international multicenter trial showed that L1CAM expres-

sion was associated with an increase of distal or local recurrence and indepen-

dently related to poor overall survival in FIGO stage I, type I endometrial cancers

(Zeimet et al. 2013; Table 1).
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Steroid Receptors

Steroid hormones bind to nuclear receptors, promoting the transcription of genes

and modulating gene expression. Steroid hormone imbalance can lead to cancer.

Endometrial carcinogenesis is associated with overexposure to estrogen that is not

counterbalanced by the differentiating effects of progesterone, androgens, and

glucocorticoids. Previous retrospective studies showed that the estrogen receptor

(ER) and progesterone receptor (PR) status in endometrial cancer is an independent

prognostic marker (Salvesen et al. 2012; Fig. 2 and Table 1), and this might

influence the choice of treatment for advanced disease with distant metastasis

because of the association with a higher response rate (Kokka et al. 2010).

Recent study showed that double-negative hormone receptor status in endome-

trial cancer curettage specimens independently predicted lymph node metastasis

and poor prognosis in aggressive phenotypes (Trovik et al. 2013).

Mismatch Repair Genes (Microsatellite Instability)

MSI is a phenomenon in which microsatellite repeat sequences in tumor tissues

differ from those in nontumor tissues as a result of a deficient mismatch repair

system. MSI was initially identified in association with mutations of

MMR-associated genes including hMLH1, hMSH2, hMSH6, PMS1, and PMS2 in

germ cell lines derived from patients with hereditary nonpolyposis colorectal

cancer (Lynch et al. 1996). MSI occurs in 20–30 % of endometrial cancers, and a

major cause is epigenetic inactivation of hMLH1 associated with promoter

hypermethylation (Esteller et al. 1998). Inherited or somatically acquired mutations

of hMSH6, although relatively uncommon in endometrial cancers in general, are

Fig. 2 Expression of ER/PR in endometrial cancer (a and b �200. Provided by department of

pathology, Asan Medical Center)
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often seen in MSI endometrial cancer (Banno et al. 2013). MSI is more common in

endometrioid cancer than in nonendometrioid cancer (Catasus et al. 1998). Analysis

of hMSH2 expression showed that 25 % of normal endometrial tissues were hMSH2
negative and 75 % showed weak hMSH2 immunoreactivity, whereas all malignan-

cies of the uterine corpus showed strong nuclear immunoreactivity for human

hMSH2 (Friedrich 2000). In addition, expression of the hMSH2 protein was statis-

tically significantly upregulated in cells derived from tumors of the uterine corpus

compared to normal endometrial tissues (Friedrich 2000). Hirai et al. (2008)

showed that hMSH6 is the most important MMR gene in endometrial cancer related

to Lynch syndrome and that the Amsterdam Criteria II identifies only approxi-

mately half of the cases with germ cell mutations of MMR genes. In an analysis of

20 MSI-positive cases, Bilbao et al. (2010) identified a relationship between MSI

and the progression and vascular invasion of endometrial cancer (Table 1). In

addition, the 10-year disease-free survival was 53.8 % in MSI-positive patients,

which was significantly lower than the 75.9 % survival rate in MSI-negative

patients (Bilbao et al. 2010).

HER-2/neu, EGF, and EGFR

The epidermal growth factor system consists of four receptors, human epidermal

growth factor receptor 1 (also called EGF receptor/EGFr/ErbB1), HER2 (also

called ErbB2), HER3, and HER4 and numerous ligands or EGF-related peptide

growth factors (Ejskjaer et al. 2007). HER1 and HER3 are downregulated, whereas

HER4, AR, TGF-α, and HB-EGF are upregulated in endometrioid cancer compared

to healthy premenopausal endometrium (Ejskjaer et al. 2007). The HER-2/neu

(c-erbB-2) oncoprotein is a transmembrane glycoprotein that functions as a growth

factor receptor involved in the regulation of cell growth and cell transformation

(Kohlberger et al. 1996). HER-2/neu overexpression occurs in 9–30 % of

endometrioid cancers and is frequently observed in nonendometrioid tumors

(Slomovitz et al. 2004). Overexpression of the HER-2 protein is associated with

reduced survival, although the clinical implications and predictive value for treat-

ment response remain unclear. HER-2 is an important oncogene in high-grade and

stage endometrial cancers, whereas it plays a minor role in the low-grade and stage

tumors most commonly encountered in clinical practice (Morrison et al. 2006).

Although several studies have examined the association of HER-2 overexpression

with prognostic indicators such as clinical stage, histologic type, grade, and differ-

entiation markers, as well as the clinical outcome of endometrial cancer patients,

the results of these studies are not in agreement (Lukes et al. 1994; Pisani

et al. 1995). Although HER-2/neu oncoprotein expression was not correlated with

clinical stage, histologic stage, histologic grade, and depth of invasion, it was

associated with poor overall survival in patients with endometrial cancer

(Kohlberger et al. 1996). However, in a recent study, HER-2/neu expression was

shown to be a poor indicator for both disease-free and overall survival

(Srijaipracharoen et al. 2010; Table 1).
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Stathmin

The oncoprotein STMN1 is a microtubule destabilizer that promotes cell prolifer-

ation, mobility, metastasis, and resistance to antimicrotubule therapy (Rubin and

Atweh 2004). Studies have indicated that STMN1 is overexpressed in many human

malignancies and therefore deserves the name of oncoprotein 18 (Op18). In primary

tumors, it is preferentially expressed in advanced, invasive, and metastatic cancers.

Stathmin-positive immunohistochemical staining identifies endometrial carcino-

mas with lymph node metastases and poor survival, as shown in a large prospective

multicenter study (Trovik et al. 2011; Table 1). High STMN1 expression is asso-

ciated with poor recurrence-free and overall survival in endometrial carcinomas,

indicating a strong correlation between stathmin expression and cancer aggressive-

ness and identifying STMN1 as an independent prognostic indicator (Salvesen

et al. 2009).

mTOR

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that is

ubiquitously expressed in mammalian cells (Shaw and Cantley 2006). mTOR

senses and integrates signals initiated by nutrient intake, growth factors, and other

cellular stimuli to regulate downstream signaling and protein synthesis (Yuan

et al. 2009). The loss of PTEN function and the consequent activation of the

PI3K/AKT and mTOR signaling pathways occur in a large proportion of

endometrioid-type endometrial carcinomas, suggesting a role for mTOR inhibition

in this malignancy (Prat et al. 2007). In a recent study, mTOR expression was

highly correlated with old age, menopausal status, and COX-2 expression, and the

latter was the only independent factor associated with mTOR expression in multi-

variate analysis (No et al. 2009). However, no correlation was observed between

mTOR expression and prognostic factors such as histologic type, grade, invasion of

the myometrium, lymph node metastasis, stage, and survival (No et al. 2009). In

another study, phosphorylated nuclear mTOR was associated with tumor progres-

sion and poor survival in patients with endometrial endometrioid adenocarcinoma

(Fig. 3), among whom those with only nuclear phosphorylated mTOR expression

had significantly poorer survival than those with only cytoplasmic p-mTOR expres-

sion (Yoshida et al. 2010; Table 1).

PIK3CA

The phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid kinases that

catalyze the production of phosphatidylinositol 3,4,5-triphosphate by phosphory-

lating its precursor, phosphatidylinositol 4,5-bisphosphate. PI3Ks are important

regulators of cellular growth and proliferation, transformation, adhesion, apoptosis,

survival, and motility (Cantley 2002). PI3Ks are composed of catalytic and
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regulatory subunits encoded by separate genes. PI3KCA mutations occur in

24–36 % of endometrioid cancers, and simultaneous mutation of PTEN is observed

in 14–26 % of these cases (Oda et al. 2005). PIK3CA mutations are strongly

associated with endometrioid histology and high-stage disease and a trend toward

increased incidence of lymphovascular invasion (Catasus et al. 2008). However, the

association between PIK3CA mutations and tumor grade, stage, or depth of

myometrial infiltration remains to be confirmed (Konstantinova et al. 2010;

Table 1). Nevertheless, PI3K activation is positively correlated with the aggres-

siveness of cancers (Salvesen et al. 2009). Rare mutations but not hotspot mutations

in the PIK3CA gene are associated with aggressive endometrial cancers, as indi-

cated by serous differentiation and the presence of metastasis, suggesting that

further exploration of the molecular basis of rare mutations is necessary

(Konstantinova et al. 2010).

Ki-67

Ki-67 is a nuclear antigen and a marker of cellular proliferation that is expressed in

all stages of the cell cycle except G0 and can be detected by immunohistochemistry

to estimate proliferative activity in tumors (Pansare et al. 2007). Ki-67 is a potential

prognostic factor for survival in several human cancers, including endometrial

cancer (Oreskovic et al. 2004). Type I endometrioid carcinomas are generally

positive for hormone (estrogen and progesterone) receptor expression and negative

for p53 overexpression, whereas type II papillary serous carcinomas are associated

with p53 mutation and protein overexpression, absence of hormone receptors, and a

very high Ki-67-defined cell proliferation rate (Lax and Kurman 1997). Ki-67

expression is a significant prognostic indicator in endometrial carcinoma patients

(Fig. 3), and the independent prognostic value of the immunohistochemical

Fig. 3 Expression of p-mTOR/Ki-67 in endometrial cancer (a �200 and b �40. a, b reused

figures from previously published articles under publisher’s permission)
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determination of proliferative activity using anti Ki-67 antibodies has been dem-

onstrated (Gassel et al. 1998; Table 1). High Ki-67 values in tumors are correlated

with low survival rates, and Ki-67 expression is associated with histologic grade,

mitotic count, and previous estrogen therapy but not with disease stage (Nielsen and

Nyholm 1993).

Bcl-2

Bcl-2 is a 25 kDa protein located within the inner membrane of mitochondria that

plays a key role in the regulation of programmed cell death (Korsmeyer 1992).

Bcl-2 protein expression has been reported in nonmalignant tissues such as the

placenta, as well as in a number of malignant human neoplasms, including uterine,

gastrointestinal, ovarian, breast, prostatic, esophageal, colorectal, and lung carci-

nomas. Abnormalities of the p53 tumor suppressor gene and the bcl-2 proto-

oncogene, both of which are involved in the regulation of apoptosis, play an

important role in tumorigenesis in several cancers (Sakuragi et al. 2002; Table 1).

Apoptotic stimuli cause DNA damage and activation of the p53 tumor suppressor

gene, which represses Bcl-2 expression (Miyashita et al. 1994). Furthermore,

estrogen has been suggested to upregulate Bcl-2 expression in certain cell systems

(Choi et al. 2001), and unopposed estrogen stimulation plays a role in the etiology

of endometrial carcinoma. In the human endometrium, immunohistochemical ana-

lyses have shown that Bcl-2 expression is upregulated in the proliferative phase and

downregulated in the secretory phase (Otsuki et al. 1994), which suggests that

endometrial Bcl-2 expression is also regulated by estrogen and progesterone stim-

ulation. Unopposed estrogen may induce sustained overexpression of Bcl-2 leading

to increased Bcl-2 levels, which may deregulate the normal apoptotic cell death

process and promote the survival of cells harboring mutations in oncogenes or

tumor suppressor genes. This suggests that sustained Bcl-2 expression in endome-

trial gland cells has a pivotal role in the early stage of estrogen-dependent endo-

metrial carcinogenesis (Sakuragi et al. 2002).

MMP

Matrix metalloproteinases are involved in the degradation of protein components

of the extracellular matrix and therefore play an important role in tumor invasion

and metastasis (Schropfer et al. 2010). The expression and activation of MMPs is

increased in most human cancers compared to normal tissues (Curran et al. 2004).

MMPs play a role in various physiological processes that require tissue remodeling

such as wound healing, embryogenesis, angiogenesis, and ovulation (Page-McCaw

et al. 2007). The physiological balance between the activation and inhibition

of proteolysis is often disrupted in cancer (Sternlicht and Werb 2001); however,

the mechanisms underlying the increased levels of MMPs in carcinoma tissues

and the role and contribution of the tumor and stromal cell compartments are
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poorly understood. Some investigators suggest an almost exclusive stromal origin

of MMPs detected in cancer tissue (Egeblad and Werb 2002), whereas other studies

have shown the constitutive expression of MMPs in several tumor cell lines in the

absence of a stromal component (Giambernardi et al. 1998). Talvensaari-Mattila

et al. (2005a) suggested that the immunoexpression of MMP2 is not associated with

other prognostic factors in endometrial cancer (Talvensaari-Mattila et al. 2005a),

and previous study showed that the immunoexpression of MMP2 and MMP9 are

not predictive of survival or prognosis of endometrial cancer (Aglund et al. 2004;

Talvensaari-Mattila et al. 2005a; Fig. 4). However, a positive correlation between

MMP expression and survival has been suggested, despite the superiority of

conventional clinicopathologic markers over MMP in predicting the clinical course

of disease (Honkavuori et al. 2007; Table 1).

COX-2

Cyclooxygenase-1 (COX-1) and COX-2 are catalytic enzymes involved in prosta-

glandin synthesis. Prostaglandin E2 (PGE2) promotes the primary process of

carcinogenesis and its further consolidation and progression by stimulating cell

proliferation, inhibiting natural killer cell activity and inducing in situ immune

downmodulation, neoangiogenesis, and the elevated expression of the antiapoptotic

protein Bcl-2. COX enzyme overexpression has been associated with neoplasms at

various sites, including the gastrointestinal tract, lung, and skin (Fosslien 2000). In

recent years, there has been an emerging interest in the study of COX-2 in human

gynecological neoplasms, and the clinical role of COX-2 inhibitors in this area is

currently under investigation. COX-2 overexpression is mostly detected in adeno-

carcinoma cells (Landen et al. 2003). The presence of COX-2 in neoplastic cells in

endometrial carcinomas with increasing FIGO grades (Cao et al. 2002; Ferrandina

et al. 2002) and an association between COX-2 positivity and shorter disease-free

Fig. 4 Expression of MMP-2 and 9 in endometrial cancer (a and b �40. a, b reused figures from

previously published articles under publisher’s permission)
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survival (Ferrandina et al. 2002) have been reported (Table 1). Well-differentiated

endometrial adenocarcinomas are characterized by minimal COX-2 staining,

whereas moderately and poorly differentiated endometrial cancers show the stron-

gest COX-2 expression, making a case for a possible role of COX-2 in tumor

progression rather than tumor initiation (Cao et al. 2002).

VEGF and VEGFR

In solid tumors, including endometrial carcinomas, the induction of a vascular

stroma is essential to grow beyond a minimal size. Vascular endothelial growth

factor (VEGF) is a multifunctional cytokine that is an important regulator of tumor

angiogenesis (Guidi et al. 1996). The most clinically significant member of the

VEGF family is VEGF-A. VEGF is overexpressed in various gynecologic malig-

nancies and is therefore an outstanding target of immunotherapy.

The role of VEGF and its receptors in endometrial carcinoma is not well

understood. VEGF is an estrogen-responsive angiogenic factor, which indicates

that it may play a significant role in endometrial cancer (Fujimoto et al. 1998;

Fig. 5). Immunohistochemical detection of VEGF expression in tumor specimens

has been correlated with high histologic grade (Sanseverino et al. 2006), increased

depth of myometrial invasion, lymphovascular space invasion, lymph node metas-

tasis, and shorter disease-free survival (Hirai et al. 2001; Table 1). VEGF-D and

VEGFR-3 expression in endometrial carcinoma might predict myometrial invasion

and lymph node metastasis (Guset et al. 2010). However, another study used

immunohistochemistry to show that VEGF and the VEGF receptor are not useful

prognostic factors in endometrial cancer (Frumovitz and Sood 2007). Therefore, the

functional significance of the VEGF/VEGFR axis in endometrial cancer remains to

be demonstrated (Talvensaari-Mattila et al. 2005b).

Fig. 5 Expression of VEGF in endometrial cancer (a in type I endometrial adenocarcinoma, b in

type II endometrial adenocarcinoma. a, b reused figures from previously published articles under

publisher’s permission)
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PD-ECGF

PD-ECGF was originally cloned as a novel angiogenic factor (45 kDa polypeptide)

in human platelets (Ishikawa et al. 1989). Thereafter, PD-ECGF was shown to have

an identical sequence to that of thymidine phosphorylase (TP) (Sumizawa

et al. 1993). PD-ECGF/TP stimulates the chemotaxis of endothelial cells and

induces angiogenesis upon activation of thymidine phosphorylase (Miyadera

et al. 1995). PD-ECGF is expressed in lymph nodes, peripheral lymphocytes, the

spleen, the lung, the liver, the placenta, and the uterine endometrium (Fox

et al. 1995). PD-ECGF has been implicated in the promotion of tumor growth

based on its angiogenic potential (Moghaddam et al. 1995; Table 1). Among solid

tumors, PD-ECGF is expressed in malignant gliomas, thyroid tumors and cancers of

the breast, esophagus, stomach, colon, pancreas, gall bladder, kidney, bladder, lung,

ovary, and uterus (Moghaddam et al. 1995).

CEA

The carcinoembryonic antigen family comprises 29 genes of which 18 are

expressed, with 7 belonging to the CEA subgroup, and 11 to the pregnancy-specific

glycoprotein subgroup. CEA is an important tumor marker for colorectal and other

carcinomas. The CEA subgroup members are cell membrane associated and show a

complex expression pattern in normal and cancerous tissues, with CEA showing a

selective epithelial expression (Liu et al. 2014). The expression of CEA family

members is increased in endometrial adenocarcinoma (Thompson et al. 1993);

however, the level of serum CEA or CEA immunoperoxidase staining is less

frequently elevated in endometrial cancer than in other gynecologic malignancies

(Sheahan et al. 1990; Table 1). Additional roles of CEA in gastrointestinal,

mammary, bronchial, and ovarian carcinoma have been suggested.

P16

Since its discovery as a CDKI (cyclin-dependent kinase inhibitor) in 1993, the

tumor suppressor p16 (INK4A/MTS-1/CDKN2A) has gained widespread impor-

tance in cancer. The frequent mutations and deletions of p16 in human cancer cell

lines first suggested an important role for p16 in carcinogenesis (Liggett and

Sidransky 1998). In endometrial carcinoma, uterine serous carcinomas show dif-

fuse p16 staining (mean 95 % of cells) that is usually of strong intensity but is

occasionally moderate (Table 1). Endometrioid carcinomas show patchy weak-to-

moderate p16 staining (mean 38 % of cells) regardless of grade. Therefore, the

distinction between serous and endometrioid carcinoma of the endometrium should

be based on >90 % of tumor cells showing moderate-to-intense nuclear and

cytoplasmic p16 positivity (Fig. 6). Certain endometrioid carcinomas show mod-

erately intense p16 staining (Clarke and Gilks 2010). Loss of nuclear p16 protein
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expression is associated with aggressive endometrial carcinomas and high prolif-

erative activity (Ki-67), suggesting p16 as a strong and independent prognostic

indicator; however, methylation of the promoter region is an uncommon mecha-

nism of p16 inactivation in endometrial carcinoma (Salvesen et al. 2000; Table 1).

c-kit

The proto-oncogene c-kit, the cellular homolog of the oncogene v-Kit of HZ4 feline

sarcoma virus, is located on chromosome 4 (4q11–12) in the human genome (Wang

et al. 2003). c-Kit encodes a 145-kDa transmembrane tyrosine kinase receptor

(CD117), and its ligand is stem cell factor (SCF) (McCulloch and Minden 1993).

CD117 signaling plays a role in cell survival, proliferation, and differentiation.

Overexpression of c-kit or mutation of CD117 has been implicated in a variety of

malignant tumors. On the other hand, the downregulation of c-kit expression has been

associated with the progression from endometrial hyperplasia to endometrial cancer

(Yilmaz et al. 2012; Fig. 6 and Table 1). Immunostaining for c-kit was shown to be

mostly focal and weak in the normal endometrium and mostly diffuse and strong in

simple and complex endometrial hyperplasia. However, the application of c-kit

immunohistochemistry in endometrial cancer is limited (Vandenput et al. 2011).

Potential Applications to Prognosis, Other Diseases, or
Conditions

Most of the immunohistochemical markers of endometrial cancer reviewed in this

chapter were extensively investigated in many other cancers. However, the clinical

role or applicability of these markers differs according to the type of cancer.

Fig. 6 Expression of c-kit/p16 in endometrial cancer (a �400 and b �200. a provided by

department of pathology, Asan Medical Center. b reused figures from previously published articles

under publisher’s permission)
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Summary Points

• This chapter focuses on immunohistochemical markers that may play a role as

predictive or prognostic biomarkers in endometrial cancer.

• Numerous prior studies have investigated immunohistochemical markers as

predictors of tumor extent, tumor behavior, and prognosis after treatment in

endometrial cancer.

• Several markers were reported to be predictive or prognostic markers in endo-

metrial cancer; however, none of these can be used as a single reliable

biomarker.

• L1CAM and stathmin are among the most promising immunohistochemical

markers identified to date.

• L1CAM is a membrane glycoprotein involved in neurogenesis.

• In a large prospective clinical trial, L1CAMwas associated with advanced stage,

high tumor grade, and deep myometrial invasion in stage I endometrial cancer.

• L1CAM expression is associated with increased distal or local recurrence and is

independently related to poor overall survival in FIGO stage I, type I endome-

trial cancers.

• Stathmin is an oncoprotein that functions as a microtubule destabilizer, promot-

ing cell proliferation, mobility, metastasis, and resistance to antimicrotubule

therapy.

• In a large prospective clinical trial, stathmin overexpression was associated with

poor recurrence-free survival and overall survival in endometrial carcinomas.

• Further studies are required to identify powerful immunohistochemical markers

that can be used as reliable predictive or prognostic biomarkers for endometrial

cancer.
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Abstract

Repositories of visceral adipocytes, such as the omentum, have historically been

regarded as accessory organs, providing insulation, mechanical, and/or nutri-

tional support. However, the discovery of key adipokines and immune mediators

within visceral adipocytes has precipitated revisiting and redefining the tradi-

tional function of the visceral adipose tissue, particularly as adipocytes relate to

cancer development and progression. Parallel studies of the biology of adipo-

cytes in obesity and cancer have also identified perturbations in cellular homeo-

stasis with an imbalance of secreted adipokines tipped in favor of inflammation

within the microenvironment as well as endoplasmic reticulum (ER) stress and

its master regulator, the glucose-regulated protein-78 (GRP78). These proteins
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are detectable in peripheral circulation and may provide insight into tumor

biology and prognosis. Given the strong link between adiposity and endometrial

cancer, evaluating these adipocyte-derived factors in the context may reveal a

useful tool to aid clinical decisions. This chapter reviews several biomarker

candidates emanating from adipocytes and the biological basis for their role in

endometrial cancer.

List of Abbreviations

AMPK AMP-Activated Protein Kinase

BMI Body Mass Index

cAMP Cyclic AMP

COX-2 Cyclooxygenase-2

CT Computed Tomography

EAC Endometrioid Adenocarcinoma

ER Endoplasmic Reticulum

FABP4 Fatty Acid-Binding Protein 4

GPER G protein-Coupled Estrogen Receptor

GRP78 Glucose-Regulated Protein 78

HMW High Molecular Weight

IGF Insulin Growth Factor

IGFBP Insulin Growth Factor-Binding Protein

IRS Insulin Receptor Substrate

JNK c-Jun N-Terminal Kinase

LMW Low Molecular Weight

MCP-1 Monocyte Chemotactic Protein-1

MMW Medium Molecular Weight

mTOR Mammalian Target of Rapamycin

NF-κB Nuclear Factor κB
PPAR-α Peroxisome Proliferator-Activated Receptor-α
PPAR-γ Peroxisome Proliferator-Activated Receptor-γ
SOCS-3 Suppressors of Cytokine Signaling-3

STAT-3 Signal Transducer and Activator of Transcription-3

UCP1 Uncoupling Protein 1

UPR Unfolded Protein Response

VEGF Vascular Endothelial Growth Factor

Key Facts About Adipocytes and Endometrial Cancer

• Visceral adipocytes secrete and express proteins important in cancer, including

endometrial cancer.

• Proteins expressed by adipocytes can be measured in the blood and the

adipocytes.
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• Levels of adipocyte-derived proteins can fluctuate in the presence or absence of

cancer.

• Some of these adipocyte-derived proteins may play an antitumoral role, while

others may encourage tumor growth; it is the net effects of these factors within

the tumor environment that matter.

• Changes in levels of adipocyte-derived proteins may represent a means of

monitoring the development and growth of cancers, such as endometrial cancer.

Definitions of Words and Terms

Adipokine Cytokine secreted by adipose tissues. May also be referred to as

adipocytokine.

Visceral Adipocytes Fat cells within the abdominal cavity as opposed to subcu-

taneous adipocytes. A classic example of visceral adipocytes is the omentum.

Endoplasmic Reticulum An organelle within the eukaryotic cell largely respon-

sible for protein production and processing into a usable form.

Adiponectin Most abundantly produced protein by the adipocytes with key

functions involving insulin regulation, inflammation, and tumor progression.

Insulin Growth Factors A family of proteins important in cell growth, prolifer-

ation, and survival.

Leptin A protein made by adipocytes that regulates food intake relative to energy

expenditure.

Monocytes A type of white blood cell that is activated in immunity and inflam-

mation and can also produce cytokines.

Hypoxia A condition related to a low-oxygen state or perfusion.

Anthropometric Quantifiable and measureable parameters based on the human

physicality.

Interleukins A superfamily of cytokines involved in infection and inflammation

that are important for critical events in tumorigenesis.

Unfolded Protein Response The response within the cell due to an accumulation

of misfolded or unfolded proteins within the endoplasmic reticulum. This response

classically consists of the activation of 3 canonical pathways with the common goal

of re-establishing cellular homeostasis.
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Introduction

Epidemiological evidence has long associated obesity with cancer development; in

fact, obesity has been identified as a key risk factor in several of the most prevalent

human malignancies, including postmenopausal breast, colorectal, liver, and endo-

metrial (Giovannucci et al. 2010; Schmandt et al. 2011). In addition to obesity’s

association with cancer development, being overweight and/or obese has increas-

ingly been correlated with a greater risk of death in women with certain malignan-

cies (e.g., breast and endometrial) (Calle et al. 2003; McTiernan et al. 2010). On the

other hand, clinical and epidemiologic evidence suggest that intentional weight loss

is associated with a 30–40 % reduction in cancer risk, particularly among women

(McCawley et al. 2009; Renehan 2009). However, obesity represents a clinical

diagnosis and provides no mechanistic insight into its contribution to cancer

development.

Currently, standard anthropometric parameters such as weight (kilogram) and

body mass index (BMI, kg/m2) have been used to define obesity. Indeed, some

investigators have postulated that every 5 kg/m2 increase in BMI confers a 60 %

increase in risk of developing endometrial cancerendometrial cancer (Mackintosh

and Crosbie 2013). However, these measurements imperfectly represent the true

composition of lean body mass, subcutaneous adipose tissue, and visceral adipose

tissue, thereby prompting some investigators to propose other metrics, such as

waist circumference and waist-to-hip ratio, to quantify obesity and even provide

guidance for predicting risk for certain diseases (e.g., diabetes) (Giovannucci

et al. 2010). More importantly, these measurements likely inaccurately reflect

the biological contribution of each of these components to tumorigenesis and

cancer progression. Therefore, a biochemical or mechanistic means of

representing obesity is necessary to (1) understand obesity’s contribution to

cancer development and (2) provide a metric to monitor therapeutic efforts to

mitigate the effects of obesity.

Adiposity represents a critical and increasingly appreciated contributor to human

disease, including cancer. Furthermore, adipocytes from subcutaneous adipose

tissue appear to be distinctly different biochemically and functionally from adipo-

cytes from the viscera and adipocytes from the mesentery (Nieman et al. 2011,

2013). The omentum serves as a major repository of visceral adipocytes and has

traditionally been regarded as a supportive organ for energy storage, immune

surveillance, and insulation; however, increasing evidence now suggests that

omental and visceral adipocytes are not innocent bystanders, but rather potentially

direct mediators and contributors to tumorigenesis (Klopp et al. 2012; Matsuo

et al. 2013; Nieman et al. 2013). Anthropometric parameters, such as BMI, have

traditionally been used to represent adiposity. However, as the putative contribution

of central adiposity has been increasingly recognized, alternative measures of

abdominal adiposity (e.g., waist circumference, waist-to-height ratio, waist-to-hip

ratio, and waist-to-thigh ratio) that reflect regional adipose distributions have been
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proposed and investigated as possibly more accurate predictive indicators of

adipocyte-mediated disease (Kahn et al. 2012).

Among gynecologic malignancies, endometrioid adenocarcinoma (EAC) carries

the strongest association with obesity (McCawley et al. 2009; Renehan 2009).

While the deleterious effects of obesity on endometrial cancer development have

classically been ascribed to the presence of unopposed estrogen secreted by adipose

tissue, recently, data implicate other novel tumorigenic mechanisms are likely to be

at play (Klopp et al. 2012; Matsuo et al. 2013; McCawley et al. 2009). Furthermore,

increased understanding of the biology of adipocytes and associated adipose tissue

suggests both direct and indirect mechanisms in which adipocytes may either

contribute to EAC development. The strong association of adiposity with EAC

combined with better mechanistic understanding of the differential production and

secretion of these adipokines makes examining these adipokines and other factors

as potential biomarkers of endometrial cancer development and progression

intriguing.

This chapter will first review the current body of knowledge on the role of

adiposity in endometrial cancer development, while focusing on visceral adipocyte

depots. The primary part of this chapter will focus on detectable and modifiable

factors associated with visceral adipocytes and how these factors influence EAC

cell proliferation and how they may serve as biomarkers for endometrial cancer

development, progression, and recurrence (Table 1).

Table 1 Adipocyte-associated factors implicated in tumorigenesis. Tumorigenesis is a process

where the net effects of factors that promote (pro-tumorigenic) tumor growth outweigh the effects

of those that block (anti-tumorigenic) tumor growth. This table outlines the key factors and their

role discussed in this chapter (key abbreviations: GRP glucose-regulated protein, IGF insulin

growth factor, IL interleukin, MCP monocyte chemoattractant protein, MMP matrix

metalloproteinase, TGF tumor growth factor, TNF tumor necrosis factor)

Pro-tumorigenic Anti-tumorigenic

Leptin Adiponectin

Insulin

Insulin growth factor-1 (IGF-1)

Tumor necrosis factor-α (TNF-α)
Interleukin-6 (IL-6)

IL-8

IL-1β
Plasminogen activator inhibitor-1 (PAI-1, serpin-E1)

Monocyte chemoattractant protein-1 (MCP-1)

Tumor growth factor-β (TGF-β)
Collagen VI

Matrix metalloproteinase-11 (MMP-11)

Glucose-regulated protein 78 (GRP78)
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Adipose Tissue: Distribution, Composition, and Function

Three types of adipose tissue have been identified: brown, white, and, more

recently, beige adipose tissue (Nieman et al. 2013; Wu et al. 2012). Brown adipose

tissue is classically identified with human infants and is responsible for generating

heat to protect against hypothermia by using the mitochondrial uncoupling protein

(UCP1) present in the brown adipocyte mitochondria (Wu et al. 2012). On the other

hand, white adipose tissue comprises the majority of adipose tissue found in human

adults and is found in subcutaneous tissue, visceral adipose tissue, perinephric fat

pad, postmenopausal mammary fat pad, and perivascular fat (Nieman et al. 2013).

The classic primary functions of white adipocytes are fatty acid storage and

mobilization with the ultimate goal to maintain energy homeostasis (Nieman

et al. 2013). Beige adipocytes comprise the most recently identified class of

adipocytes and possess the low basal levels of UCP1 gene expression characteristic

of white adipocytes yet still maintain the ability to activate UCP1 expression in

response to cyclic AMP (cAMP), which is characteristic of brown adipocytes

(Wu et al. 2012).

In addition to functional differences among the three types of adipocytes,

substantial population-based and biochemical data also show differences between

the subcutaneous adipose repository and the omental adipose repository (Fox

et al. 2007; Perez-Perez et al. 2009). Secondary analysis of computed tomographic

(CT) volumetric imaging of subcutaneous and visceral adipose tissues from epide-

miologic studies indicated that visceral adipose tissue more strongly correlated with

adverse metabolic risks (Fox et al. 2007). Other gene expression data highlighted

molecular differences between subcutaneous and visceral adipose tissue (Modesitt

et al. 2012). Others have demonstrated proteomic differences between omental and

subcutaneous adipose tissue further highlighting the disparate functions of these

two adipose depots (Perez-Perez et al. 2009). Specifically, proteins involved in

metabolism, inflammation, and cellular stress appear to be more upregulated in

omental adipocytes than subcutaneous adipocytes (Perez-Perez et al. 2009).

The unifying theme across these studies appears to be the prominent role

omental or visceral adipocytes play in cellular metabolic and pathogenic processes,

including common tumorigenic pathways such as inflammation. Moreover, recent

studies have described a mesenchymal progenitor population found within visceral

adipocytes with potent tumorigenic properties including angiogenesis (Klopp

et al. 2012; Zhang et al. 2009). While visceral adipocytes appear critical for the

seamless progression of these pathways, dysregulation of these adipocytes can

certainly contribute to disruption of the lipid and carbohydrate homeostasis within

the adipocytes local environment, resulting in pathogenic processes such as endo-

plasmic reticular stress, mitochondrial damage, and excessive triacylglycerol accu-

mulation due to upregulated fatty acid esterification (Nieman et al. 2013). This, in

turn, can result in the increased production and secretion of pro-inflammatory

adipokines and cytokines, as well as increased infiltration of inflammatory cells,

such as lymphocytes and macrophages (Nieman et al. 2013; Soliman et al. 2006,

2011).
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Potential Biomarkers from Visceral Adipocytes

Leptin
A vast body of literature has emerged about this 16-kDa non-glycosylated poly-

peptide since it was cloned and characterized in 1994 (Friedman and Halaas 1998).

Fundamentally, leptin is a normophysiologic hormone primarily made in and

secreted by adipocytes although it is also found elsewhere (e.g., ovaries, skeletal

muscle, stomach, and placenta) (Friedman and Halaas 1998). Therefore, its level is

directly proportional to obesity and functions centrally in the arcuate nucleus of the

hypothalamus, providing negative-regulation food intake relative to total energy

expenditure (Friedman and Halaas 1998). In obesity, over-production of leptin

results in reduced leptin responsiveness or “leptin resistance” in the brain

(Munzberg and Myers 2005).

Leptin is one of the most abundant proteins secreted by adipocytes with similar

three-dimensional protein-folding properties as known cytokines (Kline et al. 1997;

Zhang et al. 1997). In the body, it circulates bound to macromacules and acts via

transmembrane receptors, for which there are at least five isoforms varied through

posttranscriptional alternative splicing (Lee et al. 1996). Leptin receptor-b (OB-Rb)

is the only receptor with signaling capability (White et al. 1997). Initial identifica-

tion of leptin-mediated cellular signaling pathways was hypothesized to mirror that

of cytokines due to their analogous structure with subsequent successful elucidation

of its role in the activations of JAK/STAT, therefore making leptin a key player in

the regulation of cellular transcription (Fruhbeck 2006; Fig. 1). OB-Rb lacks

intrinsic enzymatic ability; however, when bound to its ligand, it transactivates

JAK-2 which then autophosphorylates and activates signal transducer and activator

of transcription-3 (STAT-3). One of the products of STAT-3-induced transcription

is the suppressor of cytokine signaling (SOCS)-3, a key negative regulator of leptin

signaling (Wunderlich et al. 2013). Furthermore, accumulation of SOCS-3 is an

important factor in leptin resistance as SOCS-3 deficiency confers leptin sensitivity

and abrogates diet-induced obesity (Mori et al. 2004).

Although leptin exerts its cellular influence mainly via activation of JAK/STAT

pathways, the ERK members of the MAPK family are also downstream targets

(Banks et al. 2000). Therefore, leptin plays a part in cellular proliferation and

differentiation. Moreover, cross talk occurs between leptin and insulin when leptin

phosphorylates insulin receptor substrate and transactivates PI3K pathway

(Benomar et al. 2005; Hegyi et al. 2004).

In the setting of tumorigenesis, it has been postulated that leptin may have a

localized pro-mitogenic, pro-survival, and pro-angiogenic effect (Hefetz-Sela and

Scherer 2013). Production of leptin is also triggered by hypoxic conditions as its

level rises in conjunction with adipose content in obesity. Research has demon-

strated that in response to the local hypoxic environment, leptin-influenced PI3K/

AKT and MAPK/ERK pathways activate HIF-1 and thereby initiate neovascu-

larization. In short, since its discovery, the importance of leptin in cellular regula-

tion is well established; hence, its potential utility as a biomarker in tumorigenesis

should be recognized.
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Studies in established endometrial cancer cell lines not only corroborate known

knowledge of leptin function but also further our understanding of leptin in cellular

metabolism. Leptin receptors are found in both normal endometrium (especially

secretory phase) and endometrial cancers (Carino et al. 2008). Its signaling is vital

for angiogenesis and inflammation necessary for endometrial cell adhesion, prolif-

eration, survival, and migration (Carino et al. 2008); in fact, its influence on

angiogenesis is more evident in malignant endometrial cell lines than that of

benign. For example, in the endometrium, leptin stimulation yields an increase in

cyclooxygenase-2 (COX-2) mRNA and prostaglandin E2 production that is medi-

ated by JAK-2, MAPK, and PI3K pathways (Gao et al. 2009), thus providing a

mechanism for ongoing inflammation within microenvironment. Moreover, leptin

enables cell growth by actively decreasing cell population in G0/G1 phase while

increasing cell population in S-phase (Catalano et al. 2009).

Clinically, leptin has been investigated as a potential biomarker for obesity-

related cancers, including endometrial cancer. A great majority of recent publica-

tions addressing the relevance of leptin in endometrial cancers have been

population-based studies with inconsistent findings (Karahanoglu et al. 2012;

Zemlyak et al. 2012). When serum leptin levels are used together with adiponectin,

this ratio appears to be predictive of increased risk of endometrial cancer develop-

ment (Ashizawa et al. 2010; Nowosielski et al. 2012). Furthermore, even within the

normal endometrium, a higher proliferation index, as measured by Ki-67, is posi-

tively correlated with a higher BMI and leptin levels (Villavicencio et al. 2010).

These observations need to be clarified and best interrogated beyond protein levels.

Fig. 1 Leptin influences cellular pathways. Leptin binds to its ligand and Ob-Rb and

transactivates JAK-2 which then activates STAT-3 where one of its productions of transcription

is SOCS-3, an important protein for negative regulation of leptin’s downstream effects. Addition-

ally, leptin influences cellular proliferation and survival via the ERK pathway
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Adiponectin
The primary adipokine secreted exclusively by visceral adipocytes is adiponectin

which exists in various homomultimeric forms (Kadowaki and Yamauchi 2005).

Within plasma, however, adiponectin is largely present in its full-length form;

however, the various adiponectin multimers appear to have different target tissues

with variable biological effects (Dalamaga et al. 2012; Kadowaki and Yamauchi

2005). Serum levels of this 30-kDa peptide are significantly, but inversely, corre-

lated with obesity, type 2 diabetes, atherosclerotic disease, and other inflammatory

states (Kadowaki and Yamauchi 2005; Soliman et al. 2011). Adiponectin is nega-

tively regulated by TNF-α and IL-6, among other cytokines (Dalamaga et al. 2012).

At least three receptors have been identified for adiponectin: adipoR1, adipoR2,

and T-cadherin (Dalamaga et al. 2012). Both adiponectin receptors (adipoR1 and

adipoR2) have been identified in virtually all tissue, including benign endometrial

tissue as well as endometrial cancer cells. However, AdipoR1 expression levels

appear to prevail over AdipoR2 in endometrial cancer tissue (Dalamaga

et al. 2012). After binding to its receptors, adiponectin activates important intra-

cellular signaling pathways, including pathways common to inflammation and

cancer proliferation such as AMP-activated protein kinase (AMPK), mammalian

target of rapamycin (mTOR), nuclear factor κB (NF-κB), c-Jun N-terminal kinase

(JNK), and STAT-3.

Evidence also supports adiponectin as an adipocyte-derived anti-angiogenic

factor, likely via suppression of vascular endothelial growth factor (VEGF) through

the NF-κB pathway (Cust et al. 2007). In addition to the effects of adiponectin on

VEGF suppression, the adiponectin receptor, T-cadherin, has also been identified

on tumor-associated endothelial cells and has been postulated to serve as a

coreceptor or competitive receptor to adipoR1/R2 and its downstream effects

(Dalamaga et al. 2012; Fig. 2).

Serum adiponectin levels have been correlated with several solid cancers,

including endometrial cancer (Dalamaga et al. 2012). Whether levels of specific

multimeric forms of adiponectin are more prognostic than levels of total

adiponectin is unknown at present and represents an area for further study. Current

epidemiologic studies generally do not distinguish among the different isoforms of

adiponectin when estimating cancer risk. In the European Prospective Investigation

into Cancer and Nutrition (EPIC) study, Cust and colleagues reported that lower

plasma adiponectin levels were associated with elevated risk for endometrial

cancer, independent of BMI and other anthropometric or biochemical risk factors

(e.g., C-peptide, insulin growth factor) (Cust et al. 2007). On the other hand,

however, analysis from the Nurses’ Health Study (NHS) cohort did not show

prediagnostic adiponectin to be predictive of endometrial cancer risk, again after

controlling for confounders, such as BMI, parity, age at last birth, and diabetes

(Soliman et al. 2011). Notable population differences existed between these two

large prospective cohorts (e.g., younger age) that may account for these differing

correlations. More recently, a nested case–control study within the Prostate, Lung,

Colorectal, and Ovarian Cancer (PLCO) Screening Trial demonstrated that elevated
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levels of circulating adiponectin were significantly associated with a nearly 50 %

decreased risk of endometrial cancer (Luhn et al. 2013).

Further studies are sure to elucidate the relationship between adiponectin and

endometrial cancer, and as the distinct roles of each adiponectin isoform are better

understood, measuring the levels of specific adiponectin isoforms may evolve into a

valuable biomarker and clinical predictor of endometrial cancer.

Insulin Growth Factor-1 (IGF-1) and IGF-2
The insulin-like growth factors engage in important function in regulating multiple

cellular pathways paramount to tumor initiation and growth. The names are given

because these growth factors share 62 % homology with proinsulin. There are two

ligands within this family of growth factors: IGF-1 and IGF-2. These two growth

factors have their corresponding transmembrane receptors, IGF-1R and IGF-2R.

Additionally, there are at least six binding proteins (IGFBPs) that control its

bioavailability (Bruchim and Werner 2013).

Because the structures of IGFs and their receptors are similar to insulin and insulin

receptors, it is thought that both entities shared a common progenitor that regulated

growth and metabolism with a certain level of cross talk between insulin, IGFs, and

their receptors. As insulin resistance is a metabolic consequence of obesity and a

Fig. 2 Adiponectin influences downstream proliferation pathways. The adiponectin monomer

exists within the adipocyte and is not detected in circulation. Trimeric (LMW) adiponectin is the

primary form of adiponectin within circulation and may be responsible for anti-inflammatory

properties. In contrast, hexameric (MMW) and multimeric (HMW) adiponectin may be more

pro-inflammatory and have variable effects toward different target tissues
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well-recognized risk factor for endometrial cancer, chronic hyperinsulinemia

increases IGF-1 production while reduces IGFBPs. Elevated IGF-1 and IGF-2, in

turn, bind to their receptors and phosphorylate the insulin receptor substrate (IRS) and

commence a cascade of signaling via activations of PI3K and AKT and finally mTOR

which augments cellular proliferation and suppresses apoptosis (Bruchim andWerner

2013; Nieman et al. 2013; Fig. 3). Furthermore, in a hormone-enriched environment

such as breast or endometrial cancer, functional cross talks between IGF-1 and

estrogen result in tumor migration and proliferation via activation of the G-protein-

coupled estrogen receptor (GPER) promoter sequence and upregulation of GPER

mRNA and protein (De Marco et al. 2013).

Various independent investigators have examined the role of IGFs in endome-

trial cancer. IGF-1R mRNAs and protein were detected in 91.3 % of endometrial

cancer tissues (Hirano et al. 2004). Two studies have found a positive association

between plasma levels of IGF-2 and the risk of developing endometrial cancer and

an inverse relationship between IGF-1 and endometrial cancer risk (Oh et al. 2004;

Petridou et al. 2003), while another showed elevated circulating levels of IGF-1 and

decreased levels of IGFBP-1 are associated with increased endometrial risk in the

postmenopausal population. Although seemingly conflicting, due to cross talk

between IGF-1 and IGF-2, it is now thought that most cellular activity is mediated

through the interaction of IGF-1R, and hence, it serves as a viable target in

oncology treatment (Sarfstein et al. 2011).

There are three ways to target IGF-1R: a tyrosine–kinase inhibitor that prevents

the phosphorylation of IGF-1R, an antibody against IGF-1R, and an antibody that

quenches circulating IGF ligands. To date, using a monoclonal antibody against

IGF-1R has been the most developed approach, although monotherapies have yielded

generally low objective response in early phase clinical trials; nonetheless, more

promising results are seen when used with a conventional cytotoxic agent (Kindler

et al. 2012). In endometrial cancers, however, there appears to be promising in vitro

data to support targeting IGF-1R (Attias-Geva et al. 2011a, b; Bitelman et al. 2013).

Fig. 3 IGF promotes cell

survival. IGF promotes

cellular survival by binding to

their receptors and

phosphorylating the insulin

receptor substrate (IRS) and
initiating a cascade of events

via the activations of PI3K

and AKT/mTOR pathways
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For example, a fully humanized monoclonal antibody against IGF-1R, cixutumumab,

was used in endometrioid endometrial cancer cell lines where it successfully blocked

autophosphorylation of IGF-1R and halted downstream effectors of PI3K/MAPK

pathways. Additionally, under microscopy, IGF-1R was found to localize within the

cytoplasm. Further evidence also showed its role in augmenting apoptosis with

increased activity of caspase 3 and PARP cleavage seen. To anticipate the drug’s

side effect of hyperglycemia, the authors also queried insulin receptor expression and

IGF-1 activation of insulin receptor and found no significant change (Attias-Geva

et al. 2011b).

An array of candidate biomarkers for IGF-1R targeting are under investigation,

often times, as correlative studies associated with early phase clinical trials.

Although still handicapped by technical limitations, circulating tumor cells offer

an avenue of examining IGF-1R expression, and a positive association has been

found in patients treated with prostate cancer (de Bono et al. 2007). Additionally,

serum levels of IGFs or IGFBPs may also be predictive for IGF-1R targeting

perhaps acting as a surrogate marker for tumoral expression of IGF-1R.

Interleukins (IL-6, IL-8, MCP-1)
Cytokines are of particular interest in tumors of adipose tissue because they often

engage in a vicious cycle of unhindered bilateral stimulation between their effectors

and the adipose microenvironment that result in localized inflammation, macro-

phage infiltration, and accelerated fibrosis and angiogenesis (Wagner et al. 2013).

Within this adipose tissue microenvironment, there is a chronic low-grade systemic

inflammation as a result of obesity and insulin resistance that can be characterized

as a dysregulation between the pro-inflammatory adipokines such as IL-6, IL-8, and

monocyte chemotactic protein-1 (MCP-1) and the anti-inflammatory adipokines

such as adiponectin.

IL-6 is a pleiotropic cytokine of 185 amino acids arranged as two pairs of

α-helices (Kamimura et al. 2003). It is made by preadipocytes, adipocytes, and

macrophages with functions that include stimulation of lipolysis, inhibition of

lipases, antagonizing insulin-related glucose uptake, and suppression of

adiponectin release (Kamimura et al. 2003). Nearly 30 % of total IL-6 in obese

patients can be traced to adipose; this particular cytokine is culpable in many of the

malignant phenotypes seen in tumorigenesis (Fantuzzi 2005).

Specific etiology for IL-6 stimulation has been determined, and the local

adipose milieu plays a unique role similar to the complexities of stromal interac-

tions within tumor microenvironment. It is well known that adipose tissue, like

that of the omentum, is in chronic inflammation as a result of baseline metabolic

dysregulation with necrotic adipocytes being surrounded by macrophages which

are activated via toll-like receptor 4, a stimulator of NF-κB with subsequent

elevation in COX-2 and IL-6 transcription (Fig. 4). IL-6 when complexed with

its receptor and co-activated by GP130 is known to phosphorylate JAK kinases

with downstream effectors in STAT-3 (Ben-Jonathan et al. 2009). In return, there

is an increase in SOCS transcription with its subsequent accumulation over

extended time, playing a part in leptin and insulin resistance, albeit the exact
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mechanism is yet to be characterized (Wunderlich et al. 2013). Additionally, IL-6

also plays an integral part in monocyte-to-macrophage differentiation; thus, in the

immediate peritumoral adipose tissue, it has been observed that there is an

increased number of macrophages along with higher IL-6 expression. Peritumor

adipose tissue is seen as atrophied with diminished expression of a major lipid

storage mediator, perilipin-1, and phenotypically is seen to exhibit decreased

adipocyte size, followed by infiltration of inflammatory cytokines such as IL-6,

resulting in upregulation of fibrosis and angiogenesis (Wagner et al. 2013). Stud-

ies in ovarian cancer examining the role of tumor affinity for adiposity of the

omentum reveal that cytokines such as IL-6 are responsible for “homing” of

tumor cells to the omentum thereby providing rationale for the predilection of

omental involvement in ovarian cancer (Nieman et al. 2011).

As key players in pro-inflammation, IL-6 and IL-8 are often found to be

upregulated in the localized adipose milieu. IL-8 is a cytokine of 99 amino acids

and secreted by activated macrophages and epithelial cells like adipocytes. In the

presence of liposaccharide, an important cofactor in the high-fat-diet-induced

metabolic dysregulation (Cani et al. 2007; Erridge et al. 2007), both IL-6 and

IL-8 are found to be upregulated at the mRNA level by more than 10-fold from

adipocytes differentiated from the white adipose tissue of patients undergoing

surgery. Furthermore, this observation is abrogated when similar conditions were

treated with the addition of siRNA against AMP-activated protein kinase (AMPK)

subunit α (Grisouard et al. 2011). AMPK has been shown to influence adipokine

secretion and affect lipid metabolism. Coculture of human ovarian cancer cell line

with adipocytes demonstrates increased phosphorylation of AMPK through key

enzyme regulators to increase β-oxidation facilitating ovarian cancer cells to feast

on lipids acquired from the adipocytes (Nieman et al. 2011).

Recently, IL-8 has been further implicated in metabolic dysregulation

(Hu et al. 2013). Almost 96 % of all high-grade serous ovarian cancers carry

Fig. 4 Summary schema of

IL-6 production in the

adipocyte milieu. Monocytes

and macrophages are

activated in chronic

inflammatory states such as

obesity via toll-like receptor

4, a protein that also

stimulates the production of

NF-κB with subsequent

increase in COX-2 and IL-6

transcription
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mutations in p53, and mutant p53 has been previously shown to promote

lipid anabolism and result in tumor growth and progression by influencing

sterol regulatory element-binding proteins (SREBPs) and guanidinoacetate

N-methyltransferase (GAMT), key enzymes in fatty acid synthesis. Mutant p53

has now been demonstrated to interact with IL-8 secreted by adipocytes to regulate

fatty acid-binding protein 4 (FABP4), a known protein that is upregulated in

omental metastases of patients with ovarian cancer (Hu et al. 2013; Nieman

et al. 2011). Additional experiments using FABP4 knockout mice inoculated with

mouse ovarian cancer cells produced significantly lower tumor burden exhibiting

reduction in microvessel density and tumor proliferation (Nieman et al. 2011).

MCP-1 is a cytokine that is of interest initially in the field of cardiovascular disease

as it proved to be one of the main drivers of atherosclerosis (Gu et al. 1998). Further-

more, the association between chemocytokines and obesity in the pathogenesis of

atherosclerosis is observed when murine models of obesity yielded confirmation that

adipocytes overexpress MCP-1 which serves as a key regulator of monocyte infiltra-

tion in arterial intima (Takahashi et al. 2003). Finally, serum levels of adipokines,

including MCP-1, have been found to be significantly elevated in morbidly obese

patients and patients of cancers with a metastatic predilection for visceral fat stores,

like colon cancer (Hillenbrand et al. 2012). Expanding adipocyte secretesMCP-1, and

on a cellular level, pro-inflammatory cytokines such as IL-6 and MCP-1 localize in

higher concentrations in the peritumoral adipose tissue (Wagner et al. 2012), thereby

creating a microenvironment that is permissive to tumor progression and primed to

achieve angiogenesis and stromal matrix remodeling (Low et al. 2001).

Glucose-Regulated Protein-78 (GRP78)
It is now well-recognized that adiposity also results in endoplasmic reticulum (ER)

stress which, in turn, triggers the unfolded protein response (UPR) and other tumor-

igenic pathways, particularly relevant to EAC. The ER is a fundamental organelle

critical for the proper folding and processing of proteins. However, in certain patho-

physiologic conditions, including obesity (Sharma et al. 2008), the protein load within

the ER exceeds the folding, processing, and transport. The consequence of this buildup

ofmisfolded proteins has been termed ER stress which the cell attempts tomitigate by

UPR activation to reduce translation while simultaneously increasing chaperone

processing (Pfaffenbach and Lee 2011). The 78-kDa glucose-regulated protein

(GRP78, BiP/HSPA5) is a molecular chaperone protein and member of the heat

shock protein (HSP)-70 family and is widely regarded as the key regulator of ER

stress (Pfaffenbach and Lee 2011;Wang et al. 2009). GRP78 overexpression is widely

observed in several human cancers, including endometrial cancer, and is generally

associated with worse clinical outcome, including diminished survival (Bifulco

et al. 2012; Daneshmand et al. 2007; Lee 2007, 2009; Lin et al. 2010; Misra

et al. 2011; Pfaffenbach and Lee 2011; Pootrakul et al. 2006; Uramoto et al. 2005;

Wang et al. 2009; Westin et al. 2009; Zhang et al. 2006; Zhang and Zhang 2010). The

chemoresistance associated with tumoral GRP78 overexpression has been shown in

several cancer models; however, AKT-inhibition appears to mitigate some of

platinum-resistance seen with GRP78 overexpression in EAC (Gray et al. 2013).
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In addition to UPR activation in tumor cells, visceral adipocytes have also been

shown to exhibit ER stress and overexpress GRP78 in the setting of EAC (Matsuo

et al. 2013). This is particularly intriguing given the close proximity of visceral

adipocytes (e.g., omentum, mesenteric, and epiploic adipose tissue) to the uterus

and the pelvis, and the possibility of paracrine-type cross talk among these tissues

(Nieman et al. 2013). Recent experiments show that the extent of GRP78 expression

within visceral adipocytes appears to correlate with worse clinicopathologic features,

advanced stage disease, and even shorter survival (Matsuo et al. 2013). Of particular

interest was the observation that GRP78 expression in visceral adipocytes appeared to

be more predictive of survival and clinical outcome than GRP78 expression in the

endometrial tumors themselves. These preliminary findings further implicate visceral

adipocytes as, not simply innocent bystanders in EAC, but potentially contributing to

the biology of EAC (Fig. 5). Further refinement of a tool to quantify the differential

levels of adipocyte GRP78, either in visceral adipocytes or in peripheral circulation,

may represent a novel biomarker with which to monitor or inform EACmanagement.

Potential Applications to Prognosis, Other Diseases,
or Conditions

As cancer treatment becoming increasingly targeted, expectations from biomarkers

range from diagnostic to prognostic as well as predictive. Indeed, for one biomarker

to fulfill all these demands may be challenging and thus underscores the complexity

and heterogeneity of a disease entity such as cancer. While obesity is now one of the

Fig. 5 Proposed relationship

between visceral adipocyte

GRP78, ER stress, and

endometrial cancer prognosis.

Hostile conditions such as

hypoxia, nutritional excess,

and low pH induce ER stress

within the visceral adipocytes

resulting in increased GRP78

and elevated unfolded protein

response which have been

shown to augment tumor

proliferation and survival,

thereby translating clinically

to poor prognosis
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premier public health concerns of developed countries, insights gained through its

disease process can benefit not only cancer but also a vast array of pathophysiology

related to insulin resistance and chronic inflammatory state.

Adipokines discussed in this chapter have been interrogated to determine their

possible prognostic value in endometrial cancer. In general, these translational

studies are limited by small sample size and heterogeneous population, thereby

serving more for the purpose of hypothesis generating for future systematic

examinations. Leptin has been shown to be a pro-inflammatory adipokine with

central role in lipid metabolism. In a case–control study of 30 endometrial cancer

patients and 30 healthy controls, preoperative serum levels of leptin was not found

to be associated with traditional clinical prognostic factors such as stage, grade,

histologic type, or lymph node metastasis (Karahanoglu et al. 2012). Adiponectin,

an anti-inflammatory adipokine, has demonstrated to be independently and

inversely associated with endometrial cancer (Soliman et al. 2006), although

this observation is not uniformly seen in all cancer disease sites (Dalamaga

et al. 2012). Further analyses using leptin/adiponectin ratio have been performed

to characterize possible clinical relationship, and in ovarian cancer, leptin/

adiponectin ratio correlated with overall survival such that patients with low

leptin/adiponectin levels lived longer than their counterparts with high leptin/

adiponectin; however, when adjusted for known clinical variables such as stage,

grade, and age, this prognostic value failed to be significant (Diaz et al. 2013).

Because insulin resistance appears to be a pivotal impetus driving tumorigenesis

in endometrial cancer, IGF-1R expression has been studied in endometrial carci-

noma and found to be overexpressed in patients with lymph node metastasis

(Pengchong and Tao 2011).

The interplay between pro-inflammatory and anti-inflammatory adipokines

extends beyond endometrial cancer, especially given some of the seminal research

that fuels the advancement of our understanding of the balance between adipokines

and their environment stemmed from studies in polycystic ovarian syndrome,

diabetes, and atherosclerosis which share their root pathophysiology in insulin

resistance and obesity. Furthermore, novel investigation in the active role of the

omentum in attracting ovarian tumor cells has impactful implications in our knowl-

edge of cancers known to have predilection for visceral adipose metastasis. This

body of evidence, taken together, reinforces a necessity for future studies.

Summary Points

• Contrary to historical beliefs, adipose tissue likely plays an active role in

endometrial cancer.

• Visceral adipocytes secrete factors that also promote cancer growth and

progression.

• Secreted adipokines and adipocyte-associated factors dovetail with critical

tumorigenic and angiogenic pathways.
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• Adipocyte-derived factors are detectable in serum and in the adipose tissue

and may serve as biomarkers for endometrial cancer development and

progression.

• Further studies are warranted to better understand adipocyte biology and its

clinical potential in endometrial cancer treatment.
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Abstract

Circulating CRC markers might become useful tools for the massive screening

of people since they satisfy a high degree of accuracy, noninvasiveness, repro-

ducibility, and economy. Within circulating biomarkers, we will focus on the

detection of autoantibodies in serum from cancer patients and their target tumor-

associated antigens (TAAs). Although the sensitivity, specificity, and predictive

value of individual TAAs present low scores, the combination of multiple TAAs

shows improved values to discriminate between CRC patients and controls. In

this review, we outline the methodologies used to identify circulating autoanti-

bodies and their target proteins and discuss the relevance of CRC autoantibodies

for diagnosis at, particularly, early stages. An overview of the reported bio-

markers is given, showing the large complexity of the autoantibody response in

cancer. Different strategies to improve CRC diagnostic tests by combining

autoantibodies from different studies will be discussed. Association of autoan-

tibodies to prognosis, recurrence, and the survival of patients will be introduced.

We conclude that there is a great potential for the use of autoantibodies as

diagnostic CRC biomarkers in the near future.

List of Abbreviations

CEA Carcinoembryonic antigen

CRC Colorectal cancer

EMT Epithelial to mesenchymal transition

HPLC High-performance liquid chromatography

MSI Microsatellite instability

NAPPA Nucleic acid programmable protein arrays

PTMs Posttranslational modifications

SEREX Serological analysis of recombinant cDNA expression libraries

SERPA Serological proteome analysis

TAA Tumor-associated antigen

Key Facts of Circulating Biomarkers

• Tumor-associated antigens (TAAs) are self-proteins altered during tumor for-

mation and progression.

• Cancer humoral responses take place against TAAs.

• Autoantibodies against TAAs can be used in colorectal cancer patients as

circulating biomarkers.
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• Immunoproteomics provide useful approaches for identifying autoantibodies

and their reactive TAA targets.

• Circulating autoantibodies provide an effective, reliable, and reproducible tool

in cancer patients for diagnosis, prognosis, recurrence, and therapy monitoring.

• Targets of circulating autoantibodies might be novel therapeutic targets for

intervention.

Definitions of Words and Terms

Biomarker A biological marker usually a protein or glycoprotein that can be used

as an indicator of a biological or pathological state or condition.

TAA Tumor-associated antigen which consists of an altered self-protein able to

induce an immune response in cancer patients.

Autoantibody Immunoglobulin G produced in response to self-proteins altered

during tumor formation or progression which can be used as a cancer biomarker.

ELISA Enzyme-linked immunosorbent assay which permits to detect the presence

of an immune response to a specific TAA in a biological fluid (i.e., serum or

plasma) by means of an enzyme immunoassay.

SEREX Acronym of serological analysis of recombinant cDNA expression librar-

ies (SEREX) which is a technology based on the detection of tumor-associated

antigens within recombinantly expressed tumor cDNA phage libraries by autolo-

gous antibodies.

SERPA Acronym of serological proteome analysis where proteins from tumoral

samples are resolved by 2D gels to identify TAAs by immunostaining with sera

from cancer patients and controls. TAAs are then identified in a subsequent step by

LC–MS.

LC–MS Liquid chromatography coupled to mass spectrometry. High-

performance liquid chromatography (LC) coupled to mass spectrometry (MS) to

separate a peptide mixture in a liquid phase according to hydrophobic interactions

provided by the C18 alkyl chains of the stationary phase of the chromatography

column.

Protein Microarray A chip containing thousands to tens of thousands of different

proteins attached to a support surface of glass slide or nitrocellulose membrane.

Phage Display This technique is used for the high-throughput screening of protein

interactions and consists of libraries of millions of different M13 or T7 phages
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displaying in their surface proteins fused to the N- or C-terminal end, respectively,

of proteins of the capsid of the phage.

ROC Curve Receiver-operating characteristic (ROC) curves illustrate the perfor-

mance of a diagnostic test. It is obtained by plotting the fraction of true-positive

cases among the actual number of positive patients versus the fraction of false-

positive controls out of the total actual negative controls at various threshold

settings.

PTM Posttranslational modification. After translation, proteins can be modified by

the attachment of functional groups, including phosphorylation, acetylation, carbo-

hydrate, lipid, etc.

CEA Carcinoembryonic antigen is a recommended clinical biomarker for colo-

rectal cancer recurrence but not for screening.

Introduction

Colorectal cancer (CRC) is the major cause of cancer-associated mortality in

developed countries (Duffy et al. 2007). CRC is mainly diagnosed at late stages,

when patients have developed clinical symptoms and the tumor has already spread

to adjacent lymph nodes or colonized other organs. At that point, 61 % of CRC

tumors are so advanced that the 5-year survival rate of patients is only about 11 %,

with 5-year survival rates of 91.1 % and 69.8 % for localized and regional stages,

respectively (Surveillance, Epidemiology, and End Results Program (2011),

National Cancer Institute, USA). If we could shift the diagnosis of CRC patients

to early cancer stages, their final outcome would substantially improve.

A suitable biomarker for a screening test should demonstrate a high degree of

accuracy, reproducibility, economy, and, more importantly, acceptance by the

population. Actually, the current markers for CRC, CEA, CA19.9, and CA125

are not recommended for clinical screening (Levin et al. 2003; Locker et al. 2006;

Duffy et al. 2007), because they can be altered in other diseases different from CRC

and even in nonpathological states. Moreover, circulating CEA is only

recommended to monitor therapy in advanced CRC and for prognostic information

(Locker et al. 2006; Duffy et al. 2007).

Circulating biomarker molecules might consist of altered tumoral proteins,

which are leaked to the blood. However, they are usually found at very low

concentrations and exposed to degradation (Villanueva et al. 2006), making them

questionable as diagnostic biomarkers and their actual discovery a challenge

(Villanueva et al. 2006; Barderas et al. 2010; Casal and Barderas 2010). However,

some cancer proteins are able to induce a humoral response in cancer patients,

providing an effective, reliable, and noninvasive tool for cancer screening and

preclinical diagnosis (Fig. 1; Anderson and LaBaer 2005; Murphy et al. 2012b).
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The molecular mechanisms of this humoral response to cancer proteins are rather

uncharacterized. It might be due to the alterations of self-proteins during tumor

formation and progression, punctual mutations, truncations, aberrant glycosyla-

tions, overexpression, or aberrant degradation (Anderson and LaBaer 2005;

Murphy et al. 2012b).

Novel high-throughput proteomic approaches have accelerated the identification

of circulating serum autoantibodies and their respective target proteins as potential

cancer biomarkers. Antibodies are highly stable molecules with a long tradition of

being used in immunoassays, thus facilitating their standardization. In the last years,

the apparition of new techniques has delivered multiple studies related to the use of

autoantibodies for cancer detection. In this review, we describe the features of

circulating serum autoantibody biomarkers for CRC and outline the proteomic

strategies employed to identify them since the first reports by Old’s laboratory

(Fig. 2). We will review the validation and optimization experiments required for

use in clinical practice. CRC autoantibodies and their target proteins should facilitate

the screening for early diagnosis, prognosis, and monitoring of therapy in CRC

patients, as well as for the identification of novel therapeutic targets.

Altered Cancer Protein

Wild-Type Native Protein

Normal Epithelial Cell

Colorectal Tumor

Tumor Cell

Dead Tumor Cell

Macrophage

Thymus
Antigen

presentation

Bone MarrowColon 

Proliferation
Differentiation
Migration

Autoantibodies Directed toTumor 
Associated Antigens

Serum TAA
Discovery

ELISA
SEREX
SERPA

Protein Microarrays

Plasma Cell

Fig. 1 Production of cancer autoantibodies against tumoral self-proteins. During tumor

formation and progression, altered self-proteins and cellular debris are released from colorectal

neoplastic tissue, which results in B-cell proliferation and antibody production when antigen-

presenting cells present these proteins to the immune response
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Strategies to Identify CRC Circulating Autoantibodies
in Cancer Patients

The first reports identifying autoantibodies and cancer autoantigens were published

in the late 1970s and early 1980s using an approach called autologous serological

typing (Carey et al. 1976; Dippold et al. 1980; Fig. 2), where circulating autoanti-

bodies were identified using tumoral cells in culture and sera from the same

patients. Although researchers identified several melanoma tumor-associated anti-

gens (TAAs), the heterogeneity of cancer patient’s response complicated the

antigen identification (Carey et al. 1976; Dippold et al. 1980).

SEREX and SERPA

From those early studies, different low- or medium-throughput technologies such as

serological analysis of recombinant cDNA expression libraries (SEREX) or

Colorectal Cancer
Tumoral Tissue

2D tissue proteome analysis

SERPA*

Serological Proteome
Analysis

Spot / TAA 
Identification by

Mass Spectrometry

Recombinant
Full-Length Protein

Microarrays Glycopeptide
Microarrays

Validation

• Normalization & Data Analysis
• TAA Identification

•Verification in Larger Patient
Cohorts

Biopanning of
phages displaying

CRC cDNA

Total mRNA

cDNA Library

Phage Vector

Natural Protein
Microarray*

Phage

M
icroarray*

SEREX*

Serological Analysis
of Recombinant

cDNAExpression
Libraries

Colorectal
Cancer Cell

Lines
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Dimension

Second
Dimension

SDS-PAGEIEF

Separation by 
Chromatography

Cell
Proteome

CRC 
sera
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Fig. 2 Proteomic strategies used to identify CRC circulating autoantibodies. *, These

strategies require a further step of identification of the TAA via sequencing (SEREX and phage

microarrays) or LC–MS (SERPA and natural protein microarrays)
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serological proteome analysis (SERPA) have been applied for the discovery of

autoantibodies and their target TAAs as cancer diagnostic markers with different

successes (Fig. 2; Sahin et al. 1995; Casal and Barderas 2010). SEREX involves the

identification of TAAs using phage display expression libraries containing cDNA

from tumoral tissues or cells, transferred onto membranes for screening with cancer

sera. In SERPA, proteins from tumoral samples are separated in 2D gels to identify

TAAs after transference to membranes for immunostaining with cancer sera and

healthy controls (Klade et al. 2001).

A variant of SEREX, where phages are printed on a microarray format, has been

also tested for autoantibody discovery in a high-throughput version (Wang

et al. 2005; Chatterjee et al. 2006; Babel et al. 2011; Chatterjee et al. 2012).

Here, TAA discovery takes advantage on the multiplexing analysis of both T7

phages and microarrays (Fig. 2). cDNA from a specific tumor is inserted in the

genome of T7 phages, and cancer peptides and proteins are displayed on the surface

of the capsid of the phage at the C-terminal end of 10B protein. Alternatively, a

random peptide library can also be used instead of tumoral cDNA libraries (Mintz

et al. 2003; Jiang et al. 2010). Then, several rounds of biopanning using sera from

healthy individuals and cancer patients permit the enrichment of T7 phage libraries

on phages displaying cancer-specific peptides or proteins. Finally, thousands of T7

phages are printed onto nitrocellulose microarrays to be screened with sera from

cancer patients and controls, and TAAs can be (theoretically) identified after

sequencing the cDNA inserted in the genome of the phage.

Although these techniques have permitted the identification of multiple TAAs,

they present several problems. SEREX is technically demanding, is labor intensive,

and presents several important bottlenecks in the construction of the phage libraries

and the identification of the proteins displayed in the phages. In many occasions, it

is impossible to identify peptides homologous to known proteins. This might be due

to problems in the insertion of the cDNAs correctly in-frame or the cloning of

noncoding regions. Despite this, SEREX has been probably the most commonly

used technology for TAA discovery. SERPA is biased toward the identification of

highly abundant proteins.

Recombinant Protein Microarrays

The low throughput of SEREX and SERPA and their limitations have pushed the

field to look for alternatives in the screening of the humoral response against cancer

(Fig. 2; Anderson and LaBaer 2005; Casal and Barderas 2010). To this end, high-

content protein microarrays have been prepared with thousands of different probes

printed on the surface of a chip. They have been used to identify substrates of

kinases and small-molecule interactors and detect protein–protein interactions and

also to track autoantibodies (Zhu et al. 2001; Zhu and Snyder 2001; Liotta

et al. 2003). Protein microarrays provide the best tool to identify circulating cancer

autoantibodies with high sensitivity and specificity in order to get the highest

coverage of cancer patients. Recombinant proteins printed in the microarray are
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known beforehand, which facilitates their identification (Zhu and Snyder 2001).

Proteins are expressed and purified before being printed at similar concentrations

on the chip (Zhu et al. 2001), which increases the chance to discover circulating

autoantibodies directed to low-abundant proteins (Babel et al. 2009; Barderas

et al. 2010; Casal and Barderas 2010).

There are protein microarrays printed with proteins expressed in insect cells,

which contain posttranslational modifications (PTMs) similar to those found in

mammalian cells (Hudson et al. 2007; Babel et al. 2009). Commercially available

protein arrays containing 9,500 human recombinant proteins expressed in Sf9 insect
cells (ProtoArrayTM, Invitrogen) have been used to identify TAAs in different

cancer types (Hudson et al. 2007; Babel et al. 2009; Orenes-Pinero et al. 2010).

However, in some cases, protein arrays express only fragments of many proteins,

which change their conformation and folding and affect antibody recognition.

Other alternatives consist of microarrays printed with the hEx1 human cDNA

library, containing about 10,000 unique human proteins expressed in bacteria

(Bussow et al. 1998, 2000). However, proteins expressed in bacteria lack most of

the PTMs.

Importantly, a protein microarray technology is still being developed, and

improvements are reported annually (Zhu and Snyder 2001; Liotta et al. 2003;

Ramachandran et al. 2004; Chatterjee et al. 2006; Kung and Snyder 2006; Oishi

et al. 2006; Hudson et al. 2007; Ran et al. 2008; Babel et al. 2009; Orenes-Pinero

et al. 2010; Babel et al. 2011; Pedersen et al. 2011; Takulapalli et al. 2012; Festa

et al. 2013). From the first commercially available human protein microarray

consisting of 5,000 proteins in 2006, the number of proteins contained in the

microarrays has grown up to 9,500 human full-length recombinant proteins in

only one chip. Considering the advances performed in DNA microarrays, where

microarrays covering the whole genome are available (Kronick 2004), we expect

that the features in protein microarrays will keep growing up in the next years.

Additionally, there is an alternative called NAPPA, where cDNAs codifying for the

different proteins are printed on the surface of the chips and translated into proteins

with rabbit reticulocyte lysates or a mammalian cancer cell milieu (Festa

et al. 2013). Still, NAPPA technology has not been widely used, and its value

remains to be demonstrated at a large scale in multiple laboratories.

Natural Protein Microarrays

In this case, protein extracts isolated from cancer cell lines are fractionated by

liquid chromatography before being printed in the microarray slides (Qiu

et al. 2004). The main advantage of this approach consists of the preservation of

naturally occurring PTMs and other alterations observed in cancer proteins, which

include alternative splicing, chimeras, or aberrant glycosylated proteins. This

facilitates the display of relevant critical epitopes of the cancer patient’s autoanti-

bodies. Even though natural protein microarrays present advantages, the spots

identified are complex mixtures of proteins, which complicate the actual
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identification of the target protein by mass spectrometry (Qiu et al. 2004). This

technology only has been applied few times for the identification of cancer auto-

antibodies, including colon cancer (Nam et al. 2003; Qiu et al. 2004).

Glycopeptide Microarrays

This approach relies on the fact that malignant transformation of cells is accompa-

nied by alterations in O-glycosylations able to induce a humoral immune response

in cancer patients (Wandall et al. 2010). Glycopeptide microarrays are printed with

peptides and O-glycosylated recombinant fragments purified by HPLC, which are

obtained in vitro using recombinant ppGalNAc-transferases, Drosophila Core-1

b3GalT, human Core3 b3GnT6, and human ST6GalNAc-I (Wandall et al. 2010;

Pedersen et al. 2011). These microarrays have been used to characterize humoral

immune responses directed against aberrant glycosylated epitopes in colorectal

cancer (Wandall et al. 2010).

Application of Circulating Autoantibodies to Colon Cancer
Diagnostic Biomarker Discovery

SEREX and Phage Microarrays

The first report describing autoantibodies in CRC was published in 1998 by Old’s

group using SEREX (Scanlan et al. 1998). The authors identified 48 antigens,

representing a broad spectrum of cellular components, with 31 clones as products

of known genes and 17 representing novel gene products. The authors identified six

clones that reacted exclusively with sera from colon cancer patients, with a fre-

quency of recognition between 10 % and 27 %, indicating the great heterogeneity in

the humoral immune response. Twenty out of 29 serum samples from colon cancer

patients detected 1 or more of these clones.

The same group published 4 years later another SEREX study. Thirteen out of

77 antigens tested – p53, MAGEA3, SSX2, NY-ESO-1, HDAC5, MBD2, TRIP4,

NYCO-45, KNSL6, HIP1R, Seb4D, KIAA1416, and LMNA – were serologically

reactive with sera from CRC patients (Scanlan et al. 2002). In this study, 34 out of

74 colon cancer patients (46 %) were detected to have 1 or more of these 13 anti-

gens. Several phage-displayed cDNA clones recognized in CRC patients showed no

homology to sequences deposited in databases. This fact is a common problem of

SEREX, which is observed in most of the published reports. The displayed peptide

could mimic a conformational epitope or there could be other reasons (see above).

Line and coworkers identified eight different serum-reactive cDNA clones with

three potential targets C21ORF2, EPRS, and NAP1L1 not recognized by the sera of

healthy individuals, but with frequencies of recognition between 4 and 17 % for the

sera of CRC patients (Line et al. 2002). Ishikawa et al., also by SEREX, performed

a screening of colon cancer cell lines with microsatellite instability (MSI) using the
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serum from a patient with MSI. The authors found 64 genes immunoreactive in

colon cancer, with one of the identified antigens (CDX2) carrying a frameshift

mutation in the repetitive G sequences (microsatellite) of its coding region, indi-

cating that the immune response was also raised against TAAs generated by MSI

(Ishikawa et al. 2003). Interestingly, the authors found galectin-4 among the

immunoreactive clones as previously described (Scanlan et al. 1998). The fre-

quency of recognition of this protein was low and not colon cancer specific, since

it was also observed in renal, pancreatic, and esophageal cancer patient’s sera and in

8 out of 38 healthy individuals (Ishikawa et al. 2003). Also by SEREX, it was found

that HDAC3 autoantibodies were increased in CRC patients in comparison to

controls. The authors found that the C-terminal region of HDAC3, with no homol-

ogy to HDAC1 and HDAC2, contained the B-cell epitopes recognized by circulat-

ing autoantibodies (Shebzukhov et al. 2005).

In 2008, Ran et al. found six phages by SEREX technology able to classify CRC

patients from healthy controls (Ran et al. 2008), with two of them showing partial

homology to LGR6 and C6orf192 and the other four without obvious homology to

any protein. Song et al. in 2011 identified BCP-20 (FBXO39) as a potential

autoantigen, but with a prevalence of only 6 % in colon cancer patients (Song

et al. 2011). Another study performed that year with a 12-mer random peptide

library displayed in phages permitted the identification of a peptide motif

(LYSNTL) with homology to ARD1A (Jiang et al. 2010). The authors found that

the full-length recombinant protein elicited autoantibodies only in 14.7 % of CRC

patients and 2 % of healthy controls (Jiang et al. 2010). Overexpression of ARD1A

in CRC tumors was associated to poor prognosis for disease-free survival and

shorter overall survival (Jiang et al. 2010). Chang et al. identified a five-phage

classifier able to discriminate between CRC patients and controls. Phages were

homologous to the uncharacterized protein hcg2038983, to TAS2R39, and to a

peptide of the C-terminal constant region of the heavy chain of human IgG, which

seems quite unusual, with two phages displaying peptides with no homology to any

known protein (Chang et al. 2011). In 2011, Babel et al. by combining phage

display and protein microarrays identified 43 phages showing higher immunoreac-

tivity with CRC sera than control sera (Babel et al. 2011). Six phages displayed

peptides with some homology to STK4/MST1, SULF1, NHSL1, SREBF2, GRN,

and GTF2i amino acid sequences. Interestingly, the replacement of two phages for

their corresponding recombinant proteins (STK4/MST1, SULF1) significantly

improved the diagnostic ability of the predictor panel from an AUC of 0.78 % to

0.86 % and sensitivity from 72 % to 82.6 % while maintaining the specificity higher

than 70 % (Babel et al. 2011).

SERPA and Natural Protein Microarrays

Hanash laboratory applied natural protein arrays printed with LoVo cells to the

study of the humoral response in colon cancer (Nam et al. 2003). They identified the

ubiquitin C-terminal hydrolase L3 (UCH-L3) as a protein target of autoantibodies
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in 19 out of 43 CRC patients’ sera, without reactivity in lung cancer patients or

healthy individuals’ sera (Nam et al. 2003). The authors verified the reactivity of the

UCH-L3 protein by immunostaining of 2D gels run with LoVo cell extracts. In 2007,

SERPA was used on HCT116 colon cancer cell line. The authors only found HSP60

as a target, with increased autoantibody levels in 13 out of 25 CRC patients in

comparison to 1 out of 15 healthy controls for a 52 % sensitivity and 93.3 %

specificity (He et al. 2007). SERPA as well as natural protein microarrays presents

the same disadvantage: the immunoreactive proteins need to be identified a posteriori

by LC–MS. This is complicated by the complexity of the samples, due to the presence

of several proteins in the 2D spots. This fact probably explains the low number of

reports identifying immunoreactive proteins by these two approaches.

ELISA Approaches

The first report using ELISA plates coated with TAAs to identify colon cancer

autoantibodies was published in 2005. The authors used Fas as a target of autoan-

tibodies based on previous observations claiming that apoptosis and the expression

of this receptor were altered during carcinogenesis in the human colon. Anti-Fas

titers were significantly higher in patients with colorectal adenomas than in healthy

controls and even higher in patients with adenocarcinomas (Reipert et al. 2005).

Moreover, autoantibodies to Fas/CD95 showed also some specificity for early CRC

detection using sera from 38 healthy controls, 38 patients with colorectal adenomas,

and 21 patients with colorectal adenocarcinoma in an ELISA-based array (Reipert

et al. 2005).

Kocer et al. found autoantibodies directed to MUC5AC in 45 % of polyp

patients, 60 % of CRC patients, and 27.3 % of healthy individuals (Kocer

et al. 2006). MUC5AC is a secreted mucin aberrantly expressed in colorectal polyps

and carcinomas. In 2007, Chen et al. investigated the humoral immune response of

Calnuc by ELISA (Chen et al. 2007). They found autoantibodies against Calnuc in

11.5 % of CRC patients’ sera and only in 1.2 % of control sera (Chen et al. 2007).

After testing Calnuc in combination with other previously described TAAs, c-myc,

p53, G2/mitotic-specific cyclin-B1 (CCNB1), and G1/S-specific cyclin-D1

(CCND1), the ability to diagnose CRC increased up to 65.4 % sensitivity and

93.9 % specificity (Chen et al. 2007). In 2009, Liu et al. tested by ELISA five

TAAs previously identified in other cancers with 46 CRC patients’ sera and

58 healthy individual sera (Liu et al. 2009). Imp1, p62, Koc, p53, and c-myc, tested

by ELISA, were permitted to discriminate CRC patients from controls with a

sensitivity of 60.9 % and a specificity of 89.7 % (Liu et al. 2009). In 2011, two

other different reports identified a humoral immune response against two proteins

overexpressed in CRC tissue in comparison to normal mucosa – RPH3AL and

SEC61β (Chen et al. 2011; Fan et al. 2011). Recently, Liu et al. in 2013 found

autoantibodies against the IGF2 mRNA-binding protein (IMP2/p62) by ELISA in

23.4 % of CRC patients’ sera in comparison to 4.8 % of patients’ sera having

colonic adenomas and 2.9 % of healthy individuals (Liu et al. 2013).
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Protein and Glycopeptide Microarrays

Regarding protein microarrays, Babel et al. used a commercial ProtoArray v4.0

containing 8,000 human recombinant proteins with sera of metastatic CRC patients

and controls (Babel et al. 2009). The authors found 43 protein targets of autoanti-

bodies composing a diagnostic protein signature (Babel et al. 2009). Six TAAs

(PIM1, MAPKAPK3, STK4, SRC, FGFR4, and ACVR2B) were validated with a

different cohort of CRC sera. An AUC of 0.85 %with a specificity and sensitivity of

73.9 % and 83.3 %, respectively, was obtained with the combination of only two

markers – ACVR2B and MAPKAPK3 (Babel et al. 2009). In addition, the same

authors reanalyzed these recombinant TAAs (Babel et al. 2009) together with six

validated phages displaying CRC-specific peptide TAAs (Babel et al. 2011) using a

different set of 96 sera. Remarkably, a CRC predictor panel composed of three

phages displaying peptides with homology to GRN, NHSL1, and SREBF2 and four

full-length recombinant TAAs – PIM1, MAPKAPK3, FGFR4, and ACVR2B –

correctly predicted the presence of cancer with a highly improved accuracy show-

ing an AUC of 94 % for a sensitivity and specificity of 89.1 % and 90.0 %,

respectively (Barderas et al. 2012). Later, Casal’s group tested a variant version

of the commercial ProtoArray v4.1 protein microarrays with a different nitrocellu-

lose surface than ProtoArray v4.0, but containing the same number of human

recombinant proteins (Barderas et al. 2013). After identifying 24 novel TAAs, the

authors validated 3 TAAs (EDIL3, GTF2B, and HCK) with a different cohort of

sera that correctly discriminate 50 CRC samples from 49 healthy individuals in

combination with p53 for an AUC of 0.75 % and sensitivity and specificity of 82 %

and 56 %, respectively (Barderas et al. 2013). In 2010, Kijanka et al. used high-

density protein microarrays printed with the hEx1 human cDNA library with

43 CRC patient sera and 40 control sera. The authors identified a protein signature

of 18 antigens associated to cancer and 4 to the absence of cancer, including p53,

HMGB1, TRIM28, TCF3, LASS5, and ZNF346 (Kijanka et al. 2010), which was

not further validated by other immunological approaches.

Interestingly, our group also proved that some TAAs can be used as potential

therapeutic targets. In particular, blocking of FGFR4 with different small-molecule

inhibitors and specific antibodies resulted in a significant reduction of tumor growth

(Pelaez-Garcia et al. 2013). The silencing of this receptor in colon cancer cells

reverted the epithelial to mesenchymal transition (EMT), producing a decrease in

the tumorigenic properties of colon cancer cells (Pelaez-Garcia et al. 2013).

A glycopeptide array approach was also tested in 2011 for identifying aberrant

glycopeptides as targets of an immune response in CRC patients (Pedersen

et al. 2011). This approach allowed for the identification of a set of aberrant

glycopeptides derived from MUC1 and MUC4 (Pedersen et al. 2011). The authors

validated the immunogenicity of these glycopeptides using monoclonal antibodies

and provided evidence of the expression of these aberrant glycosylated proteins in

colon cancer cell lines (Pedersen et al. 2011). In addition, the same group also

reported that MUC1-STn and MUC1-Core3 circulating IgG autoantibodies were

able to discriminate CRC cases from controls with 8.2 % and 13.4 % sensitivity,
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respectively, at 95 % specificity in a cohort of 97 postmenopausal women with

colorectal cancer and 97 postmenopausal women without any history of cancer

(Pedersen et al. 2014).

Shortfalls and Limitations of Autoantibody Research

Interestingly, the use of protein microarrays provides the best results in terms of

specificity, sensitivity, and predictive value of the identified TAAs for the discrim-

ination of CRC patients and controls (Table 1). However, the poor matching

between the identified TAAs by using different approaches, except for STK4 and

MAPKAPK3, with galectin-4, p53, c-myc, p62, Koc, and Imp1 as cancer TAAs but

nonspecific for CRC is worrisome. This poor coincidence is probably a conse-

quence of multiple variables including the different sensitivities of the techniques

and platforms, different repertoires of proteins printed in the microarrays, different

expression systems for protein production, different tags fused to the proteins, or

different PTMs in the proteins printed in microarrays with respect to the cancer

forms.

Another problem is the absence of validation assays in many TAA discovery

reports. Although an important number of autoantibodies have been identified in

colon cancer patients, some reports used a small number of sera and nonmatching

samples between CRC patient sera and control sera with regard to sex and age, and

there is an absence of validation data using different sera cohorts. In this sense, only

autoantibodies to MST1/STK4 and p53 have been reported in at least three different

studies using different cohorts of serum samples (Table 1; Soussi 2000; Babel

et al. 2009, 2011; Barderas et al. 2012), with p53 autoantibody frequency ranging

between 20 % and 40 % in all cancer patients (Soussi 2000).

Early Responses

Early detection is critical in cancer diagnostics. Although different reports have

claimed the utility of this approach for the early diagnosis of CRC (Barderas

et al. 2010), few reports have tested autoantibody panels for early diagnosis. A

predictor panel composed of a panel of 7 CRC-specific TAAs achieved an AUC of

90 % and a sensitivity of 88.2 % and specificity of 82.6 % for early stages (Duke’s

stage A and B) (Barderas et al. 2012). It has also been reported that humoral

responses to p53 can appear in normal-risk individuals between 1.0 and 3.8 years

before clinical diagnosis of CRC (Pedersen et al. 2013).

However, little is known about the exact moment when autoantibodies appear,

their kinetics, and their evolution according to the progression of the disease. The

answer to these questions is almost impossible to be performed using human

samples due to the enormous difficulties to get preclinical samples. Even more,

when the lesions are removed and the patient treated, the evolution of the autoan-

tibodies cannot be monitored. In this sense, by using colon cancer murine models
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based on the use of azoxymethane/dextran sodium sulfate, our group recently

demonstrated that (i) the autoantibodies were produced very early in the disease,

even before the tumoral lesions might be detected by other techniques (histology),

(ii) the autoantibody levels increased according to the progression of the disease,

and (iii) the presence of autoantibodies was always associated to the presence of

malignant lesions, since autoantibodies were not observed in those animals

presenting nonmalignant lesions (Fig. 3; Barderas et al. 2013). A subset of human

CRC TAAs, HCK, MST1/STK4, EDIL3, GTF2B, SRC, NY-ESO-1, MAPKAPK3,

and p53 – identified through protein microarray or SEREX approaches (Soussi

2000; Scanlan et al. 2002; Babel et al. 2009, 2011; Barderas et al. 2013) – was tested

using sera from these CRC murine models, which develop a cancer humoral

response similar to that observed in human CRC patients (Barderas et al. 2013).

This subset of human TAAs was able to discriminate mice carrying malignant

lesions from controls (Barderas et al. 2013), showing a great potential to be

included in CRC diagnostic tests. Indeed, we demonstrated the exquisite sensitivity

of the humoral immune response to colon cancer for preclinical cancer diagnosis.

Moreover, as autoantibody levels increase according to the progression of the

disease, it might open its application to detect recurrences.

Optimization of a Diagnostic Test Based on Circulating
Autoantibodies

Despite promising results, very few commercial kits using this technology have

reached the market (Lam et al. 2011). Circulating autoantibodies need to be

validated in a clinical context using independent and large patient’s cohorts to

verify their usefulness in terms of reproducibility, detection limit, and predictive

value. Biomarker development consists of several phases including preclinical

studies, clinical assay development and optimization, retrospective studies of stored

specimens, prospective screening studies, and multicentered randomized clinical

trials (Pepe et al. 2001). In addition, as mentioned above, other sources of optimi-

zation to improve the diagnostic ability of an autoantibody panel would include

(i) the expression system to produce the TAA, (ii) the platform used for testing, and

(iii) the number of TAAs to be included in the diagnostic test (Fig. 4).

Optimization of the TAA Expression and Purification

Peptides and proteins produced for the validation of the candidate biomarkers

represent an important source of variability. Validation of the TAAs should be

performed with purified proteins of the highest purity and quality, containing PTMs

similar to the actual tumor target (Casal and Barderas 2010). Impurities, particu-

larly after expression in Escherichia coli, might result in false-positive detection of

cancer-specific autoantibodies due to the presence of bacteria in the intestinal

microbiota. However, minor contaminants from insect cells have also been reported

26 Colorectal Cancer Circulating Biomarkers 589
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Fig. 3 Murine models mimic the humoral immune response observed in human CRC
patients. (a) The protocol used to obtain chemically induced colitis-associated CRC in mice is

outlined. AOM was injected intraperitoneally at a concentration of 10 mg/kg and DSS (2.5 %)

supplied in drinking water. (b) Hematoxylin and eosin staining of distal colon tissue at the end of

the protocol (day 63). Images are shown at 200� magnification. (c) Murine autoantibody levels to

CRC-specific TAAs – p53 and MST1/STK4 – at day 21 and day 63 can be observed since day

21 and prior to the detection of neoplastic colon lesions by histological staining. (d) Autoantibody
levels to p53 of four out of nine randomly selected AOM-/DSS-treated mice together with two out

of nine vehicle-treated mice at indicated times to follow their levels according to the progression of

the disease (Adapted from Barderas et al. 2013)

Identification of
Potential  CRC TAAs as
Diagnostic Biomarkers

Training Set
Analysis of the Humoral Immune 

Response of CRC Patients  in comparison
to Control Sera

Mandatory:
• Age and Sex Matched Samples

TAA Validation with an 
Independent Cohort of Sera

Mandatory:
• Three  Groups of Sera With the

Same Number of Samples
1. CRC Patients

2. Healthy Individuals
3. Other Controls (Cancers,

Gastrointestinal  and Autoimmune
Diseases …)

• Age and Sex Matched Samples

Prognosis, Recurrence and 
Therapy Monitoring Analysis

Mandatory:
• Post-Clinical CRC Patients Serum

Samples
• 5-year Survival and Recurrence

Clinical Data

Optimization of the TAA Panel

Mandatory:
• Optimization of Protein Expression
and Purification (Expression System,
Different Tags, Peptide Displayed in
Phages vs Full-Length Recombinant

Protein …)
• Correlation Analysis for Redundancy

• Multiplexing Redundant TAAs is 
Recommended

Identification of the Prognostic,
Recurrence and Therapy

Monitoring CRC TAA Panel

Identification of the Best
TAA Diagnostic Panel

Mandatory:
• Selection and Optimization of the 

Optimal Platform for the CRC 
Diagnostic Test

(Multiplexed ELISA, Magnetic Beads, 
Low-density Protein array …)

Fig. 4 Road map to identify and develop CRC diagnostic and prognostic tests. Steps

considered as needed or mandatory are highlighted
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to be reactive to immunoglobulins from cancer patients, which might affect the

detection of cancer-specific autoantibodies (Schmetzer et al. 2005). The presence of

different tags (GST, MBP, or 6xHis) fused to the selected TAAs in the N- or

C-terminal end of the protein should also be tested since it could affect the binding

of the autoantibodies to the protein. Moreover, optimization should include pro-

ducing each antigen in E. coli, insect, and mammalian cells for testing autoantibody

recognition. However, no comparative studies have been yet performed.

Optimization of the Platform for TAA Testing

The choice of the platform and/or the solid support used to probe the protein can

also affect the final result. It has been recently published that autoantigens perform

differently if the protein is coated (ELISA), immobilized on membranes (WB or

protein microarrays), or highly unfolded as is the case for the hEx1 proteins

(Murphy et al. 2012a). As each cancer patient can develop a different immune

response to protein regions presented as discontinuous, conformational, or linear

epitopes, diagnostic tests should contain multiple TAAs for a full coverage of

cancer patients (Lam et al. 2011; Murphy et al. 2012a). The use of multiplexed

immunoassays (magnetic beads or multiplexed ELISA) (Ling et al. 2007) or

low-density protein microarrays (Liu et al. 2009) could be useful for the develop-

ment of diagnostic tests.

Identification of the Minimum Number of TAAs to Be Included
in a CRC Predictor Panel: Correlation Analyses

In order to overcome the heterogeneous response among patients, combinations of

biomarkers are needed. Disease heterogeneity implies the use of biomarker panels.

To avoid the overlap in reactivity with sera and to select the minimum number of

TAAs for CRC diagnosis, it is convenient to calculate the redundancy of the

markers and discern whether the information provided by each TAA is redundant

or not, with the rest of TAAs to correctly classify patients and controls. Low

correlation values indicate that reactivity between markers does not show associ-

ation and they classify different subsets of CRC patients, whereas high correlation

indicates that they are recognized by the same set of patients (Barderas et al. 2012).

Globally, the final autoantibody panel would benefit if we find a combined classifier

with their TAAs showing the lowest correlation to cover the largest number of

different CRC patients (Barderas et al. 2012). On the other hand, we could test

together those combinations of TAAs identifying the same groups of patients to

simplify the diagnostic test (Barderas et al. 2012).

To identify redundancy, CRC-specific TAAs were tested with the same collec-

tion of sera, the ELISA values were plotted, and Pearson and Spearman correlation

coefficients were performed for all combinations of TAAs (Barderas et al. 2012).

An example of this correlation analysis was done for a panel of TAAs identified by
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protein and phage display protein microarray using 90 sera from CRC patient and

healthy individual sera (Table 2; Babel et al. 2009, 2011; Barderas et al. 2012).

Here, biomarker candidates discovered through the same platform showed corre-

lation values higher than 0.4, indicating the necessity to combine TAAs with low

correlation in the diagnostic TAA panel (Barderas et al. 2012). In summary,

optimization steps are required for specificity and sensitivity improvements to get

a reliable CRC diagnostic test (Fig. 4).

Potential Applications to Prognosis, Other Diseases, or
Conditions

Prognostic markers indicate a survival outcome of patients. Although multiple

reports have claimed that autoantibodies are useful not only for diagnosis but also

for prognosis, survival, and recurrence, there are almost no reports showing corre-

lation of circulating autoantibodies and prognosis of colorectal cancer. Babel

et al. showed a protein signature able to differentiate between CRC patients

suffering metastasis to liver and metastasis to lung (Babel et al. 2009). In addition,

we also found, based on results with 96 colorectal cancer serum samples, that

higher levels of circulating autoantibodies to MST1/STK4 were associated to a

better prognosis (personal observations). In two other studies, sera from 55 patients

with colon adenocarcinoma, 26 patients with benign surgical diseases, and

40 healthy individuals by ELISA were examined for autoantibodies to dsDNA

and tropomyosin and its association to prognosis (Syrigos et al. 1999, 2000). The

authors found that the presence of autoantibodies to both proteins was associated to

a better outcome of the disease. Finally, in another recent study, an association of

Table 2 Correlation study for CRC-specific TAAs identified through high-density protein
microarray approaches. Correlation values were calculated for all pairs of TAAs identified

through protein microarrays (Babel et al. 2009; Barderas et al. 2013) or phage microarrays (Babel

et al. 2011). Markers showing redundancy are depicted in green, indicating that they should be

tested together. In yellow, markers that show low levels of redundancy, indicating that those

markers perform better if they are tested individually

Protein Array 
(ProtoArray 4.1)

Phage Microarrays Protein Array (ProtoArray 4.0)

EDIL3 GTF2b HCK p53 GRN GTF2i NHSL1 SREBF2 FGFR4 MAPKAPK3 PIM1 SRC MST1/STK4
EDIL3

GTF2b

HCK

p53

GRN

GTF2i

NHSL1

SREBF2

FGFR4

MAPKAPK3

PIM1

SRC

MST1/STK4

1 0.52 0.55 0.01 0.02 0.01 0.02 0.03 0.23 0.06 0.14 0.08 0.27

1 0.85 0.01 0 0.01 0 0 0.24 0.13 0.27 0.36 0.2

1 0.01 0 0.02 0.01 0.01 0.31 0.13 0.21 0.32 0.27

1 0 0.01 0 0 0.06 0.19 0.15 0.05 0.07

1 0.64 0.88 0.86 0.05 0.07 0.01 0.01 0.03

1 0.67 0.65 0.02 0.02 0.02 0 0.03

1 0.83 0.04 0.05 0.02 0.01 0.04

1 0.06 0.08 0.02 0.01 0.04

1 0.38 0.34 0.44 0.16

1 0.5 0.64 0.08

1 0.42 0.12

1 0.1

1
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high levels of autoantibodies to the aberrant glycopeptide MUC4TR5 with a risk of

death in CRC patients has been observed (Pedersen et al. 2013).

In any case, circulating autoantibodies have shown a strong prognostic power in

other types of cancer. Using 120 cancer samples from benign ductal carcinoma in

situ or invasive breast cancer, a signature of 5 TAAs (RBP-J kappa, HMGN1,

PSRC, CIRBP, and ECHDC1) was able to discriminate patients with an AUC =
0.794. Higher autoantibody titers of RBP-J kappa were found in patients with a

higher histotype grade and higher recurrence-free survival for those patients who

were positive for the five-antibody signature (Mange et al. 2012). Similar results

were found in pancreatic cancer (Bracci et al. 2012) and glioblastoma multiforme

(Pallasch et al. 2005), where survival rates were higher in patients with higher

levels of autoantibodies to CTDSP1 and NR2E3 and GLEA2 and PHF3

autoantigens, respectively. Finally, in prostate cancer patients, higher levels of

autoantibodies to TARDBP, TLN1, PARK7, CALD1, and PISP1 were able to

discriminate benign prostate hyperplasia patients from prostate cancer patients

(O’Rourke et al. 2012).

More reports are necessary to clarify this question, since other reports claim that

p53 autoantibodies negatively correlate with the survival of cancer patients (Lubin

et al. 1995; Tang et al. 2001). Then, the correlation to overall patient survival of

autoantibody levels against a specific TAA might depend on its nature and function

in the tumoral tissue.

In addition, circulating biomarkers might be used to monitor the disease and

detect recurrences by quantifying changes in autoantibody levels during treat-

ment. However, there are few reports showing their usefulness to detect recur-

rences. In CRC, a decrease in the immune response to p53 in 78 % of

p53-seropositive patients after surgery has been reported (Ochiai et al. 2012). In

addition, a rapid and durable loss of p53 antibodies has also been observed in

breast cancer after resection of tumors and treatment with neoadjuvant chemo-

therapy (Anderson et al. 2008). In ovarian cancer, Tainsky lab detected recur-

rences at 9.07 months prior to clinical recurrence (Chatterjee et al. 2012). They

demonstrated that 3 out of 56 antigens displayed in phages and printed in

microarrays correctly classified recurrent and nonrecurrent ovarian cancer

patients (Chatterjee et al. 2012).

Perspectives and Concluding Remarks

The detection of CRC circulating autoantibodies holds great promise for CRC

diagnosis. The combination of different TAAs has allowed the obtainment of assays

with very high specificity and sensitivity. Their low invasiveness would facilitate

their inclusion in a routine health check in contrast to other invasive screening

methods, like colonoscopy. Moreover, the use for early clinical diagnosis would

significantly improve the overall survival of CRC patients and save considerable

amounts of money to the National Health Systems. However, there are some

questions that still remain open. The first and most critical, which are the factors
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that induce this autoantibody response to cancer proteins? Second, which is the

actual TAA repertoire generated for each tumor? The dispersion of identified TAAs

among the different technologies and the little reproducibility among laboratories

complicate the definition of clear guidelines for TAA acceptance. In this regard, the

demonstration of a similar response in mouse cancer models supposes a strong

support and provides a good tool for the testing of putative TAAs. Third and finally,

validation is a fundamental issue that still continues to be neglected in many

reports. A final support for the technology will come only from final clinical assays

and application. In this regard, an initial product has been recently commercialized

for lung cancer (Lam et al. 2011).

In addition to diagnostic power, the screening of the autoantibody response of

CRC patients might be useful for prognostic or therapy monitoring purposes, but

further studies are required (Fig. 5). The identification of new therapeutic targets for

intervention is also a main strength of this strategy (Barderas et al. 2010; Dudas

et al. 2010; Pelaez-Garcia et al. 2013).

Summary Points

• Colorectal cancer autoantibodies and their target proteins constitute a very

promising alternative as a diagnostic test for the massive screening of

populations to identify colon cancer-carrier individuals.

• A description of the methodologies used to identify circulating autoantibodies is

given.

• Autoantibodies directed against tumor-associated antigens (TAAs) emerge early

in the disease and follow its progression.

Circulating Autoantibody
Screening

Healthy
Colon

Low  Risk
Adenoma

High  Risk
Adenoma

Colon
Carcinoma

Lymph
Node

Invasion

CRC
Distant

Metastasis

Detection of Early Stage
CRC disease

Personalized therapeutic
regimes and outcome

Survival / Prognosis

Recurrence and therapy monitoring

Medical
Needs

Covered By
Autoantibody

Analysis

CRC
Disease

Progression

Prevention
Levels Tertiary

Reduce negative impact of existent disease. 
Chemotherapy Needed. Low survival odds.

Secondary
Treat disease in early stages. Surgical Resection Recommended.Primary

Reducing disease
incidence.

Fig. 5 Medical needs covered by CRC autoantibodies according to the stage of the disease
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• Multiple reports have described a wide number of TAAs due to the heteroge-

neous response in cancer.

• Colorectal cancer murine models show similar humoral responses to that

observed in humans, allowing its study in a more reproducible way and the

possibility to compare predictive values of different autoantibodies identified

elsewhere.

• Autoantibodies might be effective for identifying recurrence and monitoring

therapy.

• Autoantibodies and their target proteins are useful for identifying potential

therapeutic targets.
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Abstract

Significant advances in chemotherapeutics over the past decade have seen a

doubling in the median survival time of patients with metastatic colorectal

cancer. However, this comes at the cost of toxicity to the patient and financial

burden to the community. Biomarkers to predict disease course and treatment

response are therefore of major importance so as to allow for the judicious

selection of treatment candidates and agents and doses. This review seeks to

summarize the current markers available for the prediction of prognosis and

treatment response in metastatic colorectal cancer.

List of Abbreviations

5-FU 5-fluorouracil

ASCO American Society of Clinical Oncology

BMI Body Mass Index

BSA Body Surface Area

CRP C-Reactive Protein

DACH Diaminocyclohexane

DFS Disease-Free Survival

DNA Deoxyribonucleic Acid

DPD Dihydropyrimidine Dehydrogenase

EGFR Epithelial Growth Factor Receptor

ERCC-1 Excision Repair Cross-Complementing Group 1

GPS Glasgow Prognosis Score

GST Glutathione-S-Transferase

HIF-1α Hypoxia-Inducible Factor 1α
KRAS Kirsten Rat Sarcoma Viral Oncogene

LDH Lactate Dehydrogenase

mAb Monoclonal Antibody

MAPK Mitogen-Activated Protein Kinase

mCRC Metastatic Colorectal Cancer

MMR Mismatch Repair

MSI Microsatellite Instability

MSS Microsatellite Stability

MTHFR Methylenetetrahydrofolate Reductase

NF-κβ Nuclear Factor-κβ
NLR Neutrophil to Lymphocyte Ratio

NRAS Neuroblastoma Ras

OS Overall Survival

PD-ECGF Platelet-Derived Endothelial Cell Growth Factor

PFS Progression-Free Survival

PI3K Phosphatidylinositol-3-kinase

PLR Platelet to Lymphocyte Ratio

RCT Randomized Controlled Trial

RNA Ribonucleic Acid

RR Response Rate
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SNP Single-Nucleotide Polymorphism

STAT3 Signal Transducers and Activators of Transcription 3

TCGA The Cancer Genome Atlas

THBS2 Thrombospondin-2

Topo-1 Topoisomerase-1

TP Thymidine Phosphorylase

TS Thymidylate Synthase

UGT Uridine-Diphosphoglucuronosyl Transferase

VEGF Vascular Endothelial Growth Factor

WT Wild Type

XPD Xeroderma Pigmentosum Complementation Group D

XRCC-1 X-Ray Repair Cross-Complementing Protein 1

Key Facts of Biomarkers in Metastatic Colorectal Cancer

• Colorectal cancer (CRC) is the second most prevalent cancer worldwide and the

third leading cause of cancer-related death.

• CRC is largely a disease of the elderly, with a median age of 69 years at

diagnosis.

• When diagnosed in the early stages, CRC is one of the most curable of cancers.

However, 20–25 % of patients already have metastatic disease at the time of

diagnosis, i.e., cancer that has already spread beyond the bowel, which is

generally incurable. A further 25 % of patients with early-stage disease will

progress to metastatic disease following their surgery.

• Advances in chemotherapy and targeted agents over the past 10 years

have seen a doubling of the median survival of patients with metastatic CRC

(mCRC).

• The significant costs, both financial and in terms of side effects, make appropri-

ate selection of treatment candidates vital.

• The personalization of cancer medicine through the use of biomarkers that

predict disease course or response to therapy is a hallmark of modern medical

oncology.

• Few biomarkers exist that accurately and consistently predict prognosis or

treatment response, so continued research in this area is highly important.

Definitions of Words and Terms

Bevacizumab A monoclonal antibody against VEGF used in the treatment of

metastatic colorectal cancer.

Biomarker Any entity that allows for individualized prediction of disease course

or response to therapy.
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Cetuximab A monoclonal antibody against EGFR used in the treatment of met-

astatic colorectal cancer.

Chemotherapy Chemical agents used in the systemic treatment of cancer.

Colorectal Cancer Cancer of the large bowel or rectum.

Epithelial Growth Factor Receptor (EGFR) A cell surface receptor frequently

overexpressed in epithelial tumors.

Panitumumab A monoclonal antibody against EGFR used in the treatment of

metastatic colorectal cancer.

Predictive Biomarker An entity that describes the impact of a treatment on

outcome.

Prognostic Biomarker A factor relating to outcome that is independent of treatment.

Targeted Aagents/Targeted Antibodies Biological agents against specific

molecular targets in a tumor.

Vascular Endothelial Growth Factor (VEGFR) A cell surface receptor linked to

blood vessel formation in tumors and normal tissues.

Wild Type A gene that is unmutated.

Introduction

Colorectal cancer (CRC) is one of the most common of cancers and one of the

leading causes of cancer mortality worldwide. Yet it is also one of the most

treatable. While 40–50 % of patients develop or present with metastatic disease,

significant advances in chemotherapeutics and targeted agents over the past decade

have seen a doubling in the median overall survival of patients with metastatic CRC

(mCRC) from 10 to more than 20 months. However, these improvements come at a

cost, of a financial nature to government health budgets and of toxicities to the

individual patient. Hence the selection of appropriate drugs and treatment candi-

dates is paramount, especially in this new age of personalized medicine.

Predictive and prognostic biomarkers are vital in facilitating the ongoing per-

sonalization of treatment for mCRC. Predictive biomarkers pertain to the impact of

specific treatments on outcome, described by response rates or survival. Prognostic

biomarkers relate to outcomes that are independent of treatment. There are few

biomarkers in routine clinical use currently for mCRC, including tumor-node-

metastasis staging and histopathological features with their well-established prog-

nostic role. However, these do not provide information of treatment response; to
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date, only KRASmutation status has attained routine clinical use in mCRC, with the

negative impact of KRAS mutations on treatment with epithelial growth factor

receptor (EGFR) inhibitors now well established.

This review summarizes the advances made into the personalization of mCRC

treatment by examining the evidence around existing biomarkers and discusses

potential new markers for the prediction of disease course and treatment response.

Prognostic Biomarkers

Few prognostic markers exist for mCRC. Tumor staging and histopathological

features are well established, but the majority of other entities examined have not

been consistent in their utility between studies (summarized in Table 1).

Inflammation

Inflammation is a cardinal feature of malignancy, contributing to the development

of cancers and playing a key role in cancer progression (Colotta et al. 2009;

Table 1 Prognostic factors in mCRC

Factor Evidence Utility Reference

Patient age

>85 years

Conclusive Negative prognostic factor Field et al. 2008

Obesity Limited Extremely obese patients have

higher risk of local recurrence and

cancer-specific mortality

Dignam et al. 2006

Smoking Inconclusive Heavy smokers have worse outcome McCleary et al. 2010

Exercise Limited Lower risk of recurrence with more

exercise

Meyerhardt et al. 2006

Glasgow

prognosis

score

Limited Abnormal score associated with

worse outcome after surgical

resection and for inoperable CRC

McMillan 2013

Neutrophil/

lymphocyte

ratio

Limited High ratio correlates with worse PFS

and OS in patients undergoing

chemotherapy

Chua et al. 2011

MSI Considerable Positive prognostic factor in

adjuvant setting; negative in

metastatic setting

Popat et al. 2005;

Tran et al. 2011

BRAF
mutations

Considerable Negative prognostic factor Van Cutsem

et al. 2011b; Samowitz

et al. 2005

KRAS
mutations

Insufficient Negative prognostic factor Andreyev et al. 2001

PIK3CA
mutations

Insufficient Negative prognostic marker for

rectal cancer

Sartore-Bianchi

et al. 2009
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Hanahan and Weinberg 2011). In established cancers, inflammatory symptoms

such as fevers, sweats, and weight loss occur commonly, and evidence exists that

a systemic inflammatory response is predictive of worse outcomes in a number of

malignancies, with earlier cancer recurrence and reduced cancer-specific survival

(Clarke et al. 2011; Moore et al. 2010). Inflammation has also been shown to result

in slower clearance of anticancer drugs and worse toxicities (Robertson et al. 2008;

Kacevska et al. 2008).

Both local and systemic inflammations have demonstrated roles in prognosis

(Roxburgh and McMillan 2010, 2012). Systemic inflammation appears to be

mediated by the release of proinflammatory cytokines from the tumor itself, its

supporting vasculature, and/or stroma (Charles et al. 2006). Chronic inflammation

may be involved in the development and progression of cancers through a number

of pathways, such as nuclear factor-κβ (NF-κβ) and signal transducers and activa-

tors of transcription 3 (STAT3) (Aggarwal et al. 2009).

Glasgow Prognosis Score (GPS)
Over the past decade, several markers of the systemic inflammatory response have

been evaluated to determine utility as prognostic or predictive markers in CRC.

These include plasma C-reactive protein (CRP), hypoalbuminemia, and the Glas-

gow prognosis score (GPS), comprising a three-point score based on CRP and

serum albumin concentrations (McMillan 2013). The prognostic value of an abnor-

mal baseline GPS in mCRC has been demonstrated, with utility in predicting

survival in patients undergoing chemotherapy, as well as grade 2/3 toxicity from

capecitabine chemotherapy.

Neutrophil to Lymphocyte Ratio (NLR)
Components of the full blood count have been evaluated as biomarkers, including

white cell count, the platelet to lymphocyte ratio (PLR), and the neutrophil to

lymphocyte ratio (NLR). An elevated pretreatment white cell count and NLR

were independent predictors of worse survival in patients receiving chemotherapy

for advanced CRC (Chua et al. 2011). Baseline NLR has been shown to negatively

correlate with progression-free survival (PFS) and overall survival (OS) in patients

undergoing chemotherapy, with normalization of the NLR after one cycle of

chemotherapy reflective of an improvement in survival, versus poor survival if

the NLR remained abnormal (Chua et al. 2011).

Patient-Related Factors

Age
CRC is largely a disease of the elderly, with a median age of 69 years at diagnosis

and an increasing incidence with age. There is, however, little evidence to support

age as either a prognostic or predictive factor in CRC. Most of the information on

the treatment response of the elderly with CRC comes from pooled analyses in the

adjuvant setting, where similar benefits have been demonstrated irrespective of age.
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These findings suggest that age alone is not predictive of treatment response

(Sargent et al. 2001; Goldberg et al. 2006).

Importantly, until recently, only very small numbers of patients aged �80 have

been included in clinical trials, and those that have are a select group with good

performance status and few comorbidities. Very advanced age could, however, be

considered a negative prognostic factor for mCRC, as a recent retrospective study

has demonstrated a large number of deaths occurring without disease recurrence,

from competing causes of mortality (Field et al. 2008). With the growing interest in

onco-geriatrics, two phase III studies targeting elderly patients with mCRC have

been conducted, examining combination chemotherapy. Nonsignificant improve-

ments in PFS were found with the addition of a second agent although reduced

dosing regimens or large proportions of patients requiring dose reductions were a

factor (Seymour et al. 2011b; Mitry et al. 2012).

The perception that elderly patients experience increased toxicities from chemo-

therapy is an important factor in decision-making by clinicians, and a number of

scoring systems to assist in the prediction of toxicity risk have been developed

(Aparicio et al. 2013; Extermann et al. 2012). The impact of age on toxicity has been

examined, with conflicting results. In general, elderly patients experience increased

severe toxicities with 5-fluorouracil (5-FU) (Sargent et al. 2001), but in combination

regimens, severe toxicities occur at similar rates to younger patients, while lower-grade

toxicities are more common (Goldberg et al. 2006; Mitry et al. 2012).

Obesity
While there is overwhelming evidence to support the association between obesity

and the risk of developing CRC, there is conflicting evidence on the prognostic

value of obesity in CRC. Very obese patients (body mass index [BMI] �35 kg/m2)

have demonstrated higher risk of cancer recurrence or death compared to those of

normal weight, with no difference in risk of chemotherapy-related toxicities

(Dignam et al. 2006). However, the reverse has also been found, with neither

BMI nor weight change found to be associated with increased risk of cancer

recurrence or death (Meyerhardt et al. 2008).

This conflicting evidence is perhaps due to the issue of drug dosing, as com-

monly the body surface area (BSA) is capped for obese patients, rather than dosing

on actual body weight, thus leading to the possibility of underdosing in obese

patients. It is well known that BSA is not predictive of drug handling in obese

patients (Chambers et al. 2011). Indeed, nonrandomized evidence from three trials

involving mCRC patients suggested worse outcomes when reduced dosing was

given to obese patients (Chambers et al. 2011). The current recommendations from

the American Society of Clinical Oncology (ASCO) are for full weight-based

dosing of chemotherapy in obese patients with cancer, particularly when treatment

is with curative intent (Griggs et al. 2012).

Lifestyle Factors
The prognostic or predictive value of factors such as diet, exercise, smoking, and

alcohol consumption is not well established in mCRC, despite their role in the
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development of CRC being well known (Martinez 2005). Exercise is important for

CRC patients, with more exercise undertaken leading to a lower risk of disease

recurrence (Meyerhardt et al. 2006). Very heavy smokers have been shown to have

a slightly worse outcome, but smoking in general appears to have negligible impact

on outcome (McCleary et al. 2010). One explanation for the impact of lifestyle

factors on cancer outcome is that a different biology of the tumor is induced,

supported by preliminary data suggesting different genetic mutations caused by

smoking and diabetes (Limsui et al. 2010).

Tumor-Related Factors

Microsatellite Instability
CRC is considered a genetic disease characterized by sequential genetic and

epigenetic alterations marking its histological progression. Microsatellite instability

(MSI) is a signature borne of inactivation of the DNA mismatch repair (MMR)

system, seen in approximately 15 % of CRC tumors either due to epigenetic

silencing of MLH1 or germline mutation in one of the four MMR genes (Vilar

and Gruber 2010). Tumors with high levels of MSI (MSI-H) exhibit a distinct

phenotype, being more commonly right sided, poorly differentiated, mucin-

containing, and occurring most commonly in females. These tumors are more

common in early stage, i.e., stage II, CRC. Yet despite these normally adverse

histological features, MSI-H tumors have a more favorable prognosis and lower

risk of recurrence than MSI-low (MSI-L) or microsatellite-stable (MSS) tumors

(Popat et al. 2005). In the metastatic setting, however, MSI is associated with

poorer survival, driven by its association with BRAF mutation (Tran et al. 2011).

Epithelial Growth Factor Receptor
Overexpression of EGFR is a negative prognostic marker for mCRC, as activation

of the EGFR pathway correlates with an aggressive phenotype, with greater pro-

liferation and angiogenesis and reduced apoptosis. It is also associated with che-

motherapy and radiotherapy resistance (reviewed in Markman et al. (2010)). EGFR

is overexpressed in 50–70 % of CRCs.

KRAS and BRAF Mutations
Mutations in KRAS are the most commonly described in the Ras/Raf/MAPK
pathway in CRC, with between a third to a half of patients with CRC carrying a

KRAS mutation (De Mattos-Arruda et al. 2011). The prognostic significance of

KRAS is unclear, with the large RASCAL2 collaborative trial suggesting that a

mutation in codon 12 (glycine to valine) of the KRAS gene had a significant impact

on survival in patients with Dukes C CRC (Andreyev et al. 2001), although this was

not confirmed in a large adjuvant trial (PETACC-3) (Roth et al. 2012). Several

monotherapy trials of EGFR monoclonal antibodies (mAbs) versus best supportive

care have also failed to show KRAS status to be an important prognostic marker in
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patients receiving best supportive care alone (Karapetis et al. 2008; Amado

et al. 2008).

BRAF codes for a downstream effector of KRAS in the Ras/Raf/MAPK pathway,

with mutations identified in 10–15 % of CRC tumors (De Mattos-Arruda

et al. 2011), the most common being the BRAF V600E mutation which accounts

for 90 % of all BRAFmutations in CRC. BRAF V600E is usually mutually exclusive

of KRAS mutations and is considered to be a poor prognostic marker in CRC with a

more aggressive phenotype (Van Cutsem et al. 2011b; Samowitz et al. 2005), with

evidence from several studies of a significantly higher cancer-specific mortality and

worse OS in patients who are KRAS wild type (WT) with a BRAF V600E mutation,

compared to those who are BRAF V600E WT (Rizzo et al. 2010; Van Cutsem

et al. 2011b).

PIK3CA Mutations
A component of the PI3K/PTEN/AKT pathway, PIK3CA is responsible for pro-

ducing PI3K, the catalytic component of the pathway. Mutations in PIK3CA occur

in around 20 % of CRC tumors with KRAS mutations (Sartore-Bianchi et al. 2009).

Loss-of-function mutations of the tumor suppressor PTEN can also activate the

PI3K/AKT pathway, with PTEN loss occurring in around 20–40 % of CRC tumors

(Laurent-Puig et al. 2009). The presence of PIK3CA mutations has been suggested

to predict poor prognosis for mCRC patients (Sartore-Bianchi et al. 2009), and loss

of PTEN expression has been associated with an aggressive phenotype in CRC

(Sawai et al. 2008).

Vascular Endothelial Growth Factor
Fifty to seventy percent of CRCs express vascular endothelial growth factor (VEGF);

however, its value as a prognostic marker is unclear, with conflicting results having

been found among studies. VEGF tumor expression has been shown to have no

significant prognostic utility (Jubb et al. 2006; Khorana et al. 2003), but it has been

shown to correlate with increased microvessel density and poor prognosis (Manley

et al. 2002). Similarly microvessel density has also shown contradictory results, with

no prognostic value demonstrated in the Jubb study (Jubb et al. 2006). VEGF

expression has been shown to be associated with increased median survival when

expressed in tumor-associated macrophages/stroma (Khorana et al. 2003), giving rise

to the possibility of a link with the causes and consequences of local inflammation.

The VEGF ligands VEGF-A and -D have demonstrated prognostic value through

studies showing that high expression correlates with tumor aggressiveness and

shortened survival times (Kopetz et al. 2010; Moehler et al. 2008).

Predictive Biomarkers

Predictive biomarkers predict response to treatment, either in the form of outcome

or toxicity. Measures used to describe these include response rates and survival.
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Predicting Chemotherapeutic Response and Toxicity

Few biomarkers exist that predict chemotherapy utility or toxicity from therapy.

The majority have generally demonstrated inconsistency of results, often due to

technical issues of assay variability. Table 2 lists the chemotherapeutic agents used

in the treatment of CRC, and Table 3 summarizes factors that have been assessed as

prognostic or predictive of response.

Markers to Predict 5-FU Response and Toxicity
Mismatch repair deficiency is the single predictive marker of chemotherapy

response to demonstrate consistent study results. In addition to having a more

favorable prognosis and lower risk of recurrence, it has been reported that patients

with MSI-H tumors may not benefit from 5-FU-based adjuvant chemotherapy due

to a lack of sensitivity, with only MSS or MSI-L tumors benefitting (Des Guetz

et al. 2009).

5-FU remains a key component in CRC treatment, both in the adjuvant and

palliative settings. Its main mechanism of action is via inhibition of thymidylate

synthase (TS), whose expression may be influenced by genetic variants of the TYMS
gene. A significant inverse association between the number of 28-base pair tandem

repeats in the TYMS promoter region and the severity of toxicity has been found,

although the sensitivity and specificity is low (Schwab et al. 2008). Studies on TS

expression and prognosis in CRC have shown high TS levels to be associated with

Table 2 Agents used in the treatment of mCRC and their biological targets

Agents Target Clinical place

5-fluorouracil/

capecitabine/S1

Inhibition of TS Established, as single agent or combination

regimens

Oxaliplatin Nuclear DNA; intrastrand

adduct formation

Established, in combination with 5-FU and

leucovorin (FOLFOX) or capecitabine

(CAPOX)

Irinotecan Inhibition of topo-1 Established; combined regimen (FOLFIRI)

and single-agent with cetuximab

Cetuximab Chimeric IgG1 mAb

against EGFR

Established in combination with irinotecan

chemotherapy after prior treatment

Panitumumab Fully human IgG2 mAb

against EGFR

Established in combination with irinotecan

chemotherapy after prior treatment

Bevacizumab mAb against VEGF-A Established as first-line treatment in

combination with chemotherapy

Aflibercept VEGF-A, -B, and

placental growth factor

inhibitor

Phase III RCT evidence of efficacy after

previous treatment

Regorafenib Multi-targeted tyrosine

kinase inhibitor against

VEGF

Phase III RCT evidence of efficacy after

previous treatment

Valatinib Oral VEGF inhibitor Phase III RCT evidence of efficacy as first-line

treatment in combination with chemotherapy
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poorer OS (Popat et al. 2004). Three large studies have examined TS expression in

patients receiving 5-FU-based chemotherapy in the adjuvant setting, with no

significant association between TS expression and outcome (Popat et al. 2006;

Soong et al. 2008; Koopman et al. 2009b).

The enzymes dihydropyrimidine dehydrogenase (DPD), thymidine phosphory-

lase (TP), and methylenetetrahydrofolate reductase (MTHFR) have been examined

for their predictive value for 5-FU chemotherapy. DPD is the rate-limiting enzyme

in 5-FU metabolism, resulting in the formation of inactive dihydrofluorouracil that

is eventually converted to fluoro-beta-alanine for hepatic excretion. Low DPD

expression could cause a decrease in 5-FU catabolism and higher intracellular

levels, resulting in increased neutropenia, stomatitis, and death (Wei et al. 1996).

In patients with unexpectedly severe toxicity after 5-FU treatment, reduced DPD

Table 3 Prognostic and predictive factors for chemotherapy in mCRC

Factor Evidence Utility Reference

MSI Considerable Predicts lack of benefit from

5-FU

Des Guetz et al. 2009

TS polymorphisms Insufficient Predicts toxicity from 5-FU Popat et al. 2006;

Soong et al. 2008;

Koopman

et al. 2009b

DPD expression Inconsistent Low DPD predicts for greater

5-FU toxicity

Vallbohmer

et al. 2007; Koopman

et al. 2009c

TP expression Conflicting Evidence of both better and

worse outcome and response

to 5-FU

Soong et al. 2008;

Meropol et al. 2006

MTHFR

polymorphisms

Inconsistent Potential predictive marker for

5-FU

Gusella et al. 2009;

Ruzzo et al. 2007

ERCC-1 variant

expression

Insufficient Predictive of improved OS

with TT or CT genotypes with

oxaliplatin

Viguier et al. 2005;

Moreno et al. 2006

XPD variant

expression

Inconsistent Improved RR, PFS, or OS with

platinum drugs

LeMorvan et al. 2007

GSTP1 variant

expression

Inconsistent Prediction of oxaliplatin

response

Stoehlmacher

et al. 2002

GSTP1 variant Conflicting Prediction of oxaliplatin

neurotoxicity

Lecomte et al. 2006;

Ruzzo et al. 2007

Topo-1 Inconsistent Low expression potentially

negative predictor of

irinotecan or oxaliplatin

response

Braun et al. 2008;

Koopman et al. 2009a

UGT1A1*28 allele Insufficient Increased irinotecan-induced

toxicity and perhaps improved

response

Iyer et al. 2002;

Hoskins et al. 2007

UGT locus Insufficient Potentially predictive of

irinotecan-induced toxicity

Innocenti et al. 2004;

Cecchin et al. 2009
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activity was seen in the peripheral mononuclear cells of at least 55 % of

patients (van Kuilenburg et al. 2000). However, results have not been consistent.

While low DPD levels have been associated with longer disease-free survival

(DFS) or OS with fluoropyrimidine use in the metastatic setting (Vallbohmer

et al. 2007; Koopman et al. 2009c), the reverse has also been found (Meropol

et al. 2006).

TP is involved in the conversion of 5-FU to its active metabolite FdUMP and it is

postulated that high levels result in better outcomes and responses. However, high

TP levels may also confer a poorer outcome, given that TP is also known as platelet-

derived endothelial cell growth factor (PD-ECGF), which has been associated with

angiogenesis (Matsumura et al. 1998) and positively correlates with microvessel

density (Matsuura et al. 1999). Not surprisingly, conflicting evidence exists regard-

ing the utility of TP as a prognostic or predictive marker (Soong et al. 2008;

Koopman et al. 2009b; Meropol et al. 2006).

MTHFR is the main enzyme involved in the conversion of 5,10-

methylenetetrahydrofolate, as complex crucial in the activity of 5-FU; MTHFR
polymorphisms responsible for 5,10-methylenetetrahydrofolate could therefore

play an important role in the cytotoxicity of 5-FU. While numerous studies have

examined this issue, the results have been inconsistent (Gusella et al. 2009; Chua

et al. 2009; Capitain et al. 2008; Ruzzo et al. 2007).

Markers to Predict Oxaliplatin Response and Toxicity
Oxaliplatin (PtCl2(1,2-diaminocyclohexane (DACH)]) exerts its cytotoxic effect

primarily through formation of intrastrand DNA adducts, leading to inhibition of

DNA replication and induction of apoptosis. Genetic variants such as single-

nucleotide polymorphisms (SNPs) in genes involved in any of the DNA repair

pathways may account for differences in individual responses or toxicity to

oxaliplatin chemotherapy, but so far, no consistently useful biomarker has been

found.

The excision repair cross-complementing group 1 (ERCC-1) and xeroderma

pigmentosum complementation group D (XPD or ERCC-2) proteins are involved

in the nuclear excision repair (NER) pathway. ERCC-1 SNPs or protein expression

has failed to demonstrate clinical utility in prediction of outcome from oxaliplatin

regimens in mCRC. The synonymous ERCC1 variant Asn118Asn (C > T,

rs11615) has shown improved RR or survival for mCRC patients with the TT
(homozygous mutant type) or CT genotype when compared to patients with the

CC genotype (homozygous wild type) (Viguier et al. 2005; Moreno et al. 2006),

while other studies have found patients with the T allele to have worse survival or

disease progression (Chua et al. 2009; Ruzzo et al. 2007; Stoehlmacher et al. 2004).

An association between low ERCC1 mRNA and protein expression with improved

survival was seen in several small studies (Shirota et al. 2001; Kim et al. 2009) but

not in two recent large randomized controlled trials (RCTs) (Koopman et al. 2009c;

Braun et al. 2008). Similarly the xeroderma pigmentosum genes have failed to

demonstrate consistency with the ERCC2 missense variant Lys751Gln (rs13181)

having demonstrated an association with improved RR, event-free survival, or PFS
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and OS with platinum drugs in some studies (Park et al. 2001; Le Morvan

et al. 2007) but not in others (Moreno et al. 2006; Braun et al. 2008).

X-ray repair cross-complementing protein 1 (XRCC-1) is involved in DNA

repair via the base-excision repair pathway. XRCC1 polymorphisms have been

investigated but generally not shown any association with outcome or toxicity

(Chua et al. 2009; Ruzzo et al. 2007; Braun et al. 2008, 2009; Stoehlmacher

et al. 2004). Similarly, detrimental effects of the missense variant Gln399Arg

(rs25487) were seen on response rate (RR) in a large case–control study (Suh

et al. 2006) but with improved prognosis for patients treated adjuvantly (Moreno

et al. 2006).

Glutathione-S-transferase (GST) facilitates platinum-DACH binding to gluta-

thione, with this new complex preventing platinum/DNA binding and thus render-

ing the platinum compound inactive (Kweekel et al. 2005). The missense variant

Ile105Val (rs1695) in GSTP1 has been investigated for its utility as a biomarker,

given that it produces a variant GSTP1 protein that has demonstrated decreased

ability to detoxify carcinogens (Kweekel et al. 2005); however, results have been

inconsistent. A statistically significant reduction in the risk of death from advanced

CRC has been shown for patients possessing the Ile105Val variant, with the greatest

benefit being for those homozygous for Ile105Val (Stoehlmacher et al. 2002);

however, subsequent studies failed to show a significant association between the

Ile105Val variant or protein expression and survival or tumor response (Ruzzo

et al. 2007; Braun et al. 2008; Kweekel et al. 2009). The influence ofGSTP1 variant
on oxaliplatin-induced neurotoxicity has similarly been conflicting, with no influ-

ence on (Kweekel et al. 2009), increased (Ruzzo et al. 2007), and decreased

(Lecomte et al. 2006) severe neuropathy all having been associated.

Markers to Predict Irinotecan Response and Toxicity
Irinotecan, a camptothecin analog, is converted to SN-38 in the liver, which inhibits

the topoisomerase-1 (topo-1) enzyme and eventually inhibits DNA replication and

transcription. Topo-1 is overexpressed in>40 % of CRCs (Paradiso et al. 2004), but

its predictive value is inconclusive. Topo-1 was found to be predictive of outcome

in a study of advanced CRC examining sequential versus combination chemother-

apy, with patients with low levels of Topo-1 failing to derive a benefit from

irinotecan or oxaliplatin combinations, while patients with high Topo-1 levels did

better with combination rather than sequential treatment with longer median sur-

vival (Braun et al. 2008). However, validation of these results with the CAIRO

study failed, with no correlation found between Topo-1 levels and OS (Koopman

et al. 2009a).

Uridine-diphosphoglucuronosyl transferase (UGT) is the enzyme responsible for

elimination of SN-38 by glucuronidation. It is encoded by the UGT1A1 gene with

its activity related to the number of TA repeats in the promoter region of each allele.

Patients homozygous for the UGT1A1*28 allele have been shown to have increased
SN-38 concentrations due to decreased enzyme levels (Iyer et al. 1998), so the

relationship between UGT1A1*28 and irinotecan-induced toxicities has been inves-
tigated with inconsistent results. Patients with UGT1A1*28/*28 genotype have
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demonstrated increased hematological toxicity requiring lower irinotecan starting

doses, together with perhaps improved responses (Iyer et al. 2002; Liu et al. 2008;

Hoskins et al. 2007); increased risk of grades 3–4 diarrhea has also been associated

with the UGT1A1*28 allele (Iyer et al. 2002; Ando et al. 2000). However, in the

larger adjuvant PETACC3 and metastatic FOCUS studies, UGT1A1*28 polymor-

phisms showed only weak or no association with toxicity (Roth et al. 2008; Braun

et al. 2009). Similarly, UGT1A1*28 polymorphisms have failed to demonstrate an

association with treatment outcome or survival in mCRC (Liu et al. 2008).

A significant racial association has been shown with the UGT1A1*28 genotype,

being more common in African-Americans than Caucasians, where high-grade

adverse events and RR were significantly higher in Caucasians treated with modern

combination chemotherapy regimens (Sanoff et al. 2009). UGT1A1 is part of a

complex genomic locus (2q37) that encodes a number of uridine-

diphosphoglucuronosyl transferases, and other members of this family have also

shown potential utility in predicting neutropenia (Innocenti et al. 2004), such as

UGT1A7 (Cecchin et al. 2009). This suggests the entire UGT locus may be

important, rather than just a single SNP.

Predicting Response to Targeted Agents

Targeted biological agents can exert a significant impact on a patient’s prognosis,

with the search for predictive biomarkers to aid selection of appropriate recipient

patients the subject of considerable interest. The high costs associated with targeted

agents have made the search for methods to improve their cost-effectiveness

paramount. Most of the focus so far has been on tumor-related factors given the

key influence they exert on response to biological agents. Table 4 summarizes

factors assessed as predictive for targeted therapy benefit.

Predicting Response to EGFR Therapy
Belonging to the human epidermal growth factor receptor family, epithelial growth

factor receptor (EGFR) is a receptor tyrosine kinase frequently overexpressed in

epithelial tumors. Upon the binding of a ligand to the extracellular domain of

EGFR, intracellular signaling is activated along one of several main pathways.

The two major pathways are the RAS/RAF/mitogen-activated protein kinase

(MAPK) pathway and the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) pathway

(Fig. 1).

There are two main routes of targeting EGFR therapeutically: these are the

small-molecule tyrosine kinase inhibitors that target specific activating mutations

in the intracellular domain of the receptor and have demonstrated utility in the

treatment of non-small cell lung cancers and pancreatic cancers with these muta-

tions and the mABs that are directed against the extracellular domain and

overexpression of wild-type EGFR, with their established value in the treatment

of mCRC and head and neck squamous cell carcinoma. In the case of mCRC,
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two antibodies are approved for use: cetuximab, a chimeric IgG1 mAb, and

panitumumab, a fully human IgG2 mAb. These agents interrupt the intracellular

signaling cascade through binding to the extracellular ligand site of EGFR (Fig. 1).

KRAS Mutations
KRAS is an important component of the intracellular RAS/RAF/MAPK pathway

which corresponds to ligand binding to the EGFR. Mutations in KRAS codons

12 and 13 occur in 35–45 % of CRC tumors (De Mattos-Arruda et al. 2011) and

evidence from large clinical trials demonstrates that these mutations predict resis-

tance to anti-EGFR mAbs in mCRC (Van Cutsem et al. 2009; Linardou et al. 2008).

It is therefore mandatory to determine a patient’s KRAS mutational status before

starting therapy with an anti-EGFR mAb, with treatment limited to patients with

wild-type (WT) tumors only. However, 40–60 % of mCRC patients with KRASWT

tumors fail to respond to anti-EGFR therapy (Linardou et al. 2008; Bardelli and

Siena 2010), and those with initially response KRAS WT tumors inevitably acquire

resistance. Hence the reasons for this high proportion of patients who fail to respond

to anti-EGFR therapy need to be elucidated, and other downstream targets need to

be considered as potential therapeutic targets (Weikhardt et al. 2010). There is

emerging evidence to suggest that patients with a KRAS p.G13D mutation may

derive benefit from cetuximab (Mao et al. 2013); this question is the subject of a

current clinical trial (Segalov et al. 2013).

Table 4 Predictive factors for targeted therapies in mCRC

Factor Evidence Utility Reference

KRAS
mutations

Conclusive Negative predictive marker for

EGFR mAbs

Van Cutsem et al. 2009;

Linardou et al. 2008

BRAF
mutations

Insufficient Potential negative predictive

marker for EGFR mAbs

Laurent-Puig et al. 2009

NRAS
mutations

Insufficient Potential negative predictive

marker for EGFR mAbs

De Roock et al. 2010; De

Mattos-Arruda et al. 2011

PTEN Insufficient Loss a potential negative

predictive marker for

cetuximab

De Mattos-Arruda

et al. 2011

PI3KCA
mutations

(exon 20)

Insufficient Potential negative predictive

marker for cetuximab

De Roock et al. 2010

Epiregulin,

amphiregulin

Insufficient High expression may predict

cetuximab response

Tabernero et al. 2010

VEGF-D Insufficient May predict bevacizumab

resistance

Weickhardt et al. 2011

VEGF-A Insufficient Not predictive of bevacizumab

response

Jubb et al. 2006

LDH Insufficient Predictive marker for valatinib

response

Hecht et al. 2011; Van

Cutsem et al. 2011a
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BRAF Mutations
BRAF is the principle downstream effector of KRAS and has been suggested as a

predictive biomarker for cetuximab treatment. An association has been seen

between BRAF V600E mutations and resistance to cetuximab in chemorefractory

mCRC (Laurent-Puig et al. 2009), supported by randomized trial data of a lesser

benefit from cetuximab in patients whose tumors harbored a BRAF V600Emutation

(Bokemeyer et al. 2011; Van Cutsem et al. 2011b). Initial results from the

PICCOLO study examining the value of panitumumab in combination with

irinotecan chemotherapy have demonstrated that patients whose tumors have a

BRAF mutation do not benefit from the addition of panitumumab and may in fact

experience a detrimental effect (Seymour et al. 2011a).

NRAS Mutations
Neuroblastoma Ras gene (NRAS) is mutated in only 3–5 % of CRC tumors, usually

mutually exclusive of KRAS mutation (De Roock et al. 2010; Downward 2003). At

present, there is a paucity of evidence to warrant mutation testing in the clinical

setting (Downward 2003). There is the suggestion of an association of NRAS
mutations with a lower response to cetuximab and panitumumab from retrospective

Fig. 1 EGFR signaling pathway with potential predictive markers. PIP3, phosphatidylinositol

(3,4,5)-triphosphate; PTEN, phosphatase and tensin homolog; SNP, single-nucleotide

polymorphism
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trial analyses (De Roock et al. 2010), and this is supported by emerging data from

the PICCOLO study (Seymour et al. 2011a; De Mattos-Arruda et al. 2011).

PI3K/PTEN/Akt Pathway
Intracellular signaling can occur through the PI3K/PTEN/Akt pathway once EGFR

is activated by its ligand binding. The value of PTEN loss and PIK3CAmutations as

predictive biomarkers is uncertain due to inconsistency in study results (De Mattos-

Arruda et al. 2011). Several studies have suggested they may be associated with

resistance to anti-EGFR mAbs (Sartore-Bianchi et al. 2009), with the largest study,

taken from retrospective analysis, showing negative outcome with cetuximab

treatment if tumors have PIK3CA mutations in exon 20 but not exon 9 (De Roock

et al. 2010). However, contradictory reports do also exist (De Mattos-Arruda

et al. 2011).

EGFR Ligands
The EGFR ligands epiregulin and amphiregulin promote tumor growth and survival

via an autocrine loop that signals through EGFR. High expression of these ligands

may predict response to anti-EGFR mAbs, with the degree of response to cetuximab

suggested to be proportional to the expression of tumor messenger RNA (mRNA)

for epiregulin and amphiregulin (Khambata-Ford et al. 2007; Pentheroudakis

et al. 2013). CRC patients with high epiregulin and amphiregulin mRNA expression

and KRAS WT tumors have been shown to have a better response with cetuximab

treatment (Tabernero et al. 2010). The utility of the EGFR ligand expression

profiles and KRAS mutation status in improving patient selection for anti-EGFR

mAb therapy needs further data to be fully established, however (De Mattos-Arruda

et al. 2011).

Predicting Response to VEGF Inhibitors
Vascular endothelial growth factor (VEGF) is produced by tumor cells and tumor-

associated stromal cells, together with a host of other cells such as leukocytes,

platelets, and muscle cells. The VEGF family of circulating angiogenic molecules

plays a critical role in the development of new blood vessels in the growing tumor,

making VEGF an attractive target for anticancer therapies. VEGFRs are present on

endothelial cells and tumor cells (Fig. 2).

The anti-VEGF agent in the clinic at present is the monoclonal antibody

bevacizumab, targeting VEGF-A. The novel anti-angiogenic agent aflibercept, a

VEGF-A, -B, and placental growth factor inhibitor, and the multi-targeted tyrosine

kinase inhibitor regorafenib are anti-VEGF agents that have both demonstrated, in

large phase III clinical trials (Van Cutsem et al. 2012; Grothey et al. 2013),

significant improvements in OS and/or PFS in mCRC patients who have received

previous treatment and are likely to become part of clinical practice in the near

future.

There is currently no biomarker validated to predict response to anti-VEGF

therapies (Jubb and Harris 2010). Research has so far focused on tissue and

circulating VEGF isoforms, soluble receptors and VEGF polymorphisms, and
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other circulating molecules in the angiogenesis pathway. Retrospective analyses

have demonstrated no predictive association between KRAS and BRAF mutations

and clinical benefit of bevacizumab (Ince et al. 2005).

Tissue-Based Markers
While the prognostic role of VEGF expression in tumor tissue is uncertain, its

predictive value is more clear-cut, with no association found between VEGF

overexpression and response to bevacizumab (Jubb et al. 2006).

The thrombospondins are a family of negative regulators of angiogenesis and

tumor growth that are present in the tumor microenvironment. While increased

expression of the thrombospondin-2 gene (THBS2) has been associated with

decreased tumor vascularity and a reduced frequency of distant metastases in CRC

(Tokunaga et al. 1999), no association has been found with bevacizumab response

(Jubb et al. 2006). Patients with higher THBS-2 expression did have an improved

median survival with bevacizumab compared to those with low expression, but this

did not remain significant when interaction with other potential predictors was probed

(Jubb et al. 2006). The same study also examined the role of tumor microvessel

density, again showing no value as a predictive marker of bevacizumab efficacy.

Fig. 2 VEGF signaling pathway. eNOS, endothelial nitric oxide synthase
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Given bevacizumab targets only VEGF-A, it has been hypothesized that

overexpression of other VEGF ligands could present a mechanism of resistance.

High tumor tissue expression of VEGF-D has been found to predict resistance to

bevacizumab in a small study, with high expression predictive of shorter PFS

(Weickhardt et al. 2011).

Circulating Markers
While circulating VEGF levels have been proposed to reflect VEGF-dependent

tumor angiogenesis and therefore be predictive of bevacizumab benefit (Jubb and

Harris 2010), no correlation has been found between pretreatment plasma levels of

VEGF and bevacizumab response (Jubb et al. 2006). However, given that VEGF

levels are dynamic, the change in VEGF level with treatment may be more useful as

a predictive marker. This is an area that warrants consideration, as several studies in

various settings and malignancies have shown acute increases in circulating VEGF

after starting bevacizumab with or without chemotherapy (Willett et al. 2009; Baar

et al. 2009), while others have shown a decrease when bevacizumab is given with

5-FU (Willett et al. 2009). The predictive value of selected polymorphisms that

affect components of the VEGF pathway has also been demonstrated in small

studies (Jubb and Harris 2010), indicating this to be an area worthwhile of larger-

scale, prospective investigation.

Lactate dehydrogenase (LDH) has its expression regulated by hypoxia and

hypoxia-inducible factor 1α (HIF-1α) and is critical for anaerobic metabolism. Its

role as a prognostic factor in mCRC is recognized (Chibaudel et al. 2011), and it has

been proposed that high serum LDH expression will identify tumors more depen-

dent on abnormal angiogenesis and therefore more susceptible to anti-VEGF

therapies. This has borne out in a study of valatinib, an oral VEGF inhibitor, and

chemotherapy in two studies treating mCRC patients, with improved PFS seen in

patients with high baseline LDH who received valatinib (Hecht et al. 2011; Van

Cutsem et al. 2011a); however, no association has been found between LDH and

bevacizumab effect in mCRC (Hurwitz et al. 2009).

Hypertension
Hypertension is a common side effect of anti-VEGF therapies and has been

suggested as a potential predictive marker for survival benefit in bevacizumab

treatment. Clinical trial evidence exists of its utility in a number of tumor types

(Jubb and Harris 2010); however, a recent analysis of seven trials that included

CRC failed to show predictive value of hypertension occurring within 60 days of

commencing treatment in all but one study (Hurwitz et al. 2013). The pathogenesis

of hypertension with anti-EGFR therapy is not fully understood; there are three

main theories (Syrigos et al. 2011): (i) the nitric oxide and peripheral vascular

resistance theory, (ii) the renal impairment theory, and (iii) the preeclampsia-like

theory. It is a current standard clinical practice to treat hypertension as soon as it

develops; however, there is a paucity of evidence to guide the optimal treatment

strategy.

27 Biomarkers in Metastatic Colorectal Cancer 619



Technology-Facilitated Biomarkers

Genotyping

While testing for specific individual mutations is well established, the recent advent

of next-generation sequencing has enabled simultaneous testing for hundreds of

mutations. This presents the potential for developing gene signatures that offer

prognostic or predictive significance. To date, these studies have been limited, with

small patient numbers necessitated by costs and technical complications due to

tumor heterogeneity and bioinformatics requirements for handling the large

volumes of data produced (Van Schaeybroeck et al. 2011).

The Cancer Genome Atlas (TCGA) project has published the molecular profile

of human CRC, determining 24 genes to be significantly mutated, with markers for

disease aggression suggested through integrative analyses (Network 2012). The

combination of gene expression profiling and established clinicopathological vari-

ables, such as tumor size and grade and lymph node involvement, presents the

potential for greater individualization of patient care (Kheirelseid et al. 2013).

A genetic signature for cetuximab treatment has been compared with a KRAS
signature with significant overlap found for response to cetuximab treatment

(Khambata-Ford et al. 2007), suggesting the KRAS genetic profile of a tumor may

be important when predicting cetuximab response.

Epigenetics

CRC is considered a genetic disease with sequential genetic and epigenetic alter-

ations occurring along the course of its histopathological progression. Microsatel-

lite instability occurs either due to epigenetic silencing of the MLH1 gene or

germline mutation in one of the four MMR genes (Vilar and Gruber 2010).

Evidence for epigenetic markers to predict treatment response however has been

inconsistent. Markers such as CpG island methylation phenotype has been proposed

as a marker of poor response to 5-FU treatment but with conflicting results among

studies (Ogino et al. 2007; van Rijnsoever et al. 2003). CpG island promoter

hypermethylation of the Werner syndrome gene (WRN) has been associated with

longer survival of patients treated with irinotecan chemotherapy (Agrelo

et al. 2006).

MicroRNA

MicroRNAs (miRNAs) are small (19–25-nucleotide) noncoding RNA molecules

that regulate gene expression at the translational level, with involvement in a

number of biological processes, including cancers. MiRNAs have demonstrated

roles as both tumor suppressor genes and oncogenes, and their utility as biomarkers,
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being diagnostic, prognostic, and predictive, is under investigation. Serum, plasma,

tissue, and feces are all sources of miRNA.

High expression of miR-21 in tumor tissue has been identified as a potential

prognostic marker as well as a predictive marker for poor response to 5-FU

chemotherapy in the adjuvant setting (Schetter et al. 2008). Low levels of let-7 g

and miR-181b overexpression have been associated with a response to the

fluoropyrimidine S-1 (Nakajima et al. 2006).

The circulation is an attractive source of potential biomarkers, given it is easily

accessible and amenable to repeated measurements. Circulating miRNA studies

have so far concentrated on determining miRNAs as potential diagnostic bio-

markers; however, two studies have identified miRNAs, miR-144 and miR-221,

prognostic for poor outcome (Cheng et al. 2011; Pu et al. 2010). No circulating

miRNAs have yet been identified that predict treatment response or toxicity.

New Techniques

Proteomic analyses of blood and tumor tissue are recognized as having the potential

to provide predictive or prognostic biomarkers, given that proteins are the actual

effector molecules in cells; however, the results so far have been disappointing.

Technical issues have been the main barrier to biomarker discovery, with more

robust technologies needed (McHugh et al. 2009).

Other entities such as circulating tumor free DNA and circulating tumor cells

(CTCs) are undergoing evaluation for their potential as biomarkers. To date, studies

have largely focused on exploring their utility in early diagnostics, prognosis, and

early detection of recurrence (Lecomte et al. 2010; Cohen et al. 2008). One small

study found that the presence of CTCs after 3 months of first-line oxaliplatin, S-1,

and panitumumab for mCRC predicted for significantly worse outcome (Kawahara

et al. 2012; Neki et al. 2013), while another demonstrated prognostic and predictive

value of CTC numbers before and during treatment (Cohen et al. 2008). Many of

the tumor-associated molecular alterations detected in the CTCs are identical to

those in the primary tumor, so the potential must exist for these entities providing a

means of predicted treatment-related response and toxicity.

Potential Applications to Prognosis and Other Diseases or
Conditions

The issue of biomarker research in mCRC for both prognosis and prediction of

treatment response is one of considerable interest as we seek personalization of care

in medical oncology. Throughout this chapter we have detailed that in many of the

entities already examined, promise exists for utility as a biomarker, but validation

in larger-scale studies or with more robust technologies is required before accep-

tance as a biomarker can be realized. This is an important issue for consideration in
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the design of future clinical trials, with attention to biomarker discovery, both now

and with future technologies, a necessary inclusion.

Adequate biobanking of tissue and blood or plasma with comprehensive clinical

data that is available to collaborative research groups is essential for cancer

research, and provision needs to be made for this in the design of clinical trials.

This will allow for the investigation of similar biological and pathological mech-

anisms in well-annotated samples across a variety of tumor types and provide for

retrospective validation of potential biomarkers in multiple cohorts as technologies

develop. Additionally, the results obtained from efforts made into CRC research in

the realms of drug efficacy and mechanism of action will be useful for other cancers

that also utilize the same drugs in their clinical treatment. One example of this is the

use of bevacizumab in tumor types such as breast and ovarian cancer, with

predictive biomarker research of interest here also.

Perhaps the most exciting area of research, as well as one of the most immature,

is that of genetics. This holds the potential for the development of prognostic and

predictive signatures of genes, presenting true personalization of medicine. With

innovations in genomics and data handling technologies, this is within reach of the

individual patient in the near future.

Summary Points

• This chapter focuses on means of predicting prognosis and response and toxicity

to chemotherapy and targeted agents in metastatic colorectal cancer.

• With the high prevalence of colorectal cancer in what is a largely elderly

population, the prediction of response to treatment and toxicity is important to

help guide treatment populations, agents, and dosages and allow for early

implementation of supportive treatments.

• Prognostic biomarkers, i.e., those that predict disease course, are useful in

guiding appropriate treatment recipients.

• Predictive biomarkers that predict treatment response or toxicity are helpful in

judicious drug and dosing selection.

• Few true prognostic or predictive biomarkers currently exist for metastatic

colorectal cancer.
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Abstract

Serrated adenocarcinoma (SC) is a recently recognized colorectal cancer (CRC)

subtype, accounting for 7.2–9.2 % of CRC. SC has a worse prognosis than

conventional carcinoma (CC) probably due to specific features at the invasive

front including high-grade tumor budding and cytoplasmic pseudofragments,

infiltrating growth pattern, and a weak peritumoral lymphocyte response. SCs

also have a different profile of mutations in KRAS or BRAF oncogenes, expres-

sion of DNA repair proteins, and MSI status. Histological and immunohisto-

chemical protein expression criteria have been proposed for SC diagnosis.

Molecular profile studies have revealed that in agreement with previous obser-

vations, SCs have several cellular functions differentially regulated, such as

hypoxia-, cytoskeleton-, vesicle transport-, and apoptosis-related pathways,

among others. Expressions of several genes that participate in these pathways,

like ephrin receptor B2, hippocalcin, and fascin1, have been proposed as bio-

markers for differential SC diagnosis. miRNA expression and methylome sig-

natures seem to corroborate these functions. All these findings suggest that the

correct SC diagnosis may have important clinical implications and that the

identified pathways and molecular targets could be exploited in the interest of

SC specific patient follow-up and treatment.

List of Abbreviations and Genes

Abbreviations

CC Conventional Carcinoma

CIMP CpG island Methylation Phenotype

CRC Colorectal Carcinoma

CyPs Cytoplasmic Pseudofragments

EMT Epithelial-Mesenchymal Transition

HH Hedgehog Signaling Pathway

IHC Immunohistochemistry

LOH Loss of Heterozygosity

miRNA MicroRNA

MSI Microsatellite Instability

MSI-H High Microsatellite Instability

MSI-L Low Microsatellite Instability

PLI Peritumoral Lymphocytic Infiltrate
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SA Serrated Adenoma

SC Serrated Carcinoma

SSA Sessile Serrated Adenoma

TB Tumor Budding

TGP Tumor Growth Pattern

TILs Tumor Infiltrating Lymphocytes

Genes

APC Adenomatous Polyposis Coli

EGFR Epidermal Growth Factor Receptor

EPHB2 Ephrin Receptor B2

FSCN1 Fascin 1

HIF-1α Hypoxia-Inducible Factor 1 α
HPCA Hippocalcin

MGMT O-6-Methylguanine-DNA Methyltransferase

MLH1 DNA Mismatch Repair Protein Mlh1

MSH2

and MSH6

DNA Mismatch Repair Protein MSH2 and MSH6

NAIP Neuronal Apoptosis Inhibitory Protein

PTCH1 Patched

SMO Smoothened

VEGF Vascular Endothelial Growth Factor

Key Facts

• Serrated carcinoma (SC) is a recently recognized histological subtype account-

ing for 7.2–9.2 % of colorectal carcinoma (CRC).

• Clinicopathological studies have demonstrated that SC has worse prognosis than

conventional carcinoma (CC), and therefore diagnostic markers are necessary

for SC identification.

• Morphological, immunohistological, and molecular research have shown that,

compared with CC, SC displays more conspicuous invasive properties.

• Molecular profiling studies using microarrays have identified several proteins

that could be useful to distinguish SC from CC and from those CRCs showing

high grade of microsatellite instability.

• Current information on biological functions altered in SC has provided possible

therapeutic opportunities that can be used for a specific treatment in SC patients.

Definition of Words and Terms

Conventional carcinoma (CC) Colorectal carcinoma histological subtype char-

acterized by the presence of single glands and complex glandular structures lined by
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cylindrical or cuboidal cells with basophilic or amphophilic cytoplasm. Nuclei are

stratified and round to oval and mitotic figures are usually abundant. The so-called

dirty necrosis usually occupies glandular lumina.

CpG island methylation phenotype (CIMP) A molecular process observed in

cancer cells in which aberrant methylation of cytosines from CpG clusters causes

gene expression silencing.

Epithelial-mesenchymal transition (EMT) A process of long-lasting morpho-

logical and molecular changes by which epithelial cells lose their cell polarity and

cell-cell adhesion and gain migratory and invasive properties to become mesen-

chymal cells.

Microsatellite instability (MSI) A status of genetic hypermutability evidenced in

repetitive DNA regions (microsatellites) that results from the impairment of DNA

mismatch repair (MMR) proteins.

Serrated carcinoma (SC) Colorectal carcinoma histological subtype character-

ized by epithelial serrations, clear or eosinophilic cytoplasm, abundant cytoplasm,

vesicular nuclei, absence of or less than 10 % necrosis of the total surface area,

mucin production, and cell balls and papillary rods in mucinous areas of a tumor

(Tuppurainen et al. 2005).

Tumor budding (TB) Isolated or small clusters of invasive carcinoma cells at the

invasive front that penetrate a short distance into the subjacent stroma.

Introduction

Colorectal carcinoma (CRC) is one of the more frequent and more deathly tumors

in Western countries. It is a complex disease that can be classified into different

subtypes, each one with distinctive molecular, pathological, and clinical features,

more than 90 % of the CRC being adenocarcinomas (Hamilton et al. 2010).

Approximately, 80 % of colorectal cancers (CRCs) are conventional carcinomas

(CCs) (Fig. 1a) which developed through the so-called chromosomal instability or

suppressor phenotype molecular pathway characterized by APC protein inactiva-

tion (Potter 1999; Hanahan and Weinberg 2000), although some CCs can develop

from a non-APC-mutated lesion (Jass 2004). CC precursor lesions are a well-

established series of polyps (tubular adenoma (TA), tubulovillous adenoma

(TVA), and villous adenoma (VA)) characterized by microsatellite stability

(MSS) and KRAS mutations (Noffsinger 2009).

In contrast, the molecular pathway and their precursor polyps behind the

remaining 20 % of CRC are not fully identified. Serrated carcinoma (SC) is an

entity recently recognized by the World Health Organization as a subtype account-

ing for 7.5–10 % of CRC which is associated with quicker development and worse
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survival than CC (Garcı́a-Solano et al. 2010). Based on its serrated “sawtooth”

morphology (Fig. 1b) and the identification of residual adjacent serrated polyps in

SC surgical specimens, it was assumed that SC was an end point of the serrated

polyp pathological sequence which includes hyperplastic (HP), sessile serrated

adenoma (SSA), traditional serrated adenoma (TSA), and mixed polyps. The

molecular carcinogenic mechanisms involved in these polyps are not clearly

discerned although microsatellite instability (MSI), BRAF mutation, and CpG

island methylation phenotype (CIMP) seem to be implicated. In fact, three different

serrated polyp pathways have been proposed: the BRAF mutated/high level of

Fig. 1 Morphological differences between three different CRC histological subtypes. (a)
Cribriform-comedo type conventional carcinoma showing dirty necrosis (HE 100�). (b) Serrated
adenocarcinoma (HE 100�). (c) Typical serrated gland from a serrated adenocarcinoma

(HE 400�). (d) Sporadic colorectal carcinoma with typical histological features of high level of

microsatellite instability (HE 200�)
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CIMP (CIMP-H) MSI which is more frequently found in proximal colon, the BRAF

mutated/CIMP-H/MSS which also used to be proximally located, and the KRAS

mutated/low level of CIMP (CIMP-L)/MSS CRC which is often found in right

colon (Leggett and Whitehall 2010). A Finnish research group was the first to

describe serrated adenomas progressing toward an adenocarcinoma with serrated

morphology, called “serrated adenocarcinoma” (M€akinen et al. 2001), and in this

work several histological criteria were proposed for SC diagnosis (M€akinen
et al. 2001) which were subsequently validated by the Spanish group (Garcı́a-

Solano et al. 2010). To date a total of 165 adenocarcinomas arising in serrated

adenomas (SA) or large hyperplastic polyps have been described in different series

(Jass and Smith 1992; Yao et al. 2000; Tuppurainen et al. 2005; Garcı́a-Solano

et al. 2010).

The aim of this chapter is to summarize the biological characteristics of SC in

order to get a better understanding of SC/CC differences and how to apply this

knowledge in diagnosis and in proposing possible molecular targets for SC.

Clinical and Pathological Aspects

No apparent significant differences in terms of age or sex of the patients have been

observed between SC and CC. The average age of diagnosis in patients with SC was

69 years (range, 37–84; �SD 10.1), while with CCs was 70.3 years (range, 35–96;

�SD 10.7) (Garcı́a-Solano et al. 2010). In the studies from Finnish and Spanish

populations, the location of the SCs is predominantly proximal (54.1 % and 52 %,

respectively) (Tuppurainen et al. 2005; Garcı́a-Solano et al. 2010) although the

incidence of rectal SCs in the Finnish series was higher (33 %) (Tuppurainen

et al. 2005) than in the Spanish one (15.3 %) (Garcı́a-Solano et al. 2010). In the

Spanish series, 16.4 % of males presented proximal SC, while in women this

percentage reached 12.3 % (Garcı́a-Solano et al. 2010), which contrasts with the

results of the Finnish series in which proximal SCs were more frequent in women

(18 %) (Tuppurainen et al. 2005).

It has been observed that SC presented, more often than CC, other synchronous

CRCs (12.9 % vs. 3.0 %), and, in addition, these synchronous carcinomas were

mostly SC (90.9 %), while all the synchronous CRCs found in a matched CC series

had conventional histology (Garcı́a-Solano et al. 2010). In the Spanish series of

SCs, it could also be observed that the distant polyps in the surgical specimen were

mainly of serrated histology, while the percentage of CC with distant serrated

polyps was much lower (21.2 % vs. 8.4 %). This observation is even more striking

when studying polyps adjacent to SC (51.8 % vs. 0 %) (Garcı́a-Solano et al. 2010).

All these findings are consistent with observations of Lazarus et al. (2005), in the

sense that the lesions showing serrated adenomas indicated a significant risk for the

development of both serrated adenomas and metachronous cancer, all these

supporting the concept of colorectal carcinogenesis serrated route where SC

would be one of its end points.
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Histologic Diagnosis

Histological criteria for the diagnosis of an SC were described by M€akinen
et al. (2001), in a number of SCs showing an adjacent SA to the invasive compo-

nent. Later, the same group (Tuppurainen et al. 2005) refined and tested these

criteria, and, more recently, Garcı́a-Solano et al. (2010) proved these criteria

(Table 1) to be valid in a different population as the Spanish one.

The three most important growth patterns observed in SC are: serrated, mucin-

ous, and trabecular (M€akinen 2007), and their histological features are described

below.

– Serrated pattern: is the most common, accounting for about two-thirds of the

SCs. It is often observed in well- and moderately differentiated SC (similar to

the concept of differentiation applied to CCs) and as a focal pattern in mucinous

and poorly differentiated SCs. This pattern consists of glands that show an

irregular luminal “serrated” border constituted by projections to the lumen with

or without basal membrane, but without a true fibrovascular core, i.e., there are

no true papillae (Fig. 1c). The cells lining the glands show a clear or eosino-

philic large cytoplasm, with a large and vesicular nucleus frequently displaying

a nucleolus; nuclear polarity is quite conserved, the nucleus/cytoplasm (N/C)

ratio is low, and dirty necrosis is not observed or, if present, is less than 10 % of

the tumor. Often rounded glands can be observed without serrated luminal

architecture, even with cribriform pattern, but with the aforementioned typical

cytological features and absence of necrosis. These non-serrated glands usually

represent a minor pattern accompanying the serrated component but on rare

occasions may become the dominant pattern (Garcı́a-Solano et al. 2010).

Importantly, serrated architecture should not be confused with the

pseudoserration pattern which is observed when cribriform glandular structures

show central necrosis. Nuclear and cytoplasmic basophilia, loss of nuclear

polarity, high N/C ratio, and presence of necrosis are suggestive indicators of

a CC with pseudoserration (M€akinen 2007).

Table 1 Histological criteria for SC diagnosis proposed by Tuppurainen et al. (2005)

Predominant

histological pattern

(>50 % of tumor)

Cytological

features Tumor necrosis

In the case of

mucinous pattern

Serrated gland Broad eosinophilic

cytoplasm

Absence or <10 % Rigid

pseudopapillae

Trabecular Large vesicular

nucleus

Cell balls within

mucinous areas

Mucinous Well- or moderate-

conserved nuclear

polarity
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In SCs with serrated pattern, mucinous areas representing less than 50 % of the

tumor are more often than in the CCs.

– Mucinous pattern: is the second most common pattern, accounting for 24.7 % in

the Spanish series, whereas this pattern appears in 17.6 % of CCs (Garcı́a-Solano

et al. 2010). In this SC type, mucin represents over 50 % of the tumor although

there usually are areas showing the typical serrated pattern. In areas where large

amount of mucus exists, pseudopapillae with rigid borders similar to

pseudopapillary projections described in the serrated pattern and solid cell

balls floating in the mucus whose cells show the cytologic features typical of

SC can be observed.

– Poorly differentiated or trabecular pattern: the tumor grows as solid nests and

cords with a solid pattern, trabecular or sometimes microglandular. It is com-

posed of cells with the cytologic features of SC and absence of tumor necrosis,

features that are not normally seen in the poorly differentiated CCs.

For the correct diagnosis of SC, all the criteria described in Table 1 must be met,

or all but one, in most of the tumor (>50 %). It is important to stress that in order to

diagnose an SC, it is not necessary to have an SA adjacent to the invasive carcinoma

since Garcı́a-Solano et al. (2010) demonstrated that there were no significant

differences in the percentage of fulfillment in these criteria when comparing SC

with and without adjacent SA.

The correct SC diagnosis would be based on the following criteria: serrated,

mucinous, or trabecular pattern, typical SC cytology, absence of luminal “dirty”

necrosis (or in less than 10 % of the tumor), rigid pseudopapillae, and cell balls

floating in mucus in the case of SCs with a predominant mucinous pattern. In a

surgical specimen, the existence of polyps with serrated morphology, serrated

synchronous carcinomas, and areas of carcinoma with variable amounts of mucin

are findings that often accompany the aforementioned histological criteria, but they

are not necessary for diagnosis.

It is also worth mentioning that there is a group of CRCs (showing all but two)

lacking two histological criteria for the diagnosis of SC, and they were considered

as “doubtful SC.” This group of tumors seems to be closer to SCs than to CCs,

although further studies are needed to assess the potential biological implications

and find out if they are genuine SCs or if they correspond to an intermediate group

between the serrated route and the classical route of carcinogenesis. For practical

purposes in daily practice, this group is diagnosed as CC.

It is important to note that there are special circumstances where the histological

criteria for the diagnosis of SC have not been completely evaluated. These include

its application in endoscopic biopsies, metastases, and in CRCs subjected to

neoadjuvant therapy. In the first case, serrated pattern identification would be

undoubtedly possible with the proviso that the biopsy includes sufficient number

of malignant glands displaying the typical morphology and pathologist is

acquainted with the histological features needed for its correct diagnosis. It also

should be noticed that not all SCs display the typical cytological pattern over 100 %

of the tumor surface. In the second case, serrated morphology is reproducible in
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metastasis, but may change the type of serrated pattern (serrated, mucinous, poorly

differentiated) compared to the primary tumor. Finally, there are so far no data on

the evaluation criteria in SC treated with neoadjuvant therapies. The cellular

changes produced by neoadjuvant therapies could mask or mimic the histological

criteria of SC, so it is not recommended to diagnose SC in these circumstances.

Prognosis

M€akinen et al. (2001) and Laiho et al. (2007) suggested that SC had a different

prognosis compared to CCs and that distal SCs even had a less favorable prognosis

than CCs at this location. In a later study, it was shown that patients with SC show

worse survival than a group of patients with CCs matched by age, sex, location,

histological grade, and Dukes’ stage, after 5 years of follow-up (Garcı́a-Solano

et al. 2010). In addition, patients with SC distal/rectal location had worse survival

than patients with proximal SC and the rest of patients with CC, location being an

independent predictor of worse survival in multivariate analysis (Garcı́a-Solano

et al. 2010).

Characterization of the Invasive Front in the SC

Histological Study

In agreement with clinical observations, it was shown in subsequent studies that, in

comparison to CC, SC shows frequently adverse prognostic histological factors

described for CRCs (Ueno et al. 2002; Prall et al. 2005; Shinto et al. 2005; Jass

et al. 1987; Klintrup et al. 2005) such as tumor budding (TB), cytoplasmic

pseudofragments (CyPs), infiltrative tumor growth pattern (TGP), and weak

peritumoral lymphocytic infiltrate (PLI) (Garcı́a-Solano et al. 2011a). Most of

these factors, especially TB and CyPs, are morphological manifestations of the

epithelial-mesenchymal transition (EMT). TB consists of isolated single cancer cell

or a cluster of fewer than five cancer cells found in the stroma adjacent to the

invasive front (Shinto et al. 2005). CyPs are rounded cytoplasm coreless fragments

(>2 μm diameter) adjacent to the infiltrative edge showing IHQ-positive staining

for cytokeratin (AE1/AE3) and no evidence of surrounding inflammatory cells

(Shinto et al. 2005). These findings help explain why SCs have a worse prognosis

than CCs.

Immunohistochemistry Study

In order to better characterize the active invasive front characteristic of SC proteins

related to cell adhesion, GT formation and EMT were studied by immunohisto-

chemistry. These proteins were β-catenin from Wnt/β-catenin pathway, E-cadherin
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and P-cadherins, SMAD4 from the TGFβ, and mesenchymal markers such as

laminin 5γ2 (Garcı́a-Solano et al. 2011b). Nuclear expression of β-catenin in SC

is much lower (21 %) than that observed in CCs (61 %). This lack of nuclear

β-catenin suggests that the GT-forming route in the SCs must be different from the

canonical pathway Wnt/β-catenin which was considered by Prall (2007) as one of

the most important pathways in the formation of GT in the CRCs. It seems that SC

displays more often loss of expression of E-cadherin and nuclear SMAD4 and

increased expression of laminin 5γ2 in the invasive front than that of CC (Garcı́a-

Solano et al. 2011b). The loss of expression of E-cadherin and increased SMAD4

and laminin 5γ2 has been correlated with poor prognosis in CRCs (Morita

et al. 1999; Masaki et al. 2001; Tanaka et al. 2008). Consequently, these data are

consistent with a more active invasive front and the worse prognosis observed in

patients with SC compared to patients with CC.

MSI Status and Oncogene Mutational Studies

Only two studies have examined the presence of mutation in KRAS and BRAF

oncogenes, the microsatellite instability (MSI) status and the immunohistochemical

expression of DNA repair proteins in SCs compared with CCs (Stefanius

et al. 2011; Garcı́a-Solano et al. 2012). In Table 2, the results of the two studies

have been summarized. Both revealed that, in contrast to the assumed predomi-

nance of BRAF mutations in the serrated polyp pathway, KRAS mutations were

even more frequent in SCs than in CCs. This finding suggests that the possible

precursor polyp of SC might be a not very common serrated polyp with KRAS

mutation, such as traditional serrated adenoma. Additionally, BRAF mutations and

MSI-H status were also more common in SCs than in CCs (Stefanius et al. 2011;

Table 2 Results of the two independent studies evaluating the mutation occurrence in KRAS and

BRAF oncogenes and the MSI status in SC and CC

Reference

Stefanius et al. (2011) Garcı́a Solano et al. (2012)

SC Non-serrated SC CC

n = 42 N = 59 p value n = 89 n = 81 p value

KRAS

Mutated 19 (45.2) 16 (27.1) 38 (42.7) 26 (32.1)

Native 23 (54.8) 43 (72.9) 0.059 50 55 0.092

BRAF

Mutated 14 (33.3) 0 (0) 23 (25.8) 1 (1.2)

Native 28 (66.7) 59 (100) <0.0001 66 80 <0.0001

MSI status

MSI-H 7 (18.9) 4 (7.1) 11 (12.4) 2 (2.5)

MSI-L/MSS 30 (81.1) 52 (92.9) 0.164 78 79 0.014

SC Serrated carcinoma, CC conventional carcinoma,MSI-H high level of microsatellite instability,

MSI-L low level of MSI, MSS microsatellite stability
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Garcı́a-Solano et al. 2012) MSI-H status in the SCs is associated with the MLH1

expression loss (Stefanius et al. 2011; Garcı́a-Solano et al. 2012) caused by gene

promoter methylation, while the few MLH1 CCs were associated with the loss of

MSH2 expression (Stefanius et al. 2011). It was also observed that, compared to

CCs, the loss of MGMT expression is a characteristic of SCs (Garcı́a-Solano

et al. 2012).

When the mutational status in SC considering its location was assessed, it was

observed that proximally located SCs showed higher frequency of BRAF muta-

tions, increased frequency of MSI-H, lower KRAS mutation occurrence, and less

IHC loss of MGMT expression than SCs with distal location (Garcı́a-Solano

et al. 2012). These data support the opinion of Noffsinger (2009) and M€akinen
(2007) on the existence of two serrated carcinogenesis pathways: the proximal and

distal serrated pathways.

The high frequency of mutations in the SCs (KRAS + BRAF) of up to 67 %,

double those observed in CCs (33 %) (Garcı́a-Solano et al. 2012), may have

predictive implications as patients with SC carcinomas would not be candidates

for anti-EGFR treatments. To the best of our knowledge, there are no reliable

studies on the prognostic or predictive value of MSI status and KRAS/BRAF

mutation in SC.

Relationship Between SC and Sporadic MSI-H CRCs

The sporadic MSI-H CRC, often has proximal location, is usually seen in older

females and seems to be developed from an SSA (Bellizzi and Frankel 2009). It

usually has a heterogeneous architecture since several tumor patterns are seen

together: tubular, medullary-type, or poorly differentiated and mucinous areas

and even signet-ring cells can be observed (Jenkins et al. 2007). Sporadic MSI-H

CRC shares clinical, histological, and molecular features with proximally located

SC which can also develop from serrated adenoma (probably SSA type), often

contains mucus, a Crohn-like lymphoid infiltrate and tumor infiltrating lympho-

cytes (TILs) (Garcı́a-Solano et al. 2012) with the loss of expression of nuclear

β-catenin can be found (Garcı́a-Solano et al. 2011b). In addition, compared with the

CC, SC and MSI-H share some more common characteristics such as increased

occurrence of mutations in BRAF, MSI-H status, CIMP phenotype and proximal

colon location. Despite these common findings, MSI-H CRC and SC are not the

same tumor type as in the former TB and CyPs are not common (Prall 2007; Wright

and Stewart 2003), laminin 5γ2 expression is not generally seen (Shinto et al. 2006)
and tend to have better prognosis than other CRCs (Popat et al. 2005). Compared to

sporadic MSI-H CRC, KRAS mutations occur more frequently in SC and in a lower

percentage in BRAF, and MSI-H is not very common (Garcı́a-Solano et al. 2012).

Immunohistochemical markers identified in expression profiling studies from

SC and CC comparison (fascin and hippocalcin) also showed to be useful in

distinguishing SC from MSI-H CRC (Conesa-Zamora et al. 2013). Finally, it was

observed that the application of MsPath, a histological score basically used for
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identification of CRC with MSI-H, is not effective in identifying SC showing

MSI-H (Garcı́a-Solano et al. 2013) (Fig. 1d).

Molecular Profiling Studies

Gene Expression Signatures in SC and CC

Microarray expression profiling provides an excellent tool for obtaining useful

markers with diagnostic, prognostic, and predictive value. As previously stated,

SCs present different clinical features than CCs. Microarray analysis has been used

to determine which genes were differently expressed and which particular functions

are behind SC morphology and clinical behavior. There are two published expres-

sion profile studies based in microarrays technologies: the first one analyzing

Finnish patient samples using an Affymetrix platform (Laiho et al. 2007) and the

other performed with Spanish patient samples onto an Agilent platform (Conesa-

Zamora et al. 2013). Both studies revealed that proteins involved in hypoxia,

membrane structure, and morphogenesis were differently expressed. These and

other functions are summarized in Table 3 where the functions from the two articles

are aggregated in gene ontology categories. The Spanish study also shown which

KEGG pathways were enriched in SC samples and those included apoptosis

(hsa04210); morphogenesis (Notch signaling pathway (hsa04330)); VEGF pathway

(hsa04370); cytoskeleton organization in membrane junctions (gap junction

(map04540), adherens junctions (hsa04520)); DNA repair and synthesis (pyrimi-

dine metabolism (hsa00240), DNA replication (hsa03030), nonhomologous end

joining (hsa03450), base excision repair (hsa03410), folate biosynthesis

(hsa00790)); B-cell response (B-cell receptor signaling (hsa04662), Fc epsilon RI

signaling (hsa04662), Fc gamma R-mediated phagocytosis (hsa04666)); growth

factor receptor signaling (ErbB signaling pathway (hsa04012), mTOR signaling

pathway (hsa04150)); and lipid and protein metabolism, whereas functions

overexpressed in CCs were mainly associated with immune response either in

xenograft rejection (allograft rejection (hsa05330), graft-versus-host disease

(hsa05332)), or in autoimmune diseases (autoimmune thyroid disease (hsa05320),

such as type I diabetes mellitus (hsa04940)) (Conesa-Zamora et al. 2013), which

may be related with a recent report describing weaker tumoral lymphocytic infil-

trate in SC compared to CC (Garcı́a-Solano et al. 2011a). An overview by

“Paintomics” of the CRC-related proteins and KEGG pathways which are differ-

entially expressed between CC (in blue) and SC (in red) is shown in Fig. 2a (www.

paintomics.org).

Concerning the differentially expressed genes between CC and SC, five genes

have been validated by immunohistochemistry (Laiho et al. 2007; Conesa-Zamora

et al. 2013; Table 4), and representative stainings are shown in Fig. 3. It is

interesting to note that among the five validated proteins, three are participating

in actin remodeling: patched, ephrin receptor B2 (Laiho et al. 2007), and fascin1

(Conesa-Zamora et al. 2013), which could be related for the characteristic

642 M.C.T. Sevilla et al.
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serrated morphology. Moreover, fascin1 has been associated with filopodia forma-

tion and cell invasion which are consistent with the previous assessment of the

conspicuous invasive front of SC. Patched (PTCH1) acts as receptor of Hedgehog

(HH) signaling proteins (Chen and Struhl 1996) and interacts and suppresses

Smoothened (SMO). Hedgehog signaling is important during the development for

the patterning of the gastrointestinal tract (Oldakr et al. 2001). PTCH1 activation

represses the activation of WNT and TGF signaling pathways, and it is considered

as a tumor suppressor whose impairment has been related to several disorders such

as holoprosencephaly (Ming et al. 2002) and Gorlin syndrome which is character-

ized by early-onset multiple basal cell carcinomas and increased rate of some other

tumors such as medulloblastomas (Johnson et al. 1996). The PTCH1 staining

pattern was more granular in CC than in SC, thus pointing PTCH1 as a candidate

gene for the development of SC (Laiho et al. 2007).

Ephrin receptor B2 EPHB2, also known as ELK-related tyrosine kinase or

HEK5, is a member of EPHB receptor tyrosine kinases that are involved in

formation and remodeling of dendritic spines and consequently are involved in

the modification of brain synapses (Murai and Pasquale 2002). This spine modifi-

cation is believed to be caused by actin remodeling, and it has been postulated that

EPHB2 is associated with several actin-regulating proteins such as Cdc42 (Irie and

Yamaguchi 2002). Battle et al. (2002) studied the EPHB2 participation in CRC and

proposed that EPHB2 maintains the crypt-villus axis and that β-catenin and TCF

control EPHB2 and EPHB3 expression. It was also described that in Ephb2/Ephb3

null mice, the proliferative and differentiated cell populations are abnormally

mixed in the intestinal epithelium. By immunohistochemistry, EPHB2 expression

was more often found in the CC when compared to serrated lesions (Laiho

et al. 2007). It seems that EPHB2 loss could be due to LOH or promoter

hypermethylation, and although this loss was not associated with SC tumor grade,

it could be an important tumor suppressor (Laiho et al. 2007).

Fascin1 (FSCN1) is an actin-bundling protein that can cross-link actin filaments

in vivo (Bryan and Kane 1982) and participates in the formation of microspikes,

filopodia, membrane ruffles, and stress fibers (Yamashiro-Matsumura and

Matsumura 1986). In Drosophila, the fascin1 homologue SNL has an actin-binding

Table 4 Differentially expressed genes between SC and CC

NM symbol Gene Function

SC versus CC

expression References

NM_017449 Ephrin

receptor B2

Actin

remodeling

Downregulated Laiho et al. (2007)

NM_003088 Fascin1 Actin

remodeling

Upregulated Conesa-Zamora

et al. (2013)

NM_181054 HIF-1α Hypoxia Upregulated Laiho et al. (2007)

NM_002143 Hippocalcin Antiapoptotosis Upregulated Conesa-Zamora

et al. (2013)

NM_000264 Patched Actin

remodeling

Downregulated Laiho et al. (2007)
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Fig. 3 (continued)
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domain (Ono et al. 1997) and has a role in cell migration and metastasis. Fascin1

expression seems to be regulated by several microRNAs, which can also participate

in actin-mediated intracellular protein trafficking (Zhang et al. 2009), and its

overexpression may play a role in the metastasis of multiple types of cancer by

increasing cell motility (Jayo and Parsons 2010; Minn et al. 2005). In fact, fascin1

has also been related to poor survival in gastric (Kim et al. 2012) and colorectal

cancers (Hashimoto et al. 2006). Fascin is more expressed in SC than CC (Conesa-

Zamora et al. 2013) which is consistent with SC worse prognosis (Garcı́a-Solano

et al. 2010); the more “active” invasive front and the fully recognized histological

manifestations of epithelial-mesenchymal transition (EMT) associated with SC

Fig. 3 Immunohistochemical markers obtained from expression profiling useful as potential

diagnostic markers for SC identification. EPHB2, fascin1, HIF-1α, hippocalcin, patched in CC

(A, C, E, G, I ), and SC (B, D, F, H, J ), respectively
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such as tumor budding and cytoplasmic pseudofragments (Garcı́a-Solano

et al. 2011a) and less expression of E-cadherin epithelial marker and an increased

of the stromal marker laminin 5γ2 (Garcı́a-Solano et al. 2011b).

Another characteristic SC protein is the hypoxia-inducible factor 1 α (HIF-1α)
(Laiho et al. 2007) that participates in angiogenesis, cell survival, and invasion

(Harris 2002; Semenza 2003). HIF-1α is a transcription factor involved in the

expression of genes facilitating hypoxia adaptation by triggering angiogenesis,

cell survival, and invasion and plays an essential role in embryonic vascularization

and pathophysiology of ischemic disease (Semenza et al. 1996). One of the most

important HIF-1α targets is the vascular endothelial growth factor (VEGF)

(Semenza 2000; Pagès and Pouysségur 2005) which participates in endothelial

cell proliferation and induces permeabilization of blood vessel (Roskoski 2007).

HIF-1α protein is subject to ubiquitination and proteasomal degradation at

normoxia (Sutter et al. 2000) and acts as a transcriptional repressor of the MSH2

and MSH6 genes, thereby inhibiting DNA mismatch recognition and repair

(Koshiji et al. 2005). HIF-1α is elevated in colon cancer cells during proliferation

(Zhong et al. 1999) and was seen more frequently expressed by immunohistochem-

istry in SC than in CC (Laiho et al. 2007). The HIF-1α overexpression (Laiho

et al. 2007) coupled with the differentially activated VEGF pathway observed

between SC and CC (Conesa-Zamora et al. 2013) points HIF-1α and hypoxia as

important facts in SC development.

Another gene that is differentially expressed in SC is hippocalcin (HPCA)

(Conesa-Zamora et al. 2013) which is a neuronal Ca+2 binding protein found in

the brain and retina. In rat, it is found in membrane and participate in the

photosignal transduction in a calcium-sensitive manner (Kobayashi et al. 1992). It

is an antiapoptotic protein that seems to protect neurons against Ca+2-induced cell

death through a caspase-3-dependent pathway for which it associates with the

neuronal apoptosis inhibitory protein (NAIP) (Mercer et al. 2000; Karimpour

et al. 2011). NAIP mutations are implicated in spinal muscular atrophy (Roy

et al. 1995) that is caused by neuron apoptosis.

Hippocalcin and NAIP immunohistochemical expressions were correlated, thus

suggesting a concerted action, and they were more often found in SC than in CC

(Conesa-Zamora et al. 2013). Apoptotic evasion was one of the earliest feature

characteristics of SC and has been suggested as the cause of its serrated morphology

in which the transformed epithelium proliferates laterally adopting a sawtooth growth

pattern (Hamilton et al. 2010; M€akinen 2007), and consequently, it is not surprising

that hippocalcin is more expressed in SC than in CC. Despite the fact that an aberrant

expression of recoverin members has been reported in tumor cells (Miyagawa

et al. 2003), no previous reports have described the presence of hippocalcin in CRC.

It is important to note that several differentially expressed genes in SC are related to

neural development and not only patched, Ephb2, and hippocalcin but also INSM1, a

sensitive marker for neuroendocrine differentiation of human lung tumors (Lan and

Breslin 2009), and the transcript THC2539939, which was found overexpressed in

metastases of gastroenteropancreatic neuroendocrine tumors (Posorski et al. 2011),

both also seen overexpressed in SC (Conesa-Zamora et al. 2013).
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Performance Status of Molecular Markers for SC Diagnosis

The identification of reliable markers is not only useful for SC diagnosis but may

also help to discern which type of adenoma is the precursor lesion of SC. In the

report by Laiho et al. (2007), three markers (PATCH, HIF-1α, EphB2) were

proposed for its value for SC diagnosis, the immunohistochemical expression of

HIF-1α being the most discriminatory between SC and CC with percentages of

positivity of 62.2 % and 21.7 %, respectively, for each tumor type. In a later

microarray study, the positive expression of fascin1 was observed in 88.6 % of SC

and in 14.3 % of CC (88.6 % sensitivity, 85.7 % specificity), thus demonstrating

its important diagnostic value for SC diagnosis. Of note, the positivity for fascin1

or hippocalcin reaching a sensitivity of 100 % indicates that when both markers

are negative, it is highly unlikely that a given tumor is an SC. It has been

suggested that MGMT loss is typical of SC (Garcı́a-Solano et al. 2012), and

therefore it was observed that the addition of MGMT loss to fascin1 and

hippocalcin positivity increases the specificity up to 94.3 % but with less sensi-

tivity (54.3 %). A proposed diagnostic panel for SC diagnosis would be MGMT,

fascin1, and hippocalcin.

Gene Expression Signatures in SC and MSI-H CRCs

An mRNA microarray study has compared the mRNA expression profile of 11 SCs

and three sporadic CRCs fulfilling molecular and histological features of MSI-H

(i.e., mucinous non-serrated morphology, signet-ring cell, medullar-like architec-

ture, tumor infiltrating (TIL) and peritumoral lymphocytes, “Crohn-like” inflam-

matory response, poor differentiation, tumor heterogeneity, “pushing” tumor

border, and positivity for BRAF mutations). This work revealed that many genes

and functions were differentially expressed between SC and MSI-H CRC.

Concerning the functions it was observed that MSI-H showed an upregulation of

genes related to the immune response (KEGG pathways: antigen processing and

presentation (map04612), Toll-like receptor signaling (map04620), chemokine

signaling (map04062), and cytokine-cytokine receptor interaction (map04060))

(unpublished observations) which is concordant with the reported suboptimal

peritumoral lymphocytic infiltration seen is SC (Garcı́a-Solano et al. 2011a). An

overview by “Paintomics” of the CRC-related proteins and KEGG pathways which

are differentially expressed between MSI-H (in blue) and SC (in red) is shown in

Fig. 2b (www.paintomics.org).

Serrated Carcinoma Methylome Studies

The global methylated DNA content seems to play an important role in CRC and is

considered as a prognostic index (Frigola et al. 2005). Moreover, it has been

demonstrated that CRC patients with hMLH1 methylation do not benefit from

28 Expression Profiling as Biomarkers in Colorectal Serrated Carcinoma 651

http://www.paintomics.org/


5-fluorouracil treatment and those with MGMTmethylation are better responders to

alkylating agents (Ide et al. 2008).

Given that methylation is an early event in colorectal carcinogenesis,

methylated markers could be detected in precursor lesions obtained by endos-

copy, thus contributing to CRC early detection. As pointed previously, the

serrated pathway is characterized by aberrant hypermethylation patterns in CpG

islands (O’Brien et al. 2006). Moreover, it was recently observed that SC has

more frequently methylation of MLH1 gene than non-serrated CRCs (Stefanius

et al. 2011).

Most of the studies dealing with this issue have determined a limited panel of

4 or 5 loci (MINT1, MINT2, MINT12 o MLH1 y MINT31, p16), thus establishing

CpG island methylation phenotype (CIMP) of high (3–4 methylated loci), low

grade (1–2 methylated loci), and negative (O’Brien et al. 2006). However, the

study of few loci ignoring other CpG sequences is an oversimplified vision of

such a complex change of genomic scale. In fact, it was recently demonstrated

that most methylations in cancer do not occur in CpG island but in 2 kb

distant sequences termed CpG shores (Irizarry et al. 2009). High-throughput

techniques (high-density CpG microarrays, next-generation sequencing of

methylated-enriched, or whole bisulfite-treated genome sequences) investigating

the SC methylome could shed light onto the differentially methylated functions of

SC and solve the overlapping histological similarity between SC and

sporadic MSI-H CRC that the CIMP testing cannot discern and render SC specific

diagnostic markers. In this regard, a study is analyzing the SC methylome by

means of a 450,000 CpG island microarray in 120 colorectal specimens from

Spanish and Finnish patients encompassing SC, CC and MSI-H CRCs. The study

has demonstrated an important degree of similarity in the biological functions

differentially represented from mRNA expressions and methylome microarray

platforms. Again, G-coupled receptor, ion channel, neural-related, and VEFG

receptor activities were found differentially observed between SC and

CC. Besides, in this study, new differentially methylated genes have been iden-

tified, which has been subsequently validated by methylation-specific PCR (MSP)

(unpublished observations). Likewise, this study has confirmed what has been

observed with mRNA expression microarrays, i.e., the molecular profiles of SC

and MSI-H are not the same with functions affecting immune response differen-

tially represented.

Future Developments

The clinicopathological and molecular characterization of SC has rendered distinct

prognostic and biological information for this CRC subtype as well as useful

markers with diagnostic value. However, to date there are no functional studies

demonstrating these differential biological activities. The establishment of SC cell

lines or the identification of previous existing CRC cell lines as SC (based on
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expression of discriminatory proteins) is mandatory to validate the findings

reported and to evaluate possible therapeutic choices, one of which could be the

use of macroketone-based agents for inhibiting fascin1 action on invasiveness. On

the other hand, the integration of high-throughput data from different “omic”

approaches (transcriptomic, genomic, methylomic) would allow us to define a

more precise picture of SC. The identification, by next-generation sequencing, of

a characteristic profile of somatic mutations or possible genetic susceptibility

polymorphisms in SC would also complement this knowledge and help identify

other possible therapeutical targets. Given the importance of early cancer detec-

tion and the absence of a clearly identified SC precursor polyp, the most useful

knowledge that could be obtained from all these molecular studies would be the

application of SC, CC, and MSI-H CRC typical markers in order to trace them

along the different polyp pathogenic pathways. This approach will enable a more

precise and individualized follow-up of patients with endoscopically removed

polyps which could be performed based on the malignant potential of each

adenoma type.

Conclusions

The SC is a subtype of CRC recognized in the fourth edition of the classification of

tumors of the digestive tract of WHO. Its position as end point serrated carcino-

genesis pathway has been demonstrated in several works (Garcı́a-Solano

et al. 2010; M€akinen et al. 2001). Pathologists should be acquainted with the

histological features of this subtype of tumor because its prognosis is worse than

the rest of CRC, and it harbors a higher percentage of mutations in KRAS and

BRAF oncogenes (67 %) which makes it more resistant to anti-EGFR therapies

than CC. The different profile of protein expression at the invasive front and gene

expression profiles in comparison with other non-serrated CRC can identify poten-

tial therapeutic targets for a specific treatment of SC.

Potential Applications to Prognosis, Other Diseases, or
Conditions

The worse prognosis of SC compared to CC or MSI CRC makes the use of specific

SC markers mandatory for an efficient follow-up and treatment schemes of CRC

patients.

Fascin1 and hippocalcin can be used as diagnostic markers of SC especially for

their high sensitivity and negative predictive value.

The characteristic high frequency of KRAS and BRAF mutation among SCs and

the high expression of fascin1 and hypoxic markers, such as HIF-1α, suggest a
resistance of SC against anti-EGFR therapies pointing that the use or macroketone-

based or antiangiogenic agents could be useful for the treatment of this CRC type.

28 Expression Profiling as Biomarkers in Colorectal Serrated Carcinoma 653



Summary Points

• Compared to CC and MSI-H CRC, SC has special clinical characteristics and an

active invasive front that could be responsible for its worse prognosis.

• Tumor molecular profiles obtained from microarray studies have confirmed

previous clinical-pathological observations, and several cellular functions char-

acteristic of SC have been found.

• These studies have identified several proteins that could be useful to distinguish

SC from CC and MSI-H CRC.

• Based on the proteins identified, there are experimental therapies like

macroketones or antiangiogenesis therapy that might be used for a specific SC

treatment.

• SC is different fromMSI-H CRC in terms of morphology, immunohistochemical

pattern, and molecular profile and should be considered as distinct end points of

the serrated polyp pathological pathway.
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Abstract

Colorectal cancer (CRC) is the third most commonly diagnosed cancer, with

over one million new cases every year. Although improved treatments, increased

awareness, and early detection have contributed to prolonged survival, CRC still

represents an important cause of cancer-related deaths. CRC is a heterogeneous

complex of diseases differing in molecular pathways and biological
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characteristics, arising through a multistep process; this molecular and biolog-

ical heterogeneity also accounts for the great clinical variability of the disease.

The management of CRC requires a multimodal approach, and many efforts

have been made to identify molecular markers able to predict the outcome of

CRC patients.

Telomerase is a ribonucleoprotein complex containing the catalytic pro-

tein telomerase reverse transcriptase (TERT) with telomere-specific reverse

transcriptase activity which synthesizes telomere sequences utilizing an

internal RNA template. The maintenance of telomere length by telomerase

is critical to preserving the replicative potential of cancer cells. Several

pieces of evidence suggest that TERT, besides its capacity to extend

telomeres, is also involved in other cellular functions, including activation

of proliferative signaling pathways and antiapoptotic activity, even by

telomere-length-independent mechanisms. In view of its critical role in the

oncogenetic process, telomerase may be a molecular marker of neoplastic

disease.

The aim of this chapter is to analyze literature data in order to assess the role

of telomerase expression and/or activity in the carcinogenesis of colorectal

cancer and its value as a prognostic marker of disease progression. The potential

use of circulating TERT as a biomarker for minimally invasive monitoring of the

disease and response to therapy is also discussed.

List of Abbreviations

APC Adenomatous Polyposis Coli

CIN Chromosomal Instability

CRC Colorectal Cancer

CRT Chemoradiotherapy

DCC Deleted in Colorectal Carcinoma

DFS Disease-Free Survival

EGFR Epidermal Growth Factor Receptor

FU Fluorouracil

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

HIF Hypoxia-Inducible Factor

HPRT1 Hypoxanthine Phosphoribosyltransferase 1

MAPK Mitogen-Activated Protein Kinase

MMR Mismatch Repair System

MSI Microsatellite Instability

MSS Microsatellite Stable

OS Overall Survival

PCR Polymerase Chain Reaction

TERT Telomerase Reverse Transcriptase

TRAP Telomere Repeat Amplification Protocol
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Definition of Words and Terms

Adenoma-carcinoma sequence The continuous process of tumor initiation and

progression from a single cell of colorectal mucosa to a small adenomatous polyp,

which subsequently progresses to a larger lesion and then to a carcinoma.

Microsatellite One to six nucleotide repeated sequences, distributed throughout

the genome and exhibiting length polymorphism.

Histological grading A score of the differentiation grade of neoplastic cells,

measuring to what extent neoplastic cells differ from origin normal cells.

Histological staging A measure of the extent of a tumor.

Gene promoter DNA sequence located upstream of a gene, regulating transcrip-

tion and thus the expression of that gene.

Promoter methylation A mechanism which, by the addition of a methyl (CH3)

group to a cytosine located in CpG sites of a gene promoter, can silence gene

expression.

CpG islands DNA regions often localized in a gene promoter and characterized by

high concentrations of cytosine located before a guanine molecule.

Telomere Specialized DNA structure located at the end of eukaryotic chromo-

somes, which protect them from end-to-end fusion and degradation.

Telomerase Ribonucleoprotein complex which extends telomeres at the end of

eukaryotic chromosomes, thus preventing cell senescence and death.

TERT Telomerase reverse transcriptase, the catalytic protein of the telomerase

complex, with telomere-specific reverse transcriptase activity which synthesizes

telomere sequences de novo, using an internal RNA template (TR, telomerase

RNA, or TERC, telomerase RNA component).

Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in men and

the second in women, with over 1.2 million new cancer cases and 608,700 deaths

estimated to have occurred worldwide in 2008 (Jemal et al. 2011). Although

improved treatments, increased awareness, and early detection have contributed
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to prolonged survival, CRC still represents an important cause of cancer-related

deaths.

CRC is a heterogeneous complex of diseases differing in molecular pathways

and biological characteristics, arising through a multistep process of which several

genetic and epigenetic events have been characterized (Markowitz and Bertagnolli

2009). Molecular alterations accumulate with a stepwise change in morphology,

from normal epithelium to carcinoma. Genetic instability plays a critical role in the

oncogenetic process, and molecular heterogeneity accounts for the great clinical

variability of the disease. There are at least two major pathways by means of which

molecular events can lead to CRC; most CRCs (about 85 % of cases) are charac-

terized by chromosomal instability (CIN) with allele imbalance at several chromo-

somal loci and chromosomal amplifications and translocations, whereas the other

CRCs (about 15 % of cases) have a high-grade microsatellite instability (MSI)

phenotype. The CIN pathway is characterized by alteration of the Adenomatous

Polyposis Coli (APC) gene, which causes defective binding of APC protein to

β-catenin resulting in elevated β-catenin levels and activation of proliferation

signals by its translocation to the nucleus. APC deregulation may coexist with

KRAS mutations, which constitutively activate the downstream mitogen-activated

protein kinase (MAPK) pathway; loss of chromosome 18q, containing the DCC
(deleted in colorectal carcinoma) gene; deletion of SMAD2 and SMAD4 genes

involved in the TGF-β signaling pathway; and mutations on TP53 gene, which

influences a complex network of genes involved in cell cycle control, apoptosis,

DNA repair, angiogenesis, and differentiation (Markowitz and Bertagnolli 2009;

Winder and Lenz 2010). The MSI phenotype is generated by a deficient DNA

mismatch repair system (MMR). Alterations of one of the seven known MMR

genes (MSH2,MLH1, MSH6, PMS1, PMS2, MSH3, MLH3) cause unrepaired errors
on nucleotide repeat sequences, known as microsatellites. Methylation of the

promoter of MMR genes, in particular MLH1, is the most frequent mechanism in

silencing MMR genes in sporadic CRC, which is frequently associated with the

CpG island methylator phenotype (Pino and Chung 2010; Boland and Goel 2010).

The management of CRC requires a multimodal approach which must first take

into account the location (i.e., colon vs. rectum) and stage of the disease (stage I, II,

III, or IV) (Wilkes and Hartshorn 2012). Resection of the primary lesion is the

treatment of choice for both colon and rectal cancers but is considered curative only

for patients at stage I and for about 75 % of patients at stage II. After surgery, to

reduce the risk of tumor recurrence, adjuvant chemotherapy with 5-fluorouracil

(FU)-based regimens is considered the standard of care for patients with stage III

CRC and for patients at stage II with poor prognostic features (Andrè et al. 2009).

The benefit and improvement in disease-free survival (DFS) for patients with stage

III CRC is well established, whereas for stage II patients adjuvant therapy offers

little advantage over surgery (about 5 %), although this improvement in outcome is

measurable. Therefore, for CRC patients at stage II, it is very important to identify

those at high risk of recurrence in which the therapeutic approach could be

improved (O’Connor et al. 2011), to avoid exposing patients to chemotherapy

without benefit (Table 1).
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Factors for high risk of recurrence are mainly related to primary tumor charac-

teristics, such as depth of tumor invasion (T4), grading (poorly differentiated

tumors), lymphovascular invasion, or tumor presentation with perforation or

obstruction, and inadequate lymph node sampling (<12) (Andrè et al. 2009). Nev-

ertheless, identification of this subgroup of patients is still largely unsatisfactory

(O’Connor et al. 2011), probably due to both the molecular characteristics of

tumors and their intrinsic heterogeneity. Many efforts have been made to identify

molecular markers capable of predicting the outcome of CRC patients, and several

genetic and epigenetic alterations involved in the development of CRC have been

proposed as prognostic markers of disease progression. KRAS and TP53 gene

mutations, involved in chromosome instability, and the MSI phenotype have been

extensively studied for their prognostic and predictive roles. Although a predictive

value of KRAS mutation status for response to epidermal growth factor receptor

(EGFR)-targeted therapy has been defined in metastatic CRC (van Cutsem

et al. 2009; Cunningham et al. 2010), agreement on the prognostic value of these

markers in CRC stages I, II, and III has not yet been reached (Kim et al. 2007;

Cunningham et al. 2010). MSI status has prognostic value in some studies

(Sargent et al. 2010), but not in others (Bertorelle et al. 2013). Contrasting results

are also reported about the predictive role of MSI in response to adjuvant therapy

(Kim et al. 2007).

For locally advanced rectal cancer (stages II–III), an approach based on

chemoradiotherapy prior to surgery (pCRT) is currently the standard treatment to

reduce the risk of local recurrence and to increase the chances of sphincter preser-

vation (NCCN Guidelines 2014). With this approach, outcomes are encouraging,

with 5-year rates of local and distant recurrence ranging from 6 % to 9 % and 33 %

Table 1 Key facts in colorectal cancer

Colorectal cancer (CRC) arises through a multistep process from adenoma to invasive

carcinoma, for which several genetic events have been characterized

At least two molecular mechanisms of genetic instability underlie colorectal carcinogenesis:

chromosomal instability (CIN) and microsatellite instability (MSI)

The management of CRC requires a multimodal approach which must first take into account the

location (i.e., colon vs. rectum) and stage of the disease (stages I and II with cancer confined to

wall of colon, stage III with regional lymph node metastases, stage IV with distant metastases)

Surgical resection and adjuvant chemotherapy are effective curative treatments, but the risk of

recurrence cannot be accurately foreseen

Although pathologic tumor staging remains the key determinant of CRC prognosis, molecular

heterogeneity accounts for the great clinical variability of the disease and highlights the need for

prognostic markers capable of stratifying patients

Genetic alterations involved in the development of CRC have been identified in tumor tissues

and proposed as potential markers of disease progression, but agreement on their prognostic

value has not yet been reached. In particular for stage II tumors, it is very important to identify

patients at high risk of recurrence who need to be treated with adjuvant chemotherapy

Tumor markers in plasma or serum have been studied for a minimally invasive detection of CRC

in early stages and monitoring disease outcome and therapy response. Larger-scale studies are

needed to confirm potential candidates
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to 36 %, respectively. Approximately 40 % of patients show poor or no response to

pCRT, while a complete pathologic response has been reported for up to 44 % of

cases; for patients with pathologic response, less aggressive approaches have been

advocated, such as the “wait-and-see” policy or transanal local excision (reviewed

in Spolverato et al. 2011). Predicting tumor response to various combinations of

treatments has important clinical implications, since it improves the selection of

patients who have a greater likelihood of responding to treatment; patients with

known resistant tumors can be spared from exposure to radiation or DNA-damaging

drugs which are associated with adverse side effects. These considerations have

prompted researchers to find biomarkers able to predict the tumor response. Within

this framework, the identification of circulating biomarkers is important for mini-

mally invasive monitoring of disease.

Telomere/Telomerase Interplay in Colorectal Cancers

Telomere/telomerase interplay is an important mechanism involved in the mainte-

nance of chromosome stability and cellular replicative potential, and its dysfunction

has emerged as playing a key role in carcinogenesis (Blackburn et al. 2006).

Telomeres are specialized DNA structures located at the 30 end of chromosomes;

they are composed of (TTAGGG)n tandem repeats associated with a protein

complex (TRF1, TRF2, Rap1, TIN2, TPP1, POT1), shelterin, and are essential in

stabilizing chromosomes by protecting them from end-to-end fusion and DNA

degradation (Palm and de Lange 2008). Telomeres are progressively shortened

during each cell division by replication-dependent loss of sequences at DNA

termini, due to the failure of DNA polymerase to replicate the 30 end of chromo-

somes completely (Harley et al. 1990). When telomeres become critically short (the

Hayflick limit), cells undergo replicative senescence and apoptosis (Fig. 1a); further

erosion of telomeres may impair their function in protecting chromosome ends,

resulting in genetic instability (Hackett and Greider 2002). Thus, telomere erosion

has been proposed to play two conflicting roles: tumor suppression by inducing cell

death and tumor promotion by inducing genetic instability, a key event in the

initiation of carcinogenesis. However, cell division-associated telomere shortening

prevents unlimited cell proliferation and, thus, tumor development/progression. To

escape this proliferation barrier, cells must stabilize their telomeres. Most tumors

maintain their ability to grow indefinitely by inappropriate expression of telome-

rase, a ribonucleoprotein complex containing an internal RNA component (TR) and

a catalytic protein, telomerase reverse transcriptase (TERT), with telomere-specific

reverse transcriptase activity (Fig. 1b). TERT, which synthesizes de novo telomere

sequences using TR as template, is the rate-limiting component of the telomerase

complex, and its expression is correlated with telomerase activity (Nakamura

et al. 1997). While TR has broad tissue distribution and is constitutively present

in normal and tumor cells, the expression of TERT is usually repressed in normal

somatic cells and is essential for unlimited cell growth, thus playing a critical role in

tumor formation and progression (Kim et al. 1994; Hanahan and Weinberg 2011).
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Regulation of telomerase operates at several biological levels: transcription,

mRNA splicing, subcellular location of each component, and assembly of TR and

TERT in an active ribonucleoprotein. Transcription of the TERT gene is probably

the key determinant in regulating telomerase activity; notably, TERT transcription

activity is specifically upregulated in cancer cells but silent in most normal cells.

The TERT gene comprises about 35 Kb DNA and codes for an mRNA composed of

16 exons and 15 introns. At transcriptional level, more than 20 transcription factor-

binding sites acting as activators or repressors have been identified within the TERT
promoter. Cooperation of MYC and SP1 is required for full activation of the TERT
promoter, while p53 protein, through its interaction with SP1, downregulates

TERT. TERT is also directly activated by nuclear factor (NF)-kβ, hypoxia-inducible
factor (HIF)-1, and ETS/MYC complex. The histone methyltransferase SMYD3

also directly contributes to inducible and constitutive TERT expression in normal

and malignant human cells. TERT expression is suppressed by the oncosuppressor

genes, WT127 and menin, and through the MAD/MYC and TGFβ/SMAD path-

ways. The cell cycle inhibitors p16INK4a and p27KIP1 have also been shown to

downregulate TERT expression in cancer cells. Regulation of TERT transcription

Fig. 1 Maintenance of telomere length by telomerase in cancer cells. (a) Telomeres are

progressively shortened during each cell division due to the failure of DNA polymerase to

replicate the 30 end of chromosomes completely. When telomeres become critically short, normal

somatic cells undergo replicative senescence and apoptosis. (b) Cancer cells maintain their ability

to grow indefinitely by inappropriate expression of telomerase, a ribonucleoprotein complex

containing a catalytic protein, telomerase reverse transcriptase (TERT), which synthesizes de

novo telomere sequences using an internal RNA template
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may also involve DNA methylation, as the TERT promoter contains a cluster of

CpG sites. At posttranscriptional level, modulation of telomerase may occur by

alternative splicings; at least 10 different splice variants of TERT have been

described. The most widely studied variants involve splicing at two main sites:

the α splice site which produces a 36 bp deletion and the β site which results in a

183 bp deletion; mRNA variants lacking α and/or β regions translate truncated and

dysfunctional protein products (Fig. 2). It has been proposed that some of

these splicing products, such as isoform α, may exert a dominant negative function

by competitive interaction with components of the telomerase complex. Telome-

rase activity is also controlled by posttranslational modifications of the TERT

protein. Phosphorylation of the protein at critical sites by the PI3K/AKT kinase

pathway seems to be crucial for telomerase activity (reviewed in Dolcetti and De

Rossi 2012).

Several studies have demonstrated that telomeres are shorter in CRCs than in the

adjacent mucosa (Hastie et al. 1990; Takagi et al. 1999; Gertler et al. 2004; Garcia-

Aranda et al. 2006; Rampazzo et al. 2010). While telomere length in somatic cells

primarily reflects cellular proliferation, in tumor cells, it reflects the balance

between cellular proliferation with telomere loss and telomerase activity with de

novo synthesis of telomere sequences. Evidence that telomeres are shorter in CRCs

than in the adjacent mucosa, even in well-differentiated tumors, strongly supports

the concept that telomere erosion is a critical initial event in colorectal

Fig. 2 TERT genome and transcripts. TERT gene comprises 16 exons and 15 introns, for about

35 Kb DNA. Reverse transcriptase (RT) motifs range from exon 3 to exon 12. At least 10 different

splice variants of TERT mRNA are described. The most frequently studied variants involve the α
splice site which produces a 36 bp deletion and the β splice site which results in a 183 bp deletion;
mRNA variants lacking α and/or β regions translate truncated and dysfunctional protein products.

Full-length mRNA encodes the functional TERT protein
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carcinogenesis (Rampazzo et al. 2010; Roger et al. 2013). The activation of TERT

and high levels of telomerase activity stabilize telomere length, thus preserving the

replicative potential of cancer cells.

It should be noted that approximately 15 % of CRCs present MSI, while the

TP53 gene is the known major genetic alteration in CRCs with chromosomal

instability and stable microsatellites (MSS) (Kim et al. 2007; Ogino et al. 2009).

A study of a larger number of CRCs has demonstrated that both MSI and MSS

tumors have shorter telomeres than those in the cells of adjacent mucosa, but MSI

have shorter telomeres than MSS cancers (Rampazzo et al. 2010). The MSI

pathway involves failure of the MMR system which maintains genetic stability

not only by repairing DNA replication errors but also by preventing chromosomal

recombinations; a deficiency of MMR helps cells overcome cellular crises caused

by critical shortening of telomeres (Bechter et al. 2004). Thus, MSI cells may

undergo more proliferative cycles and more pronounced shortening of telomeres

before stabilizing than MSS cells. Of interest, the difference is particularly notable

and significant when MSI tumors are compared to MSS tumors carrying the wild-

type TP53 gene. MSS tumors with the mutated p53 protein have slightly shorter

telomeres than MSS tumors with the wild-type p53 (Rampazzo et al. 2010). In cells

with mutated p53, telomeres may protract their shortening with cell proliferation.

However, p53 is a well-known negative regulator of TERT promoter, and mutated

p53 may also result in TERT activation, so that telomere stabilization may occur

earlier than in MSI tumors.

While there is general agreement that telomere shortening is an early event in the

carcinogenesis of both familial and sporadic CRC, its prognostic and predictive

value is still largely controversial.

Telomerase as a Disease Marker

Several factors make TERT highly attractive as both a tumor marker and a target of

new therapeutic strategies. First, it is repressed in somatic tissues and detected in

more than 90 % of malignancies. Several questions listed in Table 2 are important

in defining its value as a marker of CRC. Answers to these questions, first of all,

require reliable methods to measure telomerase. Variations in the methods

Table 2 Telomerase and colorectal cancers: outstanding questions in assessing TERT value as

hallmark of disease and prognostic marker

Is TERT activation an initial or late event in colorectal carcinogenesis?

Are TERT mRNA levels correlated with telomerase activity?

Do levels of TERT expression/telomerase activity increase with disease progression?

Do levels of TERT expression/telomerase activity have prognostic value for disease-free

survival and for overall survival?

Does TERT act as a circulating biomarker for monitoring disease and for monitoring therapy

response?
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employed to measure this marker, i.e., TERT mRNA level or telomerase activity,

may influence the results.

Two main strategies are used to estimate telomerase: (1) quantification of TERT

mRNA levels and (2) quantification of telomerase activity. It has been estimated

that the level of telomerase, even in telomerase-positive tumor cells, is relatively

low, about 100 molecules per cell, so that its detection, as either mRNA or activity,

requires methods based on amplification by polymerase chain reaction (PCR).

Although there are no clinically approved telomerase assays, several promising

approaches have recently been published (Zhou and Xing 2012).

To estimate the level of TERT mRNA, real-time PCR-based methods have

recently been developed. The initially described TERT transcript has been shown

to contain alternate splicing sites, and mRNA variants lacking α and/or β regions

result in truncated and dysfunctional protein products. Thus, the best method to

quantify TERT is to design primers which bind to the α and β sites and recognize

the full-length mRNA which encodes the functional protein (Terrin et al. 2008).

Primers which bind to conserved regions located upstream of the RT motifs

recognize all TERT transcripts; this primer pair increases the sensitivity of the

assay but lacks specificity about the quality of the transcript. RNA extracted from

cancer cells should be retrotranscribed in vitro into cDNA and then amplified by

real-time PCR by means of the specific TERT primer pairs and a standard reference

curve, usually represented by serial dilution of a TERT amplicon or a plasmid

coding TERT (Fig. 3). All data acquired by real-time PCR must be normalized

using a housekeeping gene. The ideal housekeeping gene should not vary with

disease progression. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene, often employed as housekeeping gene, is activated by HIF and thus expressed

at higher levels in advanced diseases than in tumors at early stages. Other genes,

such as hypoxanthine phosphoribosyltransferase 1(HPRT1) gene, which do not

vary with tumor stage (de Kok et al. 2005), allow a more reliable estimate of

TERT levels.

�

Fig. 3 Quantification of TERT transcripts. To quantify the mRNA of TERT, two sets of

primers are designed. The forward primer AT1 and the reverse primer AT2 bind to nucleotide

sequences located upstream of the RT motif 1 of the TERT gene. The forward primer FL1 and the

reverse primer FL2 bind to nucleotide sequences located within the α and β splicing sites,

respectively. While amplification with AT1 and AT2 primers allows the detection of all TERT

transcripts (TERT-AT), amplification with FL1 and FL2 primers recognizes only mRNA

containing the α and β sites (TERT-FL) and encoding the functional TERT protein. The standard

reference curve to quantitate TERT-AT and TERT-FL transcripts is performed using serial

fivefold dilutions of a TERT amplicon containing the sequences recognized by the AT1/AT2

and FL1/FL2 primer pairs. Each sample is run in triplicate; a threshold cycle (Ct) value for each
triplicate is calculated and the mean values of the replicates, plotted against the standard TERT

reference curve, are employed to calculate the copies of TERT transcripts in the sample. To

normalize TERT transcripts for the amount and quality of RNA, HPRT1 is employed as house-

keeping gene. Representative standard reference curves of TERT-AT, TERT-FL, and HPRT1 are

shown
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To quantify telomerase activity, a PCR-based telomere repeat amplification

protocol (TRAP) assay has been developed. A synthetic non-telomere sequence is

employed as substrate; the substrate is then elongated by the telomerase present in

the sample and the product is analyzed by PCR. The addition of an internal control

(e.g., ITAS, internal telomerase assay standard) allows semi-quantification of

telomerase activity (Fig. 4). An important improvement in the quantification of

telomerase activity is the development of real-time PCR-based assays (Fig. 4).

In colorectal cancer, a study by real-time PCR performed with HPRT1 as

housekeeping gene demonstrated that there is a good relationship between the

levels of all TERT transcripts and the full-length TERT transcript

Fig. 4 Quantification of telomerase activity. To quantify telomerase activity, cellular extract is

analyzed by a PCR-based telomere repeat amplification protocol (TRAP). Cellular samples are

incubated with specific primers Ts and Cx and the telomerase products may be visualized by gel

electrophoresis (telomerase ladder). Internal telomerase assay standard (ITAS) allows to semi-

quantify telomerase activity. The products of telomerase activity may be quantified also by a real-

time PCR assay
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(Terrin et al. 2008). In addition, TERT mRNA levels were correlated with telome-

rase activity, estimated by TRAP assay (Terrin et al. 2008) and a real-time PCR

assay (Rampazzo et al. 2012). A correlation between TERT mRNA levels esti-

mated by real-time PCR and telomerase activity measured with a commercial

TRAP-based assay (TRAPeze) has also been demonstrated (Naito et al. 2001).

Telomerase as a Marker of Disease Progression

Although telomeres are shorter in CRC than in the adjacent mucosa, there is general

agreement that levels of telomerase expression and/or activity are higher in CRCs

than in adjacent noncancerous mucosa (Enghelhart et al. 1997; Tatsumoto

et al. 2000; Niiyama et al. 2001; Boldrini et al. 2002; Ghori et al. 2002; Maláska
et al. 2004; Garcia-Aranda et al. 2006; Bautista et al. 2007; Terrin et al. 2008)

(Table 3). The normal adjacent mucosa may have some detectable TERT mRNA

and telomerase activity, mainly due to intestinal crypt basal cells (Tatsumoto

et al. 2000; Terrin et al. 2008). These findings strongly support the fact that

activation of telomerase is subsequent to telomere erosion, probably due to the

high proliferation of preneoplastic lesions.

Only a few studies have analyzed telomerase expression in preneoplastic lesions.

In a study performed on 50 adenomas, 6 mucosal carcinomas, and 10 invasive

carcinomas, TERT mRNA level and telomerase activity increased with the

adenoma-carcinoma sequence (Naito et al. 2001). A study performed on

36 CRCs, 8 adenomatous polyps, and 9 dysplastic polyps found that normal mucosa

specimens and adenomas were negative for telomerase activity, whereas dysplastic

polyps and CRCs were positive, telomerase activity being higher in the latter

(Boldrini et al. 2002). Another study confirmed that both TERT mRNA level and

telomerase activity were higher in CRCs than in adenomas (Niiyama et al. 2001).

Several studies have demonstrated that levels of TERT expression and/or telo-

merase activity increase with tumor progression (Table 3). Well-differentiated and

moderately differentiated tumors had significantly lower TERT levels than poorly

differentiated ones (Terrin et al. 2008; Bertorelle et al. 2013). Late-stage tumors

(Dukes C and D) showed higher telomerase activity than early-stage tumors

(Engelhardt et al. 1997; Ghori et al. 2002; Sanz-Casla et al. 2005). Telomerase

activity tended to be higher in metastatic CRCs (Maláska et al. 2004). Moreover, it

has been demonstrated that elongation of 30OH of telomere by telomerase may

increase the malignant potential of cancer cells (Kojima et al. 2011). Few studies

found no correlation between levels of telomerase activity, assessed by the semi-

quantitative TRAP assay, and tumor progression (Tatsumoto et al. 2000; Gertler

et al. 2002; Garcia-Aranda 2006; Bautista et al. 2007) (Table 3).

Few studies have suggested that telomerase expression is related to tumor

location, being higher in colon than in rectal cancer (Kawanishi-Tabata

et al. 2002; Sanz-Casla et al. 2005), but other studies do not confirm this (Garcia-

Aranda et al. 2006; Terrin et al. 2008; Bertorelle et al. 2013). Unlike telomere

length, levels of telomerase expression/activity do not correlate with MSI status and
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Table 3 Telomerase as marker of colorectal cancer

Reference Cases

Method of

measurement Main findings

Engelhardt

et al. (1997)

80 (50 CRCs,

20 polyps,

10 colitis) and

50 CRC patient-

paired

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay

Telomerase activity

Absent in normal tissues

Higher in CRC than in

nonneoplastic lesions

Higher in late-stage than in

early-stage tumors

Tatsumoto

et al. (2000)

100 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay

Telomerase activity

Higher in CRC than in

adjacent noncancerous mucosa

Some detectable in adjacent

noncancerous mucosa derived

from intestinal crypt basal cells

Not correlated with CRC stage

or grade

Niiyama

et al. (2001)

140 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens,

20 adenomas

TERT mRNA by

competitive PCR and

telomerase activity

by TRAP assay

TERT mRNA and telomerase

activity

Higher in CRC than in

adenomas

Higher in adenomas than in

normal mucosa

Naito

et al. (2001)

66 (50 adenomas,

6 mucosal

carcinomas,

10 invasive

carcinomas)

specimens

Telomerase activity

by TRAP assay

(TRAPeze assay)

Positive correlation between

TERT mRNA and telomerase

activity

TERT mRNA by

real-time PCR

TERT levels increase during

adenoma-carcinoma sequence

Gertler

et al. (2002)

57 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens

TERT mRNA by

real-time PCR

Both CRC and adjacent

noncancerous mucosa were

positive for TERT

TERT levels lower in tumors

than in noncancerous mucosa in

most cases

TERT levels not correlated with

stage

Kawanishi-

Tabata

et al. (2002)

122 CRCs stage II

(52 colon,

70 rectum)

Telomerase activity

by TRAP assay

�80 % telomerase-positive CRC

Higher percentage of telomerase-

positive tumors in colon than in

rectum

Ghori

et al. (2002)

30 CRC and

20 adjacent

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay

(TRAPeze assay)

Telomerase activity

Higher in CRC than in

adjacent noncancerous mucosa

Correlated with Dukes stage

(continued)
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Table 3 (continued)

Reference Cases

Method of

measurement Main findings

Boldrini

et al. (2002)

36 CRC and

patient-paired

noncancerous

mucosa

specimens,

8 adenomatous

polyps,

9 dysplastic

polyps

Telomerase activity Telomerase activity

Absent in normal mucosa and

adenomas

Higher in CRC than in

dysplastic polyps

Higher in late-stage than in

early-stage tumors

Maláska
et al. (2004)

41 CRC and

paired

noncancerous

mucosa

specimens

Telomerase activity

and TERT level

Telomerase activity

Present in 83 % of CRC

Absent or at very low level in

normal mucosa

Higher in metastatic tumors

Boldrini

et al. (2004)

43 CRCs Telomerase activity

and TERT level

TERT levels and telomerase

activity higher in TP53 mutated

tumors than in TP53 wild-type

tumors

Sanz-Casla

et al. (2005)

103 CRCs Telomerase activity

by TRAP assay

Telomerase activity increases

with tumor progression (Dukes

stage)

Higher percentage of telomerase-

positive tumors in colon than in

rectum

Garcia-

Aranda

et al. (2006)

91 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay-

based ELISA

Telomerase activity

Present in 81 % of CRC

Present at very low level in

15 % of normal samples

Not correlated with tumor

progression

Not correlated with tumor

location

Vidaurreta

et al. (2007)

97 CRCs Telomerase activity

by TRAP assay-

based ELISA

Telomerase activity

Present both in MSI and MSS

tumors

Bautista

et al. (2007)

108 rectal cancer

and paired

adjacent

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay-

based

immunofluorescence

assay

Telomerase activity

Higher in rectal cancer than in

normal mucosa

Not correlated with tumor

stage and grade

(continued)

29 Telomerase as Biomarker in Colorectal Cancer 673



increase with disease progression in both MSI and MSS tumors (Vidaurreta

et al. 2007; Bertorelle et al. 2013). The finding that TERT mRNA is higher in

tumors bearing TP53 mutations (Boldrini et al. 2004) may support the concept that

high TERT expression is a marker of poor outcome and poor response to therapy

(Fakhoury et al. 2007; Bertorelle et al. 2013).

Telomerase as a Prognostic Marker for Colorectal Cancers

Pathologic tumor staging remains a key determinant of CRC prognosis and treat-

ment. Invasive cancers are confined within the wall of the colon (stages I and II),

but if untreated, they spread to regional lymph nodes (stage III) and then metasta-

size to distant sites (stage IV). Although radical resection and adjuvant therapy are

Table 3 (continued)

Reference Cases

Method of

measurement Main findings

Terrin

et al. (2008)

85 CRC and

42 adjacent

noncancerous

mucosa

specimens

TERT mRNA by

real-time PCR

TERT levels

Higher in CRC than in

adjacent noncancerous mucosa

Increase with tumor stage and

grade

Not correlated with MSI status

Not correlated with tumor

location

Kojima

et al. (2011)

106 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens

Telomerase activity

by TRAP assay

Elongation of 30OH of telomere

by telomerase may increase

malignant potential in cancer

cells

Safont

et al. (2011)

48 CRC and

patient-paired

adjacent

noncancerous

mucosa

specimens,

48 plasma

samples

TERT mRNA by

real-time PCR

Relationship between TERT in

CRC tumors and plasma

Higher circulating TERT level in

stage IV tumors

Bertorelle

et al. (2013)

137 CRCs TERT mRNA by

real-time PCR

TERT levels

Increase with tumor stage and

grade

Not correlated with MSI status

Not correlated with tumor

location
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effective curative treatments, the risk of disease recurrence cannot be accurately

foreseen, even in patients at the same tumor stage. Surgery is the primary treatment

for patients in stages I–III, and adjuvant therapy provides additional survival

benefits for patients in stage III. The controversial results obtained in different

studies (Quasar Collaborative Group et al. 2007; Sargent et al. 2010) may reflect the

molecular and biological heterogeneity of CRCs and highlight the need for strong

prognostic markers capable of stratifying patients.

There are two main reasons why telomerase may be a useful prognostic factor:

(1) the results of most studies agree that TERT expression and/or telomerase

activity increases with tumor progression, and (2) several pieces of evidence

suggest that TERT, besides its capability for extending telomeres, is also involved

in other cellular functions, including activation of proliferative signaling pathways

and antiapoptotic activity, even by telomere-length-independent mechanisms

(Stewart et al. 2002; Rahman et al. 2005). Notably, high levels of telomerase confer

resistance to several antineoplastic drugs (Tao et al. 2012; Shawi et al. 2013).

Several studies have addressed the prognostic value of telomerase expression in

CRC. Table 4 lists the most significant studies addressing telomerase activity levels

and prognosis. Differing results may partly be due to the different cohorts studied

and assessment of different end points, disease-free survival (DFS) or overall

survival (OS). Despite the varying methods used to measure the level of telomerase

activity or TERT expression and the different end points (DFS or OS), most of the

studies show that the high levels of telomerase are associated with poor prognosis.

Most of the studies used a semiquantitative TRAP assay to evaluate telomerase

activity (Tatsumoto et al. 2000; Kawanishi-Tabata et al. 2002; Sanz-Casla

et al. 2005; Garcia-Aranda et al. 2006; Vidaurreta et al. 2007; Bautista

et al. 2007; Kojima et al. 2011). Only a few studies, with different reference curves

and housekeeping genes, employed real-time PCR to evaluate TERT mRNA levels

(Gertler et al. 2002; Safont et al. 2011; Bertorelle et al. 2013).

High levels of TERT mRNA and/or telomerase activity are reported to be

associated with a worse OS and this negative prognostic effect is also independent

of pathologic stage (Gertler et al. 2002; Bertorelle et al. 2013). In particular, results

obtained by quantification of TERT mRNA in 137 CRC patients with a median

follow-up of 70 months strongly indicate that TERT is an independent prognostic

indicator of OS; patients with high TERT levels (above the median) have an

approximately double risk of death with respect to patients with low TERT levels

(below the median) (Bertorelle et al. 2013). In addition, although it is clinically

important to identify stage II CRC at high risk of recurrence, only two studies on

telomerase have addressed this issue. In the first study, the positivity of telomerase

activity, estimated by TRAP assay, was associated with better prognosis, and

patients with telomerase-positive CRCs had longer DFS than patients with

telomerase-negative tumors (Kawanishi-Tabata et al. 2002). In the second study,

TERT levels, estimated by real-time PCR and previously found to be related to

telomerase activity in CRCs (Terrin et al. 2008), significantly stratified stage II

patients; in fact, such patients with high TERT levels had significantly worse
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Table 4 The prognostic value of telomerase in colorectal cancer

Reference

Method of

measurement Cases Prognostic value Main findings

Tatsumoto

et al. (2000)

Telomerase activity

by TRAP assay: low,

moderate, high levels

100 Telomerase activity has

prognostic value DFS

p < 0.01; OS p < 0.01

High telomerase

activity and poor

prognosis

Kawanishi-

Tabata

et al. (2002)

Telomerase activity

by TRAP assay:

positive vs. negative

122

stage II

Telomerase activity has

prognostic value for: DFS

p < 0.05; OS p = n.s.

Positive telomerase

activity and good

prognosis for DFS

Gertler

et al. (2002)

TERT mRNA by

real-time PCR

57 TERT ratio has

prognostic value OS

p < 0.05

High telomerase

activity and poor

prognosisRatio (TERT

tumor/TERT normal

mucosa) >0.57

Sanz-Casla

et al. (2005)

Telomerase activity

by TRAP assay

103 Telomerase activity has

prognostic value DFS

p < 0.001

High telomerase

activity and poor

prognosis

Garcia-

Aranda

et al. (2006)

Telomerase activity

by TRAP assay-based

ELISA (low,

moderate, high levels)

91 Telomerase activity has

no prognostic value for:

DFS p = 0.11

No correlation with

prognosis

Vidaurreta

et al. (2007)

Telomerase activity

by TRAP assay-

based ELISA (low,

moderate, high

levels)

97 Telomerase activity has

prognostic value OS

p = 0.04

Positive telomerase

activity and poor

prognosis

Bautista

et al. (2007)

Telomerase activity

by TRAP assay-

based

immunofluorescence

assay

108

rectal

cancers

Telomerase activity has

prognostic value for: DFS

p = 0.023; OS p = 0.011

High telomerase

index and poor

prognosis

Telo index: (telo

cancer-telo normal

tissue)

Safont

et al. (2011)

TERT mRNA by

real-time PCR

TERT levels: tumor/

normal (low <2,

moderate <5, high

>5)

48 TERT level has no

prognostic value DFS

p = ns

No correlation with

prognosis

Kojima K

et al. (2011)

Telomerase activity

by TRAP assay

(TRAPeze kit)

106 Telomerase activity has

prognostic value OS

p = 0.018

Telomerase

activated without

30-OH shortened

telomeres and poor

prognosis

Bertorelle

et al. (2013)

TERT mRNA by

real-time PCR

137

50

stage II

TERT level has

prognostic value

OS p < 0.009

Stage II CRC OS

p = 0.008

Stage II CRC DFS

p = 0.043

High TERT level

and poor prognosis
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median OS and DFS values than those with low TERT levels (Bertorelle

et al. 2013). Further studies with a prospective design and large sample sizes are

required to define the prognostic role of telomerase properly in stage II CRC

patients.

Telomerase as Circulating Marker

In recent years, great efforts have been made to identify noninvasive or minimally

invasive tumor markers to detect CRC in its early stage and to monitor the disease

outcome. Genomic mutations have been reported to be useful to detect either

circulating tumor cells or tumor-derived DNA in serum and plasma (Hsieh

et al. 2005). Expression of epithelial cell adhesion molecules has been used

primarily to detect CRC cells in the hematopoietic milieu, and circulating cancer

cells is a promising approach, although its diagnostic/prognostic role still needs to

be established (Kin et al. 2013). Recently, the detection of cancer-related RNA

molecules in plasma has been proposed as a marker of cancer onset and outcome

(El-Hefnawy et al. 2004). Although plasma contains potent ribonucleases, extra-

cellular RNA may survive in the blood because it is contained in apoptotic bodies/

vesicles which are resistant to RNAse digestion (El-Hefnawy et al. 2004). Ongoing

studies indicate that circulating microRNAs may be potential early detection bio-

markers for CRC (Schetter et al. 2012). Within this framework, recent studies

suggest that cell-free circulating TERT mRNA is a potential marker of disease.

Transcripts of TERT have been detected in the plasma of patients with different

type of tumors, i.e., breast cancer (Chen et al. 2000), hepatocellular carcinoma

(Miura et al. 2005), lung cancer (Pelosi et al. 2006), prostate cancer (March-

Villalba et al. 2012), and colorectal cancer (Lledó et al. 2004), but how TERT

levels in plasma reflect those in tumors remains an open question. In a series of

CRCs, from stage I to stage IV, plasma TERT mRNA levels were found to be

related to those in tumors (Terrin et al. 2008). In addition, while 95 % of patients

with tumors had detectable cell-free circulating TERT, aged-matched controls were

negative in almost all cases; very low TERT levels were detected in few controls

(Terrin et al. 2008). Larger-scale studies are needed to assess the cutoff value of

TERT in order to estimate the sensitivity and specificity of this assay. However, the

close association between tumor and plasma TERT levels makes this biomarker a

potentially valuable tool in monitoring neoplastic disease as well as the response to

therapy.

With this concern, recent research has focused on identifying new predictive

factors of rectal tumor response to chemoradiotherapy prior to surgery (pCRT), and

identification of circulating biomarkers is important for minimally invasive moni-

toring of patients. A study of rectal cancers in patients who underwent pCRT, and

for whom baseline and paired post-pCRT plasma samples were available, demon-

strated that baseline TERT levels did not predict the response to pCRT, but did

significantly decrease in patients who had a complete pathologic response, while

they remained unchanged or became higher in patients who did not respond to
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therapy (Pucciarelli et al. 2012). This finding strongly suggests that variation in

TERT plasma levels is predictive of tumor response. Although the predictive value

of TERT should be validated in larger studies, this finding supports the concept that

plasma TERT reflects the telomerase expression in tumors.

Potential Applications

CRC is a heterogeneous complex of diseases differing in molecular pathways

and biological characteristics, arising through a multistep process. The manage-

ment of CRC requires a multimodal approach and many efforts have been made

to identify molecular markers able to predict the outcome of CRC patients.

Several genetic and epigenetic alterations involved in the development of CRC

have been proposed as prognostic markers of disease progression, but agreement

has not yet been reached. One limitation may be the fact that they are involved

in a specific pathway of CRC and not in others. Besides molecular and biolog-

ical heterogeneity, CRCs need telomerase activation to preserve the replicative

potential. According to the majority of studies, activation of telomerase

occurs during the adenoma-carcinoma sequence and increases during tumor

progression.

Telomerase may therefore be a useful marker in monitoring and predicting the

disease outcome. This may be particularly useful in stage II patients. Whereas

adjuvant chemotherapy is standard care for stage III patients, the role of adjuvant

therapy in stage II does remain controversial. High TERT levels represent a good

prognostic marker for both OS and DFS in these patients. A caveat to the use of

telomerase as a marker is the availability of simple and reliable assays to quantify

telomerase expression and/or activity. This is important even because noncancerous

cells may express low TERT levels and telomerase activity. In the case of colorectal

mucosa, this may at least partly be due to intestinal crypt basal cells. Reliable assays

will allow researchers to compare data and define useful cutoff values to discrim-

inate patients at low and high risk of disease progression.

Recent studies indicate that circulating TERT levels reflect cancer TERT levels.

While most CRC patients have plasma TERT, the few available data indicate that

age-matched noncancer patients are negative or, in a few cases, have very low

levels of circulating TERT. Furthermore, in patients with rectal cancer who

received chemoradiotherapy prior to surgery, plasma levels of TERT decreased in

patients with a complete pathologic response, while remained unchanged or

increased in those who did not respond to therapy. These findings suggest that

circulating TERT is a potential biomarker for minimally invasive monitoring of the

disease as well as for response to therapy. However, many other studies are needed

to confirm the reliability of TERT as a marker of neoplastic disease. A limitation to

this approach is that the plasma levels of TERT may receive contributions by

non-tumor sources, such as activated lymphocytes, and therefore additional studies

with reliable quantitative assays are required to define the cutoff values of circu-

lating TERT as marker of neoplastic disease.
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Summary Points

• This chapter focuses on telomerase in colorectal cancers.

• Telomerase is a ribonucleoprotein complex containing a catalytic protein with

reverse transcriptase activity (TERT, telomerase reverse transcriptase) which

synthesizes telomere sequences using an internal RNA template. The activation

of TERT and telomerase activity stabilizes telomere length, preserving the

replicative potential of cancer cells.

• Two main strategies are used to estimate the expression of telomerase: (1) quan-

tification of TERT mRNA levels and (2) quantification of telomerase activity.

Several studies have shown that TERT mRNA levels correlate with telomerase

activity in colorectal cancers.

• In colorectal carcinogenesis, telomerase is activated after erosion of telomere length.

• Levels of telomerase expression and/or activity are higher in cancers than in

adjacent normal mucosa.

• Levels of telomerase expression and/or activity increase with the adenoma-

carcinoma sequence.

• Levels of telomerase expression and/or activity increase with tumor progression.

• The majority of studies agree that telomerase has a prognostic value for overall

survival (OS) and disease-free survival (DFS). However, a few studies do not

confirm the prognostic role of telomerase, and cutoff values still represent an

open question.

• Emerging studies report that circulating levels of TERT reflect cancer TERT

levels and suggest that plasma TERT is a useful marker for minimally invasive

monitoring of disease progression and/or response to therapy. Additional studies

are required.
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Abstract

Each year, nearly one million people develop colorectal cancer, and 50 % of them

are expected to die because of cancer within 5 years of diagnosis. Over the last two

decades, significant advances in screening, surgery, adjuvant chemotherapy, and

patient monitoring have improved the 5-year survival rate. Colorectal cancer is a

molecularly heterogeneous disease, and the analysis of its molecular signatures

and the identification of colorectal cancer biomarkers will lead to better screening

approaches and personalized therapeutic plans. A biomarker is a substance that

can be measured and used as an indicator of a biological and/or pathological state.

In cancer pathology, biomarkers can be used to detect the disease, to predict

prognosis or response to therapy, and to evaluate the efficacy of therapy thereby

improving the patient’s life expectancy and quality of life. The carcinoembryonic

antigen (CEA) is the biomarker most frequently used in colorectal cancer. It is

effective in the surveillance of colorectal cancer patients and in monitoring the

efficacy of therapy, whereas it is less useful in colorectal screening. Recent studies

indicate that also CEA-related proteins (CEACAMs) are promising potential

colorectal cancer biomarkers. CEA and CEACAM proteins play important roles

in cancer pathology, and the analysis of their functions will be useful for the

identification of diagnostic and/or prognostic factors and therapeutic targets in

colorectal and other cancers.

List of Abbreviations

CEA Carcinoembyonic Antigen

CEACAM Carcinoembryonic Antigen-Family Cell Adhesion Molecule

FOBT Fecal Occult Blood Test

GPI Glycosylphosphatidylinositol

Ig Immunoglobulin

IgCAM Ig-like Cell Adhesion Molecule

PCR Polymerase Chain Reaction

TNM Tumor Nodes Metastases

Key Facts of Colorectal Cancer

• The intestine is the main site of nutrient absorption; it is subdivided in small and

large intestine. The latter comprises the right colon, transverse colon, left colon,

sigma, and rectum.

• Colorectal cancer develops from uncontrolled growth of colorectal mucosa cells.

• Colorectal cancer is an epithelial cancer arising in almost 80 % of cases from

nonmalignant lesions that turned into cancer within 5–10 years of their appearance.

686 M. Gemei et al.



• The rate of malignant transformation of polyps depends on their size.

• Genetic factors, such as Lynch syndrome and familial adenomatous polyposis,

can increase the risk of developing colorectal cancer.

• Adequate screening for colorectal cancer considerably decreases the death rate

of the disease.

• Surgery is the treatment of choice for colorectal cancer, but chemo-and radio-

therapy could be useful as adjuvant therapies and also for nonoperable primary

and metastatic colorectal cancers.

• Biologic drugs such as monoclonal antibodies (Bevacizumab and Cetuximab)

can be successfully used to treat advanced cancers.

Definitions of Words and Terms

Glycosylation Glycosylation is a posttranslational modification that consists in the

attachment of carbohydrates to proteins or other organic molecules.

Ig-like Fold This is a type of tertiary structure of proteins. It consists of a 2-layer

sandwich of antiparallel β strands arranged in two β sheets consisting of about

80 amino acids.

β-Sheet Structure The β sheet is a type of secondary structure of proteins. Beta

sheets are composed of beta strands connected laterally by hydrogen bonds.

Amino Acids These are organic compounds that form the backbone of proteins.

They are made from aminic (–NH2) and carboxylic acid (–COOH) groups, with a

side chain specific to each amino acid.

Paralog A paralog is a pair of genes that derive from a duplication event and that

reside within the same genome.

Microsatellite Instability Microsatellite instability (MSI) occurs when the DNA

mismatch repair (MMR) system fails thereby allowing the accumulation of muta-

tions that cause a condition of genetic hypermutability.

Loss of Heterozygosity Human somatic cells are diploid; this means that they bear

a copy of the genome from the father and another from the mother. When a parental

copy of a genome tract is lost, there is a loss of heterozygosity.

Orthologue Orthologues are homologous genes derived from a speciation event

resulting in similar genes founded in different species.

Pseudogene Pseudogenes derive from the loss of protein-coding ability of genes

that have accumulated multiple mutations and whose original product is not

required for the survival of the organism.
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Homologue Homologues are genes founded in different species that derive from a

common ancestral gene following a speciation event or similar genes founded in the

same species following a duplication and mutation event.

Phosphorylation Phosphorylation is a posttranslational modification of proteins

that consists in the attachment of a phosphate (PO4
3�) group.

Apoptosis Apoptosis is the sequence of events that determine a programmed cell

death in the cells when they are damaged or senescent. Apoptosis leads to cell death

without loss of cellular material in the surrounding environment, and consequently

without generation of inflammation.

Anoikis Anoikis is a kind of programmed cell death that is induced when cells

detach from the extracellular matrix to avoid their anchorage-independent growth.

CEACAM as Colorectal Cancer Biomarkers

Introduction

Colorectal cancer is a leading cause of cancer death in the industrialized world

(Levy 2012). The 5-year survival rate is about 90 % when colorectal cancer is

diagnosed at an early stage (American Cancer Society 2013), but most colorectal

cancers are diagnosed when they are already in an advanced stage. Late diagnosis

has been attributed mainly to the lack of noninvasive, cost-effective, and sensitive

screening tests (Sepulveda 2013).

Colorectal Cancer Screening

The screening procedures recommended for average-risk individuals 50 years old

or more are: an annual fecal occult blood test (FOBT) and flexible sigmoidoscopy

and double-contrast barium enema or colonoscopy every 5 years (Levy 2012;

Alberts et al. 2012; Hayat 2009). Flexible sigmoidoscopy together with a FOBT

is a reliable screening test; double-contrast barium enema, although visualizing the

entire colon, is not sufficiently sensitive to detect small lesions. Colonoscopy is the

most sensitive test and is recommended every 10 years in people with an average

risk of developing colorectal cancer (Levy 2012; Alberts and Grothey 2012; Hayat

2009). Risk factors are inflammatory bowel disease, familial adenomatous

polyposis, hereditary nonpolyposis colorectal cancers, or a family history of cancer.

People who present one or more of these risk factors are considered high-risk

persons and are likely to follow more intense screening than average-risk individ-

uals over 40 years old (Sepulveda 2013; Fleisher et al. 2002; Alberts and

Grothey 2012).
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Most colorectal cancers arise from nonmalignant polyps that become malignant

within 10–12 years. Thus, this condition is amenable to early detection of precan-

cerous lesions or early stage cancers. However, screening rates for colorectal cancer

are low, and there is a need to increase the public’s awareness to the importance of

screening and to define effective screening programs.

Colorectal Cancer Staging

When cancer is diagnosed, it is also staged. “Cancer staging” is a standardized

process by which clinicians describe the extent of the cancer. Colon cancer clinical

staging goes from stage 0 to stage 4 (Fig. 1); each stage has peculiar characteristics

although borderline cases are frequent. When patients undergo surgery, the process

used to determine whether cancer has spread within the colon or to other parts of the

body is called “pathologic staging” and is based on the results of the physical

examination, biopsies, and imaging tests (Levy 2012; Sepulveda 2013). The most

commonly used staging system for colorectal cancer is that of the American Joint

Committee on Cancer (AJCC) known as the TNM system (Fig. 1, Table 1) (Levy

2012; Sepulveda 2013; Fleisher et al. 2002). Earlier staging systems for colorectal

cancer are the Dukes and Astler-Coller systems (Table 1) (Sepulveda 2013). More

recent is the TNM system, which describes three different aspects of colon cancer.

The T parameter goes from 1 to 4 and describes how deep the primary tumor has

grown into the wall of the intestine and whether it has invaded nearby areas. The N

parameter goes from 1 to 2 and describes the extent of spread to nearby lymph

Fig. 1 Characteristics of colorectal cancer at different clinical/pathological stages. The clinical

and pathological stages of colorectal cancers reflect their grade of severity in terms of cancer

spreading to nearby and distant tissues and organs. Early stage disease (0–1) shows no or little

invasion of the colon wall by tumor and no lymph node involvement or distant metastases; in the

mid-stage (2), the invasion is more advanced and new vascularization is formed within the tumor,

and cancer cell spreading through the bloodstream and lymphatic system promotes cancer

diffusion; in more advanced stages (3–4), lymph node metastases can be observed, and distant

metastases also appear
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nodes. Finally, the M parameter goes from 0 to 1 and indicates whether the cancer

has metastasized to other organs of the body, most frequently to the liver and

lungs (Levy 2012). The information gathered from staging determines the stage of

the disease; clinical and pathologic staging are complementary to each other

(Fig. 1).

CEA and CEACAMs: Genetic and Molecular Structure

In the mid-1990s, CEA was identified as a tumor-associated antigen in human colon

cancer (McClatchey 2002). Gold and Freedman identified this antigen in fetal colon

and in adenocarcinoma but not in normal adult colon. Because of its expression in

cancer and embryonic tissues, they called this antigen “carcinoembryonic antigen”

(McClatchey 2002; Schwartz 2002; Sepulveda 2013). Subsequently, other studies

showed that the expression of CEA is low in some normal tissues but 60-fold higher

in cancer (Duffy 2001). CEA was also found to be higher in the serum of colorectal

cancer patients than in healthy controls (McClatchey 2002; Schwartz 2002;

Sepulveda 2013) (Table 2).

Table 1 Colorectal cancer pathologic staging. Characteristics of different colorectal cancer

stages. Correlations between clinical stages and pathological stages. The correspondence between

TNM, Dukes, and Astler-Coller staging systems is reported

Stage TNM Dukes

Astler-

Coller Characteristics

0 Tis, N0, M0 – – Carcinoma in situ, intraepithelial or lamina propria

invasion, no lymph node metastases, no distant

metastases

I T1, N0, M0 A A, B1 Tumor invades the submucosa, no lymph node

metastases, no distant metastases

T2, N0, M0 B1 B2 Tumor invades the muscularis propria, no lymph

node metastases, no distant metastases

II T3, N0, M0 B2 B2 Tumor invades through the muscularis propria into

the subserosa or into non-peritonealized, pericolic,

or perirectal tissues, no lymph node metastases, no

distant metastases

T4, N0, M0 B2 B3 Tumor directly invades other organs or structures

and/or perforates visceral peritoneum, no lymph

node metastases, no distant metastases

III T1–T2,

N1–N2, M0

C1 C1–C2 Tumor invades the submucosa or the muscle layer,

metastases are present in regional lymph nodes, no

distant metastases

T3–T4,

N1–N2, M0

C2 C2–C3 Tumor invades the serosa of the colon wall,

metastases are present in regional lymph nodes, no

distant metastases

IV Any T,

any N, M1

D D Distant metastases
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CEA belongs to the immunoglobulin superfamily of cell adhesion molecules

(IgCAMs) (Schwartz 2002). IgCAMs are highly glycosylated surface proteins

whose function is fundamental in cell-cell adhesion, and they have recently been

identified as important modulators of several physiopathological processes

(Schwartz 2002; Weber 2007). The Ig fold shows small variations that allow the

identification of the Ig variable (IgV) and Ig constant (IgC)-1 and (IgC)-2 domains

(Kuespert et al. 2006; Schwartz 2002). The Ig fold is very common, and the Ig

domain-encoding genes represent the most abundant portion in the whole human

genome. Its structure is amenable to fine tuning, thereby enabling Ig-like proteins to

be involved in various binding tasks.

The CEA Ig-like protein is characterized by seven extracellular Ig domains and a

glycosylphosphatidylinositol (GPI) anchor. GPI-linked proteins are anchored to the

cell membrane through an external anchor, which could explain why CEA is easily

detected in a soluble form in the bloodstream (Fleisher et al. 2002; Weber 2007).

The CEA protein is a primate-specific protein since it has no orthologues in

non-primate species (Fleisher et al. 2002) (Fig. 2).

Together with its paralogs, CEA is a member of the family of CEA-related cell

adhesion molecules (CEACAMs). In humans, CEACAMs comprise 23 genes

located within a 1.2 Mb cluster along the long arm of chromosome 19. Eighteen

are expressed, and 11 are pseudogenes (Schwartz 2002; Sepulveda 2013).

CEACAMs comprise 6 transmembrane proteins, 4 GPI-linked proteins

(CEACAM5–8), and 2 secreted proteins (CEACAM16 and CEACAM18)

(Schwartz 2002; Sepulveda 2013) (Fig. 3).

Table 2 CEA measurement in the management of colorectal cancer patients. CEA measurement

in colorectal cancer screening, staging, treatment planning, postoperative surveillance, and therapy

response. CEA is not recommended in screening, staging, and treatment planning, while it is useful

in the detection of progressive and metastatic diseases as well as in the monitoring of therapy

response

Screening Staging

Treatment

planning

Postoperative

surveillance

Therapy response

monitoring

CEA testing

is not

recommended

Preoperative

elevated

CEA levels

(>5 mg/mL)

seem to indicate

an adverse

outcome

Preoperative

CEA levels

are not

recommended

for adjuvant

therapy

planning

CEA levels

should be tested

every 3 months

for 3 years after

diagnosis if

patients are

candidates for

surgery and

systemic therapy

CEA is evaluated

every 1–3 months

for the entire

duration of the

treatment to

monitor

metastatic cancer

during systemic

therapy

If CEA results

elevated in two

measurements,

evaluation of

metastatic disease

should be

conducted

If CEA elevation

persists, current

therapy needs to

be reconsidered

and, alternatives

should be

evaluated
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Dysregulation of CEACAM Proteins and Their Involvement
in Colorectal Cancer

CEA is abundantly expressed in the fetal gastrointestinal tract and other tissues,

while it is generally downregulated in the adult, and residual CEA expression can

be found in the apical part of the gastrointestinal epithelium and in such other

mucosa as the lungs, sweat glands, urogenital tract, and nasopharynx (Schwartz

2002; Weber 2007; McClatchey 2002). High reexpression of CEA in the adult is

often linked to epithelial carcinoma development. Other CEACAMs are also

expressed in the gastrointestinal epithelia although their functions are still poorly

explored. CEACAMs in cancer are involved in the prevention of anoikis, an

adhesion-free form of apoptosis linked to the detachment of cells from the extra-

cellular matrix, and in the blocking of intrinsic apoptosis pathways (Kuespert

et al. 2006; Duxbury et al. 2004; Duxbury et al. 2004). Overexpression of CEA

or CEACAM6 has been demonstrated to disrupt the ordered tissue architecture in

GPI-anchor

3

2

1

lg-like
domain

NH2

N domain

A domain

B domain

M domain

Cell 
Membrane

Fig. 2 CEACAM5 (CEA) protein structure. The CEACAM5 protein contains three Ig-like

domains subdivided into sub-domains. Cysteine residues contained in A and B domains allow

the formation of disulfide bonds which create the loops characteristic of the Ig-like fold. The

mature protein is linked to the plasma cell membrane by a GPI anchor. The extracellular portion of

the CEACAM5 protein is highly glycosylated at various points; the different glycosylation

statuses change the size and immunogenicity of CEACAM5
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3-D cultures of colon cell lines, thereby inhibiting the formation of glandular

structures and enhancing their tumorigenicity in mice (Sepulveda 2013; Ilantzis

et al. 2002; Chan et al. 2007), while in transgenic mice, CEACAM6 overexpression

leads to uncontrolled proliferation of colonocytes and inhibits differentiation and

anoikis (Sepulveda 2013; Ilantzis et al. 2002; Chan et al. 2007). In addition,

transgenic mice expressing the human chromosomal region containing CEA and

CEACAM6 displayed an abnormal colon structure with hyperplasia, severe dys-

plasia, and serrated adenomas, together with an increased tumor formation rate

upon azoxymethane treatment (Ilantzis et al. 2002). Moreover, when normal

myofibroblasts were transfected to express CEA or CEACAM6, they acquired the

ability to grow in suspension (adherence-free growth), showed a reduced apoptosis

rate, and acquired tumorigenic ability (Sepulveda 2013; Kuespert et al. 2006). CEA

and CEACAM6 can modulate integrin clustering, thereby increasing cell adhesion

to the extracellular matrix and creating a fibronectin shell around cancer cells

(Kuespert et al. 2006; Fiori et al. 2012). This suggests that members of the

CEACAM family play a role in tumorigenic transformation processes by promoting

aberrant growth in human cells.

CEACAM6 has recently been investigated for its potential function in tumori-

genesis (Sepulveda 2013; Blumenthal et al. 2005a; Duxbury et al. 2004a, b, e;

Strickland et al. 2009). CEACAM6 expression, measured by immunohistochemis-

try, was found to be increased in colorectal malignancies, and its high expression

was reported to be an independent prognostic factor for resectable colon cancers

(Blumenthal et al. 2005a; Scholzel et al. 2000; Jantsheff et al. 2003; Zhao

et al. 2011). CEACAM6 has been reported to be a differentiation marker in normal

colonocytes, in which it plays a role in the maintenance of tissue architecture and in

C1 C3 C4 C19 C20 C21 C5 C6 C7 C8 C16 C18

Fig. 3 Members of the CEACAM family. The CEACAM family is constituted by 12 members.

Six are transmembrane CEACAMs (CEACAM1–4 and 19–21), four are GPI-linked proteins

(CEACAM5–8, the GPI anchor is shown in green), and two CEACAMs are secreted

(CEACAM16 and 18). They have different numbers of Ig-like loops in their structure which is

composed of a constant (in blue) and a variable (in orange) part
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colonocyte differentiation. CEACAM6, in fact, is normally upregulated as

colonocyte differentiation proceeds (Ilantzis et al. 1997; 2002).

CEACAM6 ectopic expression in rat myofibroblasts enabled the cells to form

tumors in mouse (Screaton et al. 1997), whereas CEACAM6 overexpression in

human cell lines such as Caco2 greatly reduced the latency time of tumor formation

and resulted in larger tumors in mice (Ilantzis et al. 2002). CEACAM6 was

identified in specific membrane rafts in which the cross-linking of its external

domain was able to recruit and then to activate other molecules such as α5β1
integrin whose involvement in cell-cell and cell-matrix interactions is relevant in

cell differentiation, proliferation, and survival (Chan et al. 2007; Duxbury

et al. 2004c; Ordonez et al. 2007). Taken together, these observations support the

concept that CEACAM6 can contribute to colorectal tumorigenesis.

CEACAM7 has been described as a predictive marker for rectal cancer recurrence

(Issues in surgical Research, Techniques, and Innovation 2011; Messick et al. 2010).

Its use in the early monitoring of high-risk patients could result in timely adjuvant

therapy and thus improve outcome. CEACAM7 mRNA levels were 21-fold lower in

rectal cancers than in normal colon mucosa (Issues in surgical Research, Techniques,

and Innovation 2011; Messick et al. 2010). CEACAM7 levels were relatively

decreased in patients with cancer recurrences than in patients without recurrence

(Issues in surgical Research, Techniques, and Innovation 2011; Messick et al. 2010).

CEACAM1 could exert a function opposite to that of CEA and CEACAM6. In

fact, it has antitumor and proapoptotic factor functions (Sepulveda 2013; Fridman

and Galon 2011). It is downregulated in about a quarter of human colorectal cancers

(Sepulveda 2013; Fridman and Galon 2011). There are two CEACAM1 isoforms

(short and long) whose expression varies depending on the location (Sepulveda

2013; Fridman and Galon 2011; Kuespert et al. 2006). Both are expressed weakly at

the luminal surface of advanced colorectal cancer, while the long isoform is

expressed at a higher level at the invasive front of tumors, and its expression is

associated with lymph node metastasization, bloodstream spreading of cancer cells,

and poor prognosis (Sepulveda 2013; Fridman and Galon 2011; Kuespert

et al. 2006). In vitro experiments revealed that CEACAM1 is involved in promoting

cancer cell invasion and migration. In particular, the long isoform is strongly

reexpressed at the invasive front of colorectal cancers (Kuespert et al. 2006).

Moreover, CEACAM1 expression is upregulated in response to interferon gamma

in melanoma cells that survive lymphocyte-mediated injury (Kuespert et al. 2006;

Fiori et al. 2012; Sepulveda 2013). Natural killer and T-cell attacks were inhibited

by their interaction with CEACAM1; this specific promotion of immune escape

could explain why CEACAM1 is sometimes overexpressed in human tumors

(Kuespert et al. 2006; Fiori et al. 2012; Sepulveda 2013). CEACAM1 is also

implicated in angiogenesis during the formation of tumor vasculature given its

expression by tumor-associated vessels (Fiori et al. 2012). It exerts a proangiogenic

effect by stimulating capillary-like tube formation in vitro, as well as by increasing

vascularization in vivo in chicken embryos (Fiori et al. 2012). Specifically,

CEACAM1 acts on the migratory abilities of endothelial cells and on the expression

of the angiogenic factor CD105 (Fiori et al. 2012; Kuespert et al. 2006).
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Potential of CEACAMs in the Targeting and Treatment of Cancer

The targeting potential of CEA has been demonstrated in mice. In fact, positron

emission tomography and single-photon emission computed tomography with

pre-targeted anti-CEA antibodies were able to identify human colon cancer in

mouse lungs even when 18F-fludeoxyglucose staining failed (Hayat 2009;

Hammarström and Stigbrand 2002; Heine et al. 2011). In humans, pre-targeting

with antibodies followed by radioisotope administration improved imaging resolu-

tion (Hayat 2009; Hammarström and Stigbrand 2002; Heine et al. 2011). Moreover,

“CEA scan,” a 99mTc-labeled anti-CEA Fab fragment, has been approved by the US

Food and Drug Administration for cancer imaging (Hayat 2009; Hammarström and

Stigbrand 2002; Heine et al. 2011).

Encouraging results have been published supporting the role of CEA in colo-

rectal cancer therapy. CEA inhibition in colorectal cancer cell lines has been linked

to apoptosis induction and loss of metastatic potential in mice (Tiernan et al. 2013;

Blumenthal et al. 2005b; Duxbury et al. 2004h; Strickland et al. 2009). CEA has

also been used as a homing target for new experimental therapies, and promising

effects have been observed with CEA-directed radiotherapy in human and mice, in

immunotherapy with CEA-DNA vaccines, in treatment with CEA-stimulated den-

dritic and T-cells, and in gene therapy with viral vectors expressing CEA-binding

domains (Sepulveda 2013; Barack 2006; Hammarström and Stigbrand 2002;

Tiernan et al. 2013). However, these strategies need to be finely regulated because

of the normal CEA expression in various adult tissues. In this context, other

CEACAMs, for example, CEACAM6, showed promise as a therapeutic target for

new therapies that have a low cytotoxicity (Duxbury et al. 2004a; Strickland

et al. 2009). It has been proposed as a therapeutic target in colon cancer (Gemei

et al. 2013), while, in pancreatic cancer, CEACAM6 has been evaluated in preclin-

ical analysis with mice and nonhuman primates, using new monoclonal antibody

and siRNA-based approaches (Strickland et al. 2009; Duxbury et al. 2004h).

CEA as a Biomarker in Colorectal Cancer

Few studies have been devoted to biomarkers in colorectal cancer (Bacolod and

Barany 2011; Belov et al. 2010; Fleisher et al. 2002; Barak 2006). Hitherto, tumor

markers have not been proved useful in detecting early colorectal cancer because of

the lack of specificity, although they have been important in predicting recurrence

and in the management of therapies (McClatchey 2002; Alberts and Grothey 2012;

Fleisher et al. 2002).

In 1999, the College of American Pathologists released a consensus document

on genetic, biologic, and molecular prognostic factors in colorectal cancer

(McClatchey 2002; Fleisher et al. 2002; Compton et al. 2000). They include

tumor grade, circumferential resection margin, tumor regression after adjuvant

chemotherapy, histological type, tumor border configuration, microsatellite insta-

bility, and loss of heterozygosity. In this list of prognostic factors, the only
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biomarker mentioned is CEA, also known as CEACAM5 (McClatchey 2002;

Fleisher et al. 2002; Newton et al. 2012).

CEA Expression in Colorectal Cancer

The concentration of CEA was found to be higher in patients with an advanced-

stage colorectal cancer. In fact, serum levels of CEA were increased in 28 % of

patients with Dukes’ A disease, 45 % with Dukes’ B disease, 75 % with Dukes’ C

disease, and 84 % with Dukes’ D disease (Kuespert et al. 2006; Sepulveda 2013;

Fleisher et al. 2002; Alberts and Grothey 2012; Levy 2012). In addition, several

studies demonstrated that well-differentiated colorectal cancers produce a higher

quantity of CEA than poorly differentiated cancers in terms of both tissue and

serum CEA (Sepulveda 2013; Kuespert et al. 2006). With respect to tumor site, left-

sided colorectal cancers generally produce more CEA than right-sided cancers. It is

noteworthy that also bowel obstructions give rise to CEA concentrations above

normal level (Kuespert et al. 2006), while smoking has been demonstrated to almost

double CEA serum concentration in healthy subjects (Duffy 2001).

In addition, since CEA is metabolized and degraded in the Kupffer cells of the

liver, some nonmalignant conditions of the liver can impair this clearance mecha-

nism so that CEA could be elevated also in the serum of patients with liver

pathologies (Kuespert et al. 2006; Fleisher et al. 2002).

CEA in Colorectal Cancer Screening and Prognosis

After its recognition as a cancer biomarker, CEA rapidly became the most widely

used tumor marker worldwide and the most frequently analyzed marker in colo-

rectal cancer patients even though its false-positive rate is unacceptably high, and

so the use of CEA in colorectal cancer screening is controversial (Duffy 2001;

McClatchey 2002; Fleisher et al. 2002; Sepulveda 2013; Kuespert et al. 2006;

Sturgeon et al. 2008).

Baseline CEA can vary between countries and laboratories, but a value between

2.5 and 5 ng/mL is considered elevated. Using these values, about 50 % of

colorectal cancer patients have normal levels of CEA, especially in the case of

localized and poorly differentiated cancers, while in patients with true elevation

of serum levels of CEA, hemodilution resulting from parenteral nutrition or trans-

fusions could cause a false-negative result (McClatchey 2002; Fleisher et al. 2002;

Sepulveda 2013; Kuespert et al. 2006). The main aim of colorectal cancer screening

is to detect Dukes’ A or B cancers; in fact, more advanced stages are unlikely to be

easily and definitively treated. At an upper limit of 2.5 ng/mL, CEA has a sensitivity

of 36 % and a specificity of 87 % in the detection of Dukes’ A and B colorectal

cancers (Chen et al. 2004). Thus, the positive predictive value of CEA is too low to

be used in screening healthy subjects. In fact, the American Society of Clinical

Oncology (ASCO) does not recommend CEA testing in colorectal cancer screening
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protocols even though it may occasionally identify colorectal cancer patients

(Sepulveda 2013; Fleisher et al. 2002). Consequently, FOBT and colonoscopy are

largely preferred for colorectal cancer screening. However, in symptomatic

patients, who are likely to have a more advanced disease with respect to asymp-

tomatic patients, a highly increased CEA level (five times or higher than normal

level) is considered strongly suggestive of a cancer (Sepulveda 2013; Fleisher

et al. 2002; Alberts and Grothey 2012; Levy 2012). ASCO also recommends

CEA be tested preoperatively only for prognostic purposes. Of the seven studies

that evaluated the prognostic impact of preoperative CEA levels, five reported that

high CEA levels were associated with a poor prognosis, while the other two did not

find a significant relationship between CEA levels and patient outcome (Duffy

2001). The finding of prognostic factors is particularly important in Dukes’ B

patients because approximately 40–50 % of these patients have an aggressive

disease (Sepulveda 2013; Fleisher et al. 2002; Alberts and Grothey 2012; Levy

2012). To improve the prognostic value of CEA levels in Dukes’ B patients, their

analysis can be combined with CA-242 measurement. This combination was

effective in predicting an adverse prognosis of more aggressive cancers (Sepulveda

2013; Fleisher et al. 2002; Duffy 2001). Differently, it remains to be established

whether CEA levels are able to identify patients who would benefit from adjuvant

chemotherapy. Furthermore, there are no sound data that CEA screening

would improve survival (Barak 2006; Sepulveda 2013; Fleisher et al. 2002;

Thirunavukarasu et al. 2011), and no reports have shown a benefit from the use

of adjuvant therapy based only upon the increased preoperative CEA level (Barak

2006; Kuespert et al. 2006).

CEA in Colorectal Cancer Management

Although there is no formal prognostic algorithm that includes CEA, the College of

American Pathologists and the American Joint Committee on Cancer consider it a

class I prognostic factor. This means that it is a factor “definitively proven to be of

prognostic import based on evidence from multiple statistically robust published

trials and generally used in patient management” (Sepulveda 2013;

Thirunavukarasu et al. 2011). In fact, even if CEA is not recommended for

colorectal cancer screening, there is a general consensus that CEA is useful in the

management of colorectal cancer patients, particularly in monitoring for recurrence

and in assessing response to therapy (Alberts and Grothey 2012; Levy 2012;

Sepulveda 2013; Fleisher et al. 2002). Serum CEA elevation frequently precedes

the appearance of symptoms and clinical confirmation of disease progression by

several months (Sepulveda 2013; Lee 1978). In the identification of recurrences in

colorectal cancer patients, CEA had a sensitivity of about 80 % (range of 17–89 %)

and a specificity around 70 % (range of 34–91 %) (Duffy 2001; Levy 2012). In

particular, CEA testing was successful in the diagnosis of hepatic and retroperito-

neal metastases, but not in identifying local, peritoneal, and lung involvement

(Sepulveda 2013; Fleisher et al. 2002; Alberts and Grothey 2012; Levy 2012).

30 Carcinoembryonic Antigen Family Cell Adhesion Molecules (CEACAM) as. . . 697



Moreover, persistent high levels of CEA are indicative of residual disease since,

after curative surgery, CEA levels usually decrease to normal values (Sepulveda

2013; Alberts and Grothey 2012).

After curative resection, the 5-year overall recurrence rate in colorectal cancer

patients was found to be about 40 % (including 12 % local relapses, 20 % liver

metastases, 8 % pulmonary metastases, and 30 % other recurrences) (Sepulveda

2013; Alberts and Grothey 2012). CEA serum levels are commonly monitored after

curative surgery to detect recurrent disease at an early stage. In the follow-up of

colorectal cancer patients, CEA serum levels can detect a cancer relapse with a

sensitivity ~80 % and a specificity ~70 % (Sepulveda 2013; Alberts and Grothey

2012; Fleisher et al. 2002; Levy 2012). Serial CEA level measurements are the most

useful in the detection of liver metastases; indeed, they have a sensitivity close to

100 % (Duffy 2001; Levy 2012). A meta-analysis of 20 studies examining the

performance of CEA in 4,285 patients after resection of the primary colorectal

cancer demonstrated a sensitivity of 64 % and a specificity of 90 % for relapse

detection (Sepulveda 2013).

Liver metastases is the most common complication of colorectal cancer (~60 %

of colorectal cancer patients develop hepatic metastases), and hepatic resection is

the only potential curative treatment of metastatic colorectal cancer. Unfortunately,

50–80 % of patients who undergo hepatic resection relapse (Sepulveda 2013;

Alberts and Grothey 2012). For these patients, elevated CEA levels 1–3 months

after hepatic resection correlate with an adverse prognosis (Sepulveda 2013;

Alberts and Grothey 2012). A slow increase of serum CEA could indicate local

recurrence, while a rapid increase probably indicates a hepatic metastasis

(Sepulveda 2013; Alberts and Grothey 2012; Fleisher et al. 2002; Levy 2012).

Although CEA monitoring is the most cost-effective and sensitive method with

which to diagnose recurrent disease in colorectal cancer patients, it is not clear what

benefits arise from the routine assay of CEA in patients who undergo curative

surgery (Sepulveda 2013; Alberts and Grothey 2012; Fleisher et al. 2002; Levy

2012). There are no prospective randomized trials that indicate benefits of serial

CEA measuring in colorectal cancer patients, but the European Group on Tumor

Markers suggests that the analysis of CEA levels could be useful to increase the

interval between two radiological examinations, thus reducing their number and

consequently the patient’s exposure to radiation (Fleisher et al. 2002; Barak 2006).

From a meta-analysis of two randomized and three comparative cohort studies,

comprising 2005 patients, it emerged that the 5-year survival and overall survival

were, respectively, 1.16 and 3.6 times higher in patients who underwent intensive

monitoring of CEA (three times per year for at least 2 years) than in control

patients, and patients intensively monitored underwent more than twice the number

of curative re-resections versus control patients (Duffy 2001). Obviously, the value

of CEA monitoring for the preclinical detection of hepatic metastases is valid only

for patients who are willing and able to undergo liver resection for recurrent

disease. In the monitoring of cancer recurrence, ASCO indicated that CEA levels
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should be tested in stage II and III patients every 2–3 months for 2 years after

surgery (Alberts and Grothey 2012; Sepulveda 2013).

Although surgery is the preferred therapy for colorectal cancer, chemotherapy

with 5-fluorouracil or levamisole is widely used in patients with advanced cancers.

In these patients, CEA could be useful to evaluate therapy efficacy since it reflects

disease status and can help clinicians to discontinue ineffective drugs in a timely

fashion (Hayat 2009; Fleisher et al. 2002). It is important to note that transient

elevation of CEA could be due also to chemotherapy (Brunner et al. 2009).

Although there is no consensus about the use of CEA in the management of

advanced colorectal cancer patients, the National Academy of Clinical Biochem-

istry, ASCO, and the European Group on Tumor Markers recommend its use in

monitoring the efficacy of therapy (Sepulveda 2013; Fleisher et al. 2002). They

recommend that CEA be measured before therapy and then at regular intervals of

2–3 months for at least 2 years thereafter. Two measures above baseline are

indicative of progressive disease without any confirmatory analysis, but it has to

be kept in mind that:

1. CEA elevation usually occurs in advanced-stage patients.

2. Not all patients with recurrent cancer exhibit CEA elevation.

3. CEA elevation may occur in conditions unrelated to cancer relapses.

4. Therapy could cause CEA elevation.

So, in conclusion, the National Academy of Clinical Biochemistry and the

European Group on Tumor Markers do not recommend CEA testing in colorectal

cancer screening, but CEA can be measured before surgery together with

other parameters to complete staging and to determine the therapeutic plan

(Fleisher et al. 2002; Hayat 2009; McClatchey 2002). Moreover, CEA levels

should not be analyzed in the immediate postoperative period, but they can be

evaluated in the follow-up of patients who would undergo hepatic resection in case

of metastases. In addition, CEA can be measured to assess therapy efficacy and to

detect progressive disease (Fleisher et al. 2002; Hayat 2009; McClatchey 2002;

Sepulveda 2013).

CEACAM Proteins as Potential Biomarkers in Colorectal Cancer:
CEACAM1, CEACAM6, and CEACAM7

Beside the widely recognized role of CEA in the management of colorectal cancer

patients, other CEACAMs are being investigated as colorectal cancer biomarkers.

CEACAM1 was found to be downregulated at transcriptional level in colon ade-

noma and carcinoma and overexpressed at protein level in colorectal cancer in

which it correlates with clinical stage (Kuespert et al. 2006; Fridman and Galon

2011; Sepulveda 2013). It is not clear why CEACAM1 is reexpressed in colorectal
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cancer; however, multivariate analysis revealed that persistence of CEACAM1 is

an independent risk factor for lymph node, hematogenous metastases and short

survival (Kuespert et al. 2006; Fridman and Galon 2011; Sepulveda 2013).

Also CEACAM7 has been associated with recurrence risk in rectal cancer.

A single institution colorectal cancer database and a frozen tissue biobank were

queried for rectal cancer patients, and CEACAM7 messenger RNA was measured

by real-time PCR in normal mucosa and cancer specimens (Messick et al. 2010).

A comparison of CEACAM7 levels in normal tissue, tissue from disease-free

survivors, and tissue from patients with cancer relapse showed that it was lower

in rectal cancer with respect to normal mucosa, and it was also decreased in patients

who relapsed with respect to disease-free survivors (Messick et al. 2010). More-

over, CEACAM7 expression was prognostic for rectal cancer recurrence and was

statistically significant in stage II patients. In fact, it could be used to select stage II

patients who would benefit from adjuvant chemotherapy (Messick et al. 2010;

Issues in Surgical Research, Techniques, and Innovation 2011).

CEACAM6 overexpression is one of the first observable signs of transformation

in colorectal tissue. It is one of the most highly expressed antigens in colorectal

cancer, with an intensity of expression that parallels the severity of the lesion

(Gemei et al. 2013; Blumenthal et al. 2007). In a multivariate analysis, CEACAM6

expression was found to be an independent prognostic factor for reduced overall

survival (Jantsheff et al. 2003). Despite the paucity of data about the function of

CEACAMs in colorectal cancer, it is clear that they are involved in colorectal

pathology (Table 3).

Table 3 Roles of CEACAMs in colorectal pathology. CEACAMs play several roles in colorectal

pathology, and emerging studies revealed their utility as therapeutic targets and prognostic factors

and in the development of new cancer imaging and surveillance tools

CEACAM Condition Role – potential use Reference

CEACAMs Colorectal

cancer

Cancer imaging Hayat (2009); Heine

et al. (2011)

CEACAM5

(CEA)

Colorectal

cancer

Cancer surveillance, therapy

efficacy monitoring,

therapeutic target, cancer

imaging

Duffy (2001); Sepulveda

(2013); Fleisher et al. (2002);

Hammarström and Stigbrand

(2002); Hayat (2009); Barak

(2006)

CEACAM1 Rectal

cancer

Prognostic factor Fiori et al. (2012)

Colitis Regulation of Th1 response Iijima (2004)

Colorectal

cancer

Promotion of invasion and

migration

Ieda (2011)

CEACAM6 Crohn

disease

Receptor for invasive

Escherichia coli
Barnich and Darfeuille-

Michaud (2010)

Colorectal

cancer

Therapeutic target Gemei et al. (2013)

Colorectal

cancer

Prognostic factor Jantsheff et al. (2003); Zhao

et al. (2011)
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Potential Applications to Prognosis of Other Diseases
and Conditions

Almost all CEACAM proteins are dysregulated in cancer, so they can be useful to

assess the efficacy of new diagnostic/prognostic protocols, and they may also have

potential as therapeutic targets in different types of cancer. In particular, CEA is

overexpressed in several epithelial cancers and is currently used to monitor disease

status after therapy in patients overexpressing it (Sepulveda 2013; Tiernan

et al. 2013).

The CEACAM1 protein is reduced in colon cancer and also in endometrium,

breast, and prostate cancers in which it seems to act as a tumor suppressor (Kuespert

et al. 2006; Fiori et al. 2012). However, the function of CEACAM1 in various

cancers remains to be established. In fact, it is a marker of metastasization and

cancer progression in non-small cell lung cancer and lung adenocarcinomas as well

as in malignant melanoma. In lung adenocarcinomas, CEACAM1 was reexpressed

in 81 % of patients, and its expression was significantly correlated with primary

tumors, lymph nodes, and hematogenous metastases (Fiori et al. 2012). Moreover,

overall survival was reduced in CEACAM1-positive patients (Fiori et al. 2012;

Sepulveda 2013). In a 10-year follow-up study, 100 primary cutaneous melanomas,

11 distant metastases, and 6 sentinel lymph nodes were immunohistochemically

evaluated for CEACAM1 expression (Utikal et al. 2012). The results revealed a

strong correlation between CEACAM1 expression in primary tumors and subse-

quent development of metastases. In fact, 70 % of CEACAM1-positive patients

developed distant metastases versus only 10 % of CEACAM1-negative patients.

The expression of CEACAM1 was highest at the invasive front of melanomas, and

in multivariate analysis, its expression was found to be an independent factor of risk

for metastases with a predictive value superior to that of tumor thickness (Kuespert

et al. 2006; Fiori et al. 2012). These findings were confirmed by a study in which

CEA and CEACAM1 expression was evaluated in such preneoplastic lesions as

spreading melanoma and dysplastic and benign nevi. In these samples, similarly,

also CEA expression was higher in dysplastic nevi and in spreading melanomas

with respect to benign nevi.

In prostate cancer, CEACAM1 is involved in the transition between noninva-

sive, nonvascularized, and invasive and vascularized tumors (Fiori et al. 2012). In

breast cancer, the CEACAM1 protein is expressed in an apical membrane pattern in

benign and premalignant lesions, while it moves to a bilateral membrane and

cytoplasmic localization at early stages of malignant transformation (Fiori

et al. 2012). Cytoplasmic expression of CEACAM1 in gastric and intestinal carci-

nomas indicates a worse prognosis (Fiori et al. 2012). Besides its function in

angiogenesis, CEACAM1 promotes endocytosis of the insulin-receptor complex

and so plays a role in the regulation of insulin action (Kuespert et al. 2006). In fact,

in transgenic CEACAM1-lacking mice, impaired insulin clearance by hepatocytes

in the liver induced hyperinsulinemia (Kuespert et al. 2006).

CEACAM6 is overexpressed in several cancers: breast, lung, pancreatic, pros-

tate, endometrial, and colon cancers. Its expression frequently parallels cancer stage
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(Blumenthal et al. 2005a; Cameron et al. 2012; Duxbury et al. 2004f; Scholzel

et al. 2000; Gemei et al. 2013). In pancreatic cancer, it enhances cell invasiveness

and resistance to anoikis and apoptosis (Blumenthal et al. 2005b; Duxbury

et al. 2004g). In pancreatic cancer, CEACAM6 has been successfully used as a

therapeutic target in preclinical studies (Duxbury et al. 2004h; Strickland

et al. 2009). In breast cancer, CEACAM6 overexpression promotes migration and

invasion of drug-resistant estrogen-deprived breast cells (Lewis-Wambi

et al. 2008).

In conclusion, the expression of CEACAMs is dysregulated in almost 50 % of

human cancers. Their dysregulation is a marker of malignant transformation, and

their expression is often a prognostic factor for a worse outcome (Kuespert

et al. 2006; Sepulveda 2013; Tiernan et al. 2013).

Summary Points

1. CEACAM proteins play important roles in colorectal cancer, and their functions

and possible role as biomarkers are currently being investigated.

2. CEACAM5 and CEACAM6 function as tumor suppressors, and their

dysregulated expression enhances cell proliferation and inhibits apoptosis and

differentiation while disrupting colon architecture.

3. CEACAM7 is a putative predictive marker for rectal cancer recurrence.

4. CEACAM1 has an antitumor function, and it is downregulated in a quarter of

human colorectal cancers.

5. Preliminary studies indicate that CEACAM6 has prognostic importance in

colorectal cancer; moreover, it is a promising therapeutic target in several

human cancers.

6. The use of CEA measurement in colorectal cancer screening is controversial,

but its role as a prognostic factor and in therapy efficacy evaluation is well

established.

7. CEACAMs play different roles in several human cancers and are promising

therapeutic targets as well as diagnostic, predictive, and prognostic biomarkers.
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Abstract

Head and cell neck squamous carcinomas are a heterogeneous group of neo-

plasms evolved through multistep carcinogenesis, which is commonly attributed

to the abuse of tobacco and alcohol. The epidemiological and molecular evi-

dences from recent decades show the human papillomavirus (HPV) to be

causative in a subset of HNSCC. Anatomically, HPV exhibits a predilection
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for the oral cavity and oropharyngeal and laryngeal regions of the head and neck.

HPV-positive and HPV-negative tumors differ in many facets that include

histology, differentiation, risk factors, and prognosis. At present, no guidelines

are available to choose an appropriate biomarker for the clinical assessment of

HPV in HNSCC malignancies. Currently, p16 immunohistochemistry is used as

a potential surrogate marker, but its use as a predictive marker is still question-

able. Taking the present scenario into consideration, we present in this chapter

a list of biomolecules that have higher possibility for use as biomarkers.

A randomized clinical trial is required for validation of each biomolecule before

designating it as a biomarker that can be subsumed for routine analysis.

List of Abbreviations

APC Adenomatous Polyposis Coli

ATP Adenosine Triphosphate

BER Base Excision Repair

CDC Centers for Disease Control and Prevention

CH1 Cysteine/Histidine-Rich 1

CI Confidence Interval

DNA Deoxyribonucleic Acid

EGFR Epidermal Growth Factor Receptor

FDA Food and Drug Administration

HLA Human Leukocyte Antigen

HNSCC Head and Neck Squamous Cell Carcinoma

HPV Human Papillomavirus

hTERT Human Telomerase Reverse Transcriptase

ISH In Situ Hybridization

KRT14 Human Keratin 14

LCR Long Control Region

MCM7 Minimicrosome Protein 7

MDM2 Mouse Double Minute 2 Homolog

MHC Major Histocompatibility Complex

mMU Milli-Merk Units

MPG Multiplex Human Papillomavirus Genotyping

OPSCC Oropharyngeal Squamous Cell Carcinoma

OR Odds Ratio

OSCC Oral Squamous Cell Carcinoma

PDCD4 Programmed Cell Death Protein 4

PSCC Pharyngeal Squamous Cell Carcinoma

Rb Retinoblastoma

RNA Ribonucleic Acid

RTOG Radiation Therapy Oncology Group

RT-qPCR Reverse Transcription Quantitative Polymerase Chain Reaction

SSB Single-Strand Break

TGF Transforming Growth Factor
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TGFBR3 TGF Beta-Receptor 3

TIL Tumor-Infiltrating Lymphocytes

VLP Viruslike Particles

XRCC1 X-ray Repair Cross-Complementing Protein 1

Key Facts

• Human papillomavirus (HPV) is the principal causative agent for the develop-

ment of a subgroup of head and neck cancers.

• The combined activity of E6 and E7 proteins is responsible for the oncogenic

property of the HPV virus.

• Both the viral proteins are retained and continuously expressed throughout the

development of the disease.

• At present p16 is used as a biomarker for identification of HPV infection, but it is

not adequately reliable.

• In this book chapter, we have discussed other possible factors that could be used

as biomarkers for HPV-induced HNSCC.

Definition for Words

Biomarker Any quantifiable or measurable biological substance that can be used

to identify or predict the state of a disease.

Cis Elements It is a short sequence of DNA present upstream to the promoter in

the LCR region of HPV viruses responsible for the regulation of viral gene

expression.

Clinical Outcome It is defined as any change in the health condition of a subject as

a result of undergoing treatment.

Clinicopathology Assessing the status of disease with the help of laboratory

results.

DNA Repair It is defined as the property of the cell to fix the damages in its

genetic materials caused by replicative errors, drugs, or radiation.

Good Prognosis An expected clinical improvement especially an increase in the

chance of recovery from the disease.

HPV Prevalence Presence of HPV-positive cases at a specified time in a specific

population.
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Malignant Phenotype The capability of a tumor to invade nearby tissues.

Neoplasm An uncontrolled progressive cell growth especially attributed to tumor.

Transgenic Mouse A mouse whose genome is altered with a foreign gene, often

used in laboratory settings as models for studying human disease.

Tumor Suppressor Any gene or protein that prevents the cell transformation from

normal to malignant phenotype.

Introduction

Head and neck cancer includes cancers that originate in the oral cavity, oropharynx,

hypopharynx, nasopharynx, and larynx. About 40,000 new cases of head and neck

cancer are diagnosed every year in North America, and there are 650,000 new cases

worldwide. It is ranked as the sixth most common malignancy worldwide (Jemal

et al. 2003). Traditionally, alcohol and tobacco abuse are the major risk factors for

head and neck squamous cell carcinoma (HNSCC). The possible association of

HPV in HNSCC was first reported by Syrjanen et al. in 1983, when they detected

HPV proteins in oral squamous cell carcinoma (OSCC) by immunohistochemistry

(IHC) (Syrjanen et al. 1983). Since then, efforts have been made to understand the

role of HPV in head and neck cancer. It is now recognized as one of the major

causes of oropharyngeal cancer, which includes the soft palate, the tonsil, and the

base of the tongue. To date, over 100 different types of HPV are identified and

classified either by their specificity for host tissue (cutaneous or mucosal) or by

their association with cancer (high risk, intermediate, and low risk) (zur Hausen

1996; de Villiers et al. 2004; Munoz et al. 2003; Table 1). HNSCCs are predom-

inantly associated with mucosal high-risk HPV types, HPV16 and HPV18, in

addition to other high-risk types of HPV which are less common. HPV16 is the

most prevalent genotype accounting for 87 % of the oropharyngeal, 68 % of oral,

and 69 % of laryngeal carcinomas associated with HPV (Dayyani et al. 2010). Most

of the patients with HPV tend to be younger in age with no history of tobacco or

alcohol abuse. Evidence-based studies have reported that HPV-associated HNSCC

is a sexually transmitted disease. A strong association has been observed between

the sexual behavior and the risk of oropharyngeal cancer (Gillison 2008). HPV

prevalence in OSCC is higher in Asia (33 %), while Europe and North America

have similar levels (16 %). Comparable levels of HPV prevalence were seen for

OPSCC in North America (47 %) and Asia (46.3 %). Again Asia is found to possess

higher HPV prevalence in the larynx followed by Europe (21.3 %) and North

America (13.8 %) (Kreimer et al. 2005). In contrast, a multi-continent study

conducted by IARC on oropharyngeal cancer, oral, and HPV showed no significant

difference in HPV prevalence between Asia, Africa, Europe, and North and South

America (Kreimer et al. 2005; Table 2).
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In the past 20 years, limited improvements have been achieved in treatment

outcomes despite multidisciplinary approaches and advances in chemotherapy,

radiotherapy, and surgical techniques. Often, treatment failures occur due to

locoregional recurrence, metastasis, and second primaries. In this regard, the search

for proteins, DNA, or RNA that can be used to predict or detect tumors at an early

Table 1 Overall HPV types, causes and classification. This table shows the types of human

papillomavirus classified into different categories based on their biological property. HPV types

associated with the head and cancer are indicated with a superscript alphabet

Classification HPV types

Association with

HNSCC

Undetermined 7, 30a, 32b, 34, 55, 57bc, 67, 69, 71, 74, 77 aLaryngeal carcinoma
bOral cavity cancer
cOral and inverted

maxillary sinus

papilloma

Low risk 1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13d, 14, 15, 17, 19,

20, 21, 22, 23, 24, 25, 27, 28, 29, 36, 37, 38,

40, 41e, 42, 43, 44b, 46, 47, 48e, 49, 50, 54, 60,

61, 62, 63, 64, 65, 70, 72f, 75, 76, 82 dOral and epithelial

hyperplasia
eCutaneous squamous

cell carcinoma
fOral papilloma in HIV

patients

Probably high 26, 53b, 81b

High risk 16abg, 18abg, 31ab, 33abg, 35bg, 39, 45ag, 51a, 52a,

56b, 58b, 59, 66, 68, 73f

gOropharyngeal

carcinoma

Table 2 HPV prevalence in HNSCC by geographic location and site of origin (Kreimer

et al. 2005). This table shows that HPV prevalence is heterogeneous over different geographic

locations. The difference in the heterogeneity is lesser in oropharynx and may be an indication of

HPV preference to oropharynx over other anatomical sites

Overall HPV prevalence (%) HPV16 prevalence (%)

Oral cavity

Europe 16.0 10.8

North America 16.1 10.1

Asia 33.0 22.3

Others 18.1 14.9

Oropharynx

Europe 28.2 23.8

North America 47.0 42.1

Asia 46.3 35.2

Others 36.6 33.7

Larynx

Europe 21.3 13.8

North America 13.8 10.1

Asia 38.2 26.5

Others 48.5 45.5

31 Human Papillomavirus (HPV) Biomarkers in Head and Neck: Squamous Cell. . . 713



stage becomes important. Subsequently, these candidates should be validated

through randomized clinical trials to confirm their role as a stable clinical endpoint

(Atkinson et al. 2001). Such candidates, which can be used for tumor detection, for

disease prognosis, or as a monitor response to therapeutic intervention, are called

biomarkers. Biomarkers can be identified and derived from several types of bio-

logical tissues, including biopsies from primary tumors and margins or bodily fluids

such as blood, saliva, and urine.

HPV Biology

Human papillomaviruses are double-stranded DNA viruses that are capable of

inducing hyperproliferation of the epithelium and promote either premalignant or

malignant lesion of infected epithelium. The genomic organization of HPV viruses

is well conserved and coded for eight different proteins that are transcribed from a

single DNA strand (Fig. 1). The viral early (E) genes transcribe proteins required

for its DNA replication, the late (L) region encodes for structural proteins L1 and

L2, and a noncoding part is denoted as long control region (LCR) that has cis

elements necessary for the replication and transcription of viral DNA. Molecular

studies now provide a clear overall picture of HPV biology (Abeloff et al. 2009;

Harrison et al. 2009).

The E1 and E2 proteins serve as factors that are responsible for identifying the

origin of viral replication. The E1 is an ATP-dependent helicase that enables the

DNA to unwind during viral replication. The E2 functions as an associate to E1 and

also as a transcriptional repressor for HPV E6 and E7 proteins. Variable expression of

E6 and E7 is frequently observed as a consequence of disrupted E2 expression during

viral integration to the host genome, which is a major reason for tumorigenesis.

L2

E5B

E5A

E4

E2

E1

E7

E6

LCR

L1

HPV-16
7904 bp

Fig. 1 HPV genome map.

Human papillomavirus (HPV)
is a double-stranded DNA

virus of approximately

8,000 bp in length. Various

translational open-reading

frames are denoted by arrow
marks embedded in the circle.
These include early (E) and
late (L ) genes. The early
genes are expressed

throughout the viral life cycle,

and the late genes encode

viral capsid proteins
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E4 is involved in the later stages of the viral life cycle by modulating the viral

genome expression and viral replication. It also facilitates the viral proteins’

interaction with the host cell’s cytokeratin network by establishing G2 arrest of

the cell cycle. The E5 being an integral membrane protein is involved both in the

early and late stages of the viral life cycle. It mediates cellular transformation

through the EGFR pathway by phosphorylation thereby preventing the receptor

from degradation. Additionally, E5 represses MHC class I molecules on the

infected cell favoring HPV to modulate and bypass the host immune response

(Harrison et al. 2009).

Particularly, noteworthy progress was made in defining the role of oncoproteins

E6 and E7 in the cell cycle and etiopathology of HPV. These proteins act as

negative regulators of host cell cycle machinery, specifically retinoblastoma protein

(p105Rb) and tumor suppressor protein p53, which is essential to facilitate a stable

maintenance of viral episomes. The E6 protein forms a complex with a ubiquitin

ligase E6-AP and targets p53 favoring a proteosomal-mediated degradation. Simul-

taneously, E6 activates the catalytic subunit of human telomerase reverse transcrip-

tase (hTERT) required for the immortalization of the host cell. The E7 protein

blocks the pRb protein rendering the latter unavailable for the E2F transcription

factor, which normally effectuates an S-phase arrest of the cell cycle. This leads to

the constitutive activation of cell cycles producing high copies of the viral epi-

somes. Thus both E6 and E7 are required for viral transformation and cellular

proliferation (Klingelhutz et al. 1996; Munger et al. 2001).

In general, head and neck cancers maintain a high viral load when HPV DNA is

present in the episomal state. The first and foremost biomarker for HPV detection is

the presence of viral DNA in tumor samples. PCR-based methods with specific

primers or in situ hybridization techniques employing specific probes targeting the

HPV E6/E7/L1 DNA can be used to detect HPV DNA. PCR-based testing of HPV

has been used for more than 20 years because of its advantage in providing

genotype-specific information. In the clinical setting, detection of HPV DNA is

commonly conducted using PCR amplification with consensus sequence primers

MY09/MY11 and GP5+/GP6+ (Fig. 2). These primers amplify DNA fragments in

the L1 region encoding the hypervariable V loop of the major capsid protein

generating a fragment size approximately 450 and 150 bp (McLemore

et al. 2010). Several types of PCR-based detection for HPV have evolved over

the past decade. A recent PCR-based study showed HPV16 prevalence varied

significantly by anatomic site with a higher prevalence observed in the oropharynx

(35 %) as compared to the hypopharynx (29 %), larynx (5 %), and oral cavity (3 %;

P < 0.0001) (Salazar et al. 2014; Table 3). A similar study employing a PCR-based

approach found that 57 % of tonsillar tumors were positive for HPV16 which

represented a significant increase from 1993–1999 to 2006–2011, indicating an

increase in total HPV-positive cancers from 25 % to 62 % (P < 0.002) (Nichols

et al. 2013). RT-qPCR analyses conducted on 150 oral squamous cell carcinoma

tissues revealed the presence of HPV in 81.3 % of the samples (Gao et al. 2013).

Multiplex human papillomavirus genotyping (MPG) is a PCR assay that detects

HPV DNA by utilizing a broad-spectrum general primer. Overall, 35 % of head and
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Fig. 2 PCR-based amplification of HPV genome. The regions amplified by traditional PCR with

MY09/MY11 and GP5+/6+ primer pairs are indicated in red lines. The arrow heads represent the
annealing position of the respective primers used in nested PCR

Table 3 The type-specific

prevalence of HPV in

HNSCCs (Kreimer

et al. 2005). Types of

human papillomavirus

predominantly found in

head and neck cancer.

Variations that are found in

the prevalence of HPV

infection are shown based

on the anatomic subsite

HPV type

Prevalence in HNSCC (%)

Oral cavity Oropharynx Larynx

6 3.1 2.5 5.1

11 1.6 0.7 0.5

16 16 30.9 16.6

18 8 1 3.9

31 0.2 0 0.3

32 0.2 0 0

33 0.8 1.1 0.9

35 0.1 0.4 0

39 0 0 0

44 0.1 0 0

45 0 0.2 0.2

51 0 0 0.3

52 0 0 0.2

53 0.2 0 0

56 0.1 0 0

57 0.3 0 0

58 0.1 0 0

59 0 0.2 0

68 0.1 0 0

73 0 0 0

81 0.2 0 0

82 0 0 0
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neck tumors are reported to be HPV positive as detected by PCR methods

(Chaturvedi et al. 2007).

Several studies have been carried out with the objective of identifying oral HPV

by noninvasive methods. PCR was employed to identify HPV16 E6 and E7 and

HPV18 E7 DNA in salivary rinses from patients with HNSCC. Saliva from 17 of

92 patients (18.5 %) showed positivity for HPV16, while only 8 of 740 healthy

volunteer samples were positive for HPV16 (P < 0.0001) (Zhao et al. 2005). A

similar study conducted by D’Souza et al. (2005) found the prevalence of oral HPV

in the study population ranged from 44 % to 52 % with many of the subjects having

a concurrent HPV infection by more than one type. PCR amplification with

consensus sequence primers MY09/MY11 and GP5+/GP6+ is 90.2 % sensitive in

identifying HPV DNA, but sensitivity is highly variable depending on the quality of

DNA and the tissue samples used for the study. Another limitation is that these

primers may miss HPV sequences that are integrated into the host genome and have

lost the capsid-encoding sequences.

In spite of all the limitations in sensitivity, HPV L1 PCR is the preferred method

to detect the presence of HPV because it can be performed in any molecular

diagnostic laboratory and is economically advantageous compared to in situ hybrid-

ization (ISH) (Fig. 3; Agoston et al. 2010). However, ISH is a widely utilized

technique for HPV identification due to its biological and practical considerations.

It can be performed using specific probes to identify either DNA (DNA-ISH) or

RNA (RNA-ISH). Often large variations in HPV prevalence between ISH- and

PCR-based methods are reported, which are solely due to the inability of PCR

methods to accurately discern the biologically active from trivial forms of virus. In

a RTOG 0129 study, a large-scale analysis of patients with oropharyngeal cancers,

ISH showed that 64 % of tumors were positive for HPV (Ang et al. 2010). Another

study corroborated this finding with very high prevalence of HPV (69 %) in

oropharyngeal cancers as detected by ISH (Singhi and Westra 2010). One aspect

of ISH that is superior to other techniques is that it offers the precise location of

HPV sequences in tumor cells since a punctuate pattern of hybridization signals

within the nuclei of tumor cells shows integration of HPV DNA into the host

genome (Westra 2009). Although PCR and ISH are extensively used on clinical

specimens, the histologic findings suggest that there are limitations to ISH. Based

on reports published thus far, PCR methods (39.9 %) consistently report higher

prevalence rates than ISH methods (32.9 %).

In terms of HPV status as a prognostic biomarker, a meta-analysis of 42 studies

to examine the difference in the survival outcomes between HPV-positive and

HPV-negative HNSCC demonstrated that HPV-positive cases had a 54 % better

overall survival compared to HPV-negative patients (hazard ratio [HR] = 0.46;

95 % CI 0.37–0.57). The pooled analysis from multivariate estimates demonstrated

a 72 % reduction in disease-specific mortality (HR = 0.28; 95 % CI 0.19–0.40),

and pooled HR of multivariate estimates for progression-free survival was 0.40

(95 % CI 0.29–0.56) (O’Rorke et al. 2012).
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p16

In HPV-positive head and neck cancers, functional inactivation of Rb protein by the

viral protein E7 is believed to contribute to p16 overexpression that can be readily

detected by IHC. For this reason p16 IHC is often used as a surrogate marker for

detecting HPV-associated lesions of the head and neck. p16 is a highly sensitive

marker for HPV infection demonstrating a sensitivity rate close to 100 %. There-

fore, p16 immunostaining is a sound first-line assay for eliminating HPV-negative

cases from additional analysis (Westra 2009). It has been widely observed in head

and neck cancer that HPV- and p16-positive patients respond better to

chemoradiotherapy. Therefore, the mechanisms between the HPV and p16 associ-

ation have been demonstrated through the utilization of in vitro studies. When both

p16 and HPV are present, an augmented therapeutic response to radiotherapy is

consistently observed in vitro. A recent study concluded that radiosensitization of

HPV-positive HNSCC is not a result of enhanced apoptosis or permanent G1 cell

p16INK4a IHC HPV ISH
H

P
V

–
H

P
V

+

Fig. 3 p16INK4a immunohistochemistry (IHC) and HPV in situ hybridization (high-risk probe)

in oropharyngeal tissues. p16INK4a IHC results in pale to dark blue staining of nuclei in negative
cells and brown staining in positive cells (basal and parabasal epithelium). HPV ISH positivity

displays as dark blue staining of epithelial cell nuclei which can then be further classified as

episomal or integrated (100� magnification)

718 A. Anandharaj et al.



cycle arrest. Conversely, the cancer cells exhibited an extensive G2 arrest with a

prominent residual DNA double-strand breaks. The compromised DNA double-

strand break repair capacity is responsible for enhanced radiosentivity in HPV- and

p16-positive head and neck tumors (Rieckmann et al. 2013). A five-year follow-up

study comparing accelerated radiotherapy to conventional radiotherapy showed the

former is better in regard to outcome. Though regression was found in both

HPV-positive and HPV-negative tumors, accelerated radiotherapy was advanta-

geous for HPV-positive tumors that are also positive for p16. The locoregional

control and disease-specific overall survival were well correlated with the levels of

p16 (Bussu et al. 2013).

However, a follow-up study conducted on 54 patients with a median survival

rate of 20.3 months concluded that p16 overexpression did not show a difference in

survival data when considered alone (P = 0.4295). On the contrary, though statis-

tically not significant, the combination of HPV positivity and p16 overexpression

resulted in better overall survival time (P = 0.2985) (Hoffmann et al. 2012).

Although p16 has been documented as a predictive marker of survival in head

and neck cancer patients who receive radiotherapy, it is still unknown whether p16

levels can predict treatment outcome in patients receiving radiotherapy without

surgery. Moreover loss of p16 expression may arise due to epigenetic changes, Rb

degradation-mediated silencing, promoter hypermethylation, or homozygous dele-

tion. Additionally, p16 upregulation may also occur due to the alternative mecha-

nism of cell cycle disruption. It is important to consider data that show p16 is not a

predictive marker in HNSCC (Fountzilas et al. 2009). However, current data

suggest that p16 testing has not been standardized at a national level, resulting in

up to 30 % discordance between local and national testing. These discrepancies in

the reliability of p16 as a biomarker can best be resolved with central confirmation

through randomized clinical trials (Thomas et al. 2005). Such contradictions are

important in fully understanding the role of p16 in HNSCC.

p53

p53 aberrations are predominant in HNSCC. HPV-positive tumors are more likely

to express wild-type p53, which is significantly associated with better prognosis

(Perez-Ordonez et al. 2006). FISH analyses of oropharyngeal cancer specimens

showed wild-type p53 in 9/10 cases that are HPV positive. In all nine cases, nuclear

accumulation of p53 was found in over 30 % of cells (Hafkamp et al. 2003). Several

studies were carried out so far with an objective either to liberate or stabilize p53

from inhibition by E6. The process of liberation is generally accomplished by two

methods: (i) siRNA suppression of E6/E7 RNA and (ii) proteasomal inhibitors such

as bortezomib and MG132. These approaches successfully liberated p53, and cell

death was induced by negative regulation of E6 and cell cycle arrest in

HPV-positive cancer (Li and Johnson 2013). Alternative molecular mechanisms

that underlie this stabilization and/or overexpression have been explored

and identified that high-risk HPV E6 inactivates p53 through two distinct
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mechanisms: (i) a 100KD E6-associated protein (E6AP) cooperates with E6 to transfer

ubiquitin to p53 resulting in proteosomal degradation and (ii) E6 binds to the CH1

domain of P300 to block P300-mediated p53 acetylation that is required for the

stabilization and transcriptional activity of p53. Disrupting the association of

E6-P300 is an attractive target in the p53 stabilization approach. CH1iB is a small

molecule that is designed to inhibit the CH1 domain necessary for E6 docking to P300,

which in turn reactivates p53 and potentiates the antitumor activity (Xie et al. 2014).

MDM2

Human MDM2 is a gene responsible for the rapid degradation of p53 protein,

leading to cell proliferation and perpetuated cell cycle (Vogelstein et al. 2000).

MDM2 plays an important role in the regulation of p53, and overexpression of this

gene is seen in most cancers (Freedman and Levine 1999). A case-control study

including 325 patients and 325 matched controls was conducted to test the associ-

ation between HPV16 L1 and two promoter variants of MDM2, viz., MDM2-
rs2279744 GT or GG and TT. The results indicated that GT/GG genotype and

HPV16 L1 seropositivity are associated with an increased oral cancer risk (OR 2.81

[95 % CI 1.67–4.74]), and the TT genotype patients with HPV16 L1 seropositivity

had an OR of 5.57 (95 % CI 2.93–10.6). Similar results were observed for another

type of promoter variant MDM2-rs937283 (AA and AG/GG) polymorphism.

MDM2 genotypes had a significant or near-significant effect on the association

between HPV16 serology and the risk of OSCC (Pint = 0.060 for MDM2-
rs2279744, Pint = 0.009 for MDM2-rs937283, and Pint = 0.005 for the combined

MDM2 genotypes). Additionally, the study revealed that MDM2 polymorphism is

found commonly in patients designated as never smokers and never drinkers – a

property commonly found in HPV-associated head and neck cancer (Chen

et al. 2010).

p21

In patients with HNSCC, the presence of oral HPV is an indicator for favorable

recovery from the disease. Clinically, these tumors are poorly differentiated and easily

metastasize to local lymph nodes (Hafkamp et al. 2003). The highest prevalence of

oncogenic HPV is observed in tonsillar carcinomas. Seventy-seven tonsillar carci-

noma specimens were selected to assess the expression of key cell cycle regulators,

such as p21, for which HPV status was already known. The study determined that p21

is significantly overexpressed inmost samples, and expression had a strong correlation

with HPV positivity (P = 0.008). Additionally, this study also revealed that no or low

expression of p21 is one of the strongest indicators of cancer-specific death (Hafkamp

et al. 2009). A study analyzing 75 hypopharynx specimens found a 5-year disease-free

survival rate of 60 % for p21-positive patients. When considering positivity for both

p21 and high-risk HPV types, the survival rate increased to 79.5 %. No statistically
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significant difference in p21 expression was found between HPV-positive and

HPV-negative specimens (Ernoux-Neufcoeur et al. 2011). Despite the fact that p21

is a downstream effector of p53, its overexpression in HPV tumors is not understood,

even though it favors a good prognosis.

MCM7

The first transgenic animal model of HPV-induced head and neck cancer was

developed by Strati et al. (2006). In this model the expression of the HPV16

oncogenes E6 and E7 is driven by a 2-kb fragment of human keratin 14 (KRT14)

promoter or enhancer targeting stratified epithelium. Under the control of KRT14

promoter, E6 and E7 are capable of inducing a variety of intense phenotypes such as

cellular hyperproliferation and epidermal hyperplasia in the murine epidermis.

Using this model, minichromosome maintenance protein 7 (MCM7) was identified

as a biomarker capable of characterizing HPV-positive and HPV-negative HNSCC.

The expression of MCM7 is more abundant in HPV transgenic mice than in

non-transgenic control, which exhibits similarities to HPV16 E7 by inactivating

pRb family proteins and increasing E2F transcriptional activity (Strati et al. 2006).

In a similar study, E7 inhibition of pocket proteins was mimicked in transgenic

knockout mouse models Rbf/fp107�/� and Rbf/fp130�/�. MCM7 staining was robust

in basal cells with additional staining in parabasal cells, while only epithelial

staining was noticed in the non-transgenic model (Shin et al. 2006). Few studies

show E6 is involved in the regulation of MCM7 to a lesser extent by cooperating

with E6AP. MCM7, as part of replication licensing factor, is recruited to cellular

DNA replication origins (ori). It is responsible to check ori and fires only once in

each round of cell cycle. The association of E6 and E6AP allows ubiquitin to bind

MCM7 rendering it to proteosomal degradation causing pronounced cell cycle

arrest (Blow 1993; Kuhne and Banks 1998; Thommes et al. 1997).

XRCC1

Highly efficient DNA repair capacity leads to tolerance in DNA damage, resulting

in resistance to radiotherapy. X-ray repair cross-complementing protein 1 (XRCC1)

is involved in base excision repair (BER) and single-strand break (SSB) repair by

forming a complex with DNA ligase III. XRCC1 is a component of the scaffold

protein complex that executes the BER/SSB repair mechanism (Weaver

et al. 2005). Single nucleotide polymorphisms (SNPs) present in XRCC1 are

associated with cancer susceptibility to radiation therapy. XRCC1 staining was

carried out to further discriminate within the HPV category. Higher expression of

XRCC1 by IHC in HPV-positive cases was associated with poor survival (5-year

OS of 35 %), and lower expression was associated with better survival (5-year OS

of 100 %; P = 0.001). This makes XRCC1 IHC staining a potentially useful,

prognostic biomarker in HPV-associated HNSCC (Ang et al. 2011).
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MHC Class I

Alterations in major histocompatibility complex (MHC) class I molecules are

consistently observed in tumors; simultaneous downregulation of these genes

(HLA-A, HLA-B, HLA-C) is a frequent feature in many tumor types (Campoli

and Ferrone 2008), and overexpression of E and G is associated with tumor

progression (Yie et al. 2007). A cohort of 175 HNSCC patients was selected for a

study that included 138 HPV-positive and 37 HPV-negative cases. Among

HPV-positive tonsillar squamous cell carcinoma (TSCC) with good clinical out-

come, a majority (79 % and 68 %) of the tumors had a weak or absent intensity of

HLA-A, HLA-B, and HLA-C staining for HCA-2 and HC-10, respectively, com-

pared with 38 % of the tumors among HPV-positive TSCC cases with a poor

clinical outcome (OR 6.0; 95 % CI, 2.2 to 16.3; P = 0.001 and OR 3.7; 95 % CI,

1.4 to 9.8; P = 0.01). Therefore, a significant negative correlation between HLA

expression and positive prognosis for HPV-positive TSCC was determined. In

contrast, there was a positive correlation between high expression of MHC class I

and positive prognosis for patients with HPV-negative TSCC (HCA-2: OR 0.05;

95 % CI, 0.001 to 0.46; P = 0.002. HC-10: OR 0.07; 95 % CI 0.001 to 0.7;

P = 0.008). E6 and E7 antigens are easy targets to elicit an immune response

against HPV-induced tumors. Tumor-infiltrating lymphocytes (TIL) which are

CD8+ have been linked to better prognosis in other HPV-induced cancers

(Nedergaard et al. 2007). TILs are predominantly accompanied by infiltrating

T-regulatory cells (Tregs), and Foxp3+ Tregs are associated with tumor progression

(Talmadge et al. 2007). TIL was evaluated as a potential biomarker in a study that

included 31 HPV-negative patients and 109 HPV-positive tonsil cancer patients.

The results showed that those patients who had a significantly higher number of

CD8+ TILs in the tumor had a better clinical outcome than those who had a fewer

number of CD8+ TILs (P < 0.001). With respect to HPV, positive tonsil cancer

cases had a higher number of Foxp3+ Tregs than the negative cases (P < 0.001).

However, no differences were observed between patients with good versus poor

clinical outcome. Hence, the presence of CD8+ cells was associated with better

clinical outcome in TSCC patients and thus may serve as a potential biomarker in

tonsillar cancer (Nasman et al. 2012).

miRNA

miRNAs are a naturally occurring small, noncoding RNA strands 19–25 nucleo-

tides long that mature from a 70- to 100-nucleotide-long hairpin pre-miRNA. It is

involved in the regulation of gene expression and terminal differentiation and plays

a critical role in carcinogenesis. miRNAs are tissue specific, and their differential

expression helps to clearly distinguish between normal and cancer cells (Bartel

2004). RT-qPCR confirmed differential regulation of miRNA expression and gene

expression analysis performed in tumor and adjacent normal tissues of same-paired

samples with exhibited loss of putative mRNA targets such as adenomatous

722 A. Anandharaj et al.



polyposis coli (APC), programmed cell death protein 4 (PDCD4), and TGF beta-

receptor 3 (TGFBR3) in the tumor samples (Ramdas et al. 2009). To date, only

limited information about miRNAs in HPV-positive head and neck cancer is

available. A miRNA expression profile was created by comparing nine

HPV-positive and 10 HPV-negative tonsil carcinoma samples, which showed that

36 miRNA were differentially expressed between the two groups of samples

(P < 0.01). The miR-15a, miR-16, miR-143, miR-145, and miR-106-363 cluster

appear to be controlled by HPV. Specifically, miR-106-363 is the most consistently

and significantly upregulated molecule among the HPV-positive tonsillar carci-

noma (Lajer et al. 2012). A similar miRNA profiling study conducted using

oropharyngeal cancer samples of 88 patients analyzed a correlation between

expression of candidate miRNAs and clinical outcome such as overall survival

(OS), disease-free survival (DFS), and distant relapse-free survival (DM). When

miR-107 and miR-151 were upregulated and miR-492 was downregulated, this

scenario was significantly associated with worse OS (P < 0.0001). For DFS, when

miR-107, miR-151, miR-182, and miR-361 were upregulated and miR-20b

downregulated, the patients had a statistically significant higher risk of recurrence

(P < 0.0001). Finally, in regard to DM, upregulation of miR-151, miR-361, and

miR-324-5p and downregulation of miR-492 and miR-152 were associated with

distant metastases (P < 0.0088). miR-107 is implicated in mammalian develop-

ment and cellular metabolism, while miR-151 is associated with tumor invasion and

metastasis. miR-182 is implicated in zinc homeostasis, while miR-152 is a well-

characterized tumor suppressor miRNA. Collectively, the results indicated that

miR-151 is significantly associated in all three clinical outcome measures

(OS, DM, and DFS) of oropharyngeal cancer independent of p16 status (Hui

et al. 2013). A similar study carried out in biopsies obtained from 51 patients,

either with OSCC or PSCC (pharyngeal squamous cell carcinoma), uncovered that

114 miRNAs were differentially expressed between OSCC and normal oral epithe-

lium, whereas 38 miRNAs were differentially expressed in PSCC compared with

normal pharyngeal epithelium. HPV infection is more significantly associated with

alterations in miR-127-3p and miR-363 levels in oral and pharyngeal SCCs (Lajer

et al. 2011). The identification of miRNAs associated with different HPV-mediated

cancers is important, as they may be useful as general and HPV-specific tumor

markers.

CL1A Antibodies

HPV entry into cells automatically triggers an immune response that is invariably

not connected to the initiation of cancer. Antibodies produced against viral proteins

are present in the serum several years before the cancer is clinically detectable.

Detection of antibodies for HPV proteins such as L1, E6, and E7 can serve as

biomarkers in predicting the risk of HNSCC. Results from a hospital-based study

for tonsillar carcinoma identified 8.9 % seroprevalence for HPV16 E6 and E7 while

only 0.1 % for healthy control subjects. The data showed more than a 300-fold
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increased risk for the development of tonsillar carcinoma (Ribeiro et al. 2011).

Similarly, a case-controlled study with 486 HNSCC cases and 550 control subjects

revealed HPV16 L1 seropositivity for 29 % of patients and 11 % for controls.

HPV16 seropositivity was associated with a highly significant 4.1-fold (95 % CI

2.9–5.8) increased risk for HNSCC. Increased risk of HPV-associated head and

neck cancer correlated with the titer levels. With a medium titer value (�39 < 253

mMu), there was a 3.8-fold (95 % CI; 2.3–5.8) overall risk for HNSCC, and with a

high titer value (�253mMu), the overall risk level was 19.2-fold (95 % CI;

8.1–45.6) (Furniss et al. 2007). A single-nested case-control study exhibited that

HPV16 seropositivity individuals had a twofold increase in risk for HNSCC

(OR 2.1, 95 % CI; 1.4–3.2), a 14-fold increase for oropharyngeal cancer

(OR 14.4, 95 % CI; 3.6–58.1), threefold increase in risk for tongue cancer

(OR 2.8, 95 % CI; 1.2–6.6), and twofold increase for laryngeal cancer (OR 2.1,

95 % CI; 1.0–5.6) (Gillison et al. 2012). A factor to consider is that the serological

assay is not site specific, and an infection outside the head and neck would account

for increased estimate of HPV prevalence. Additionally, antibodies evoked by

distant and past infection may die out over time, which would account for reduced

HPV prevalence.

Vaccines

HPV-associated HNSCC can be prevented by vaccines which were shown to induce

HPV-specific immune responses. HPV vaccines are classified as either prophylactic

or therapeutic. Prophylactic vaccines became feasible when the L1 major viral

capsid protein of HPV16 was demonstrated to self-assemble into viruslike particles

(VLP) in yeast. These VLPs are capable of inducing high titer serum antibodies,

protecting against papillomavirus infection, and preventing the formation of viral-

induced mucosal papilloma. The success of prophylactic vaccine depends on the

timing of administration. It is critical that prophylactic vaccines be administered

before possible exposure to HPV infection. Therapeutic vaccines are capable of

generating a cellular immune response to viral oncoproteins E6 and E7. While other

viral early and late proteins are expressed only during productive viral infection, E6

and E7 are extraneous proteins which possess more epitopes that can readily elicit

an immune response (IARC 2007).

At present two prophylactic HPV vaccines approved by the FDA and CDC are

commercially available: one is the bivalent vaccine Cervarix® from

GlaxoSmithKline that offers protection against HPV16 and HPV18 and the other is

a quadrivalent vaccine Gardasil® from Merck that offers protection against HPV6,

HPV11, HPV16, and HPV18. These vaccines were developed to prevent infection

against specific types, though follow-up data show that these vaccines also confer

some protection against other high-risk HPV types phylogenetically related to types

16 and 18. The extended protection is presumed to have conferred by the generation

of cross-neutralizing antibodies. At present several efforts are underway to generate a
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second-generation vaccine that aims to extend cross protection and reduce cost

simultaneously preserving the efficacy (Harrison et al. 2009; Syrjanen 2010).

These vaccines showed very high efficacy (97–98 %) in the prevention of high-risk

HPV16/18 cancers in naїve individuals (Psyrri et al. 2012). Therapeutic vaccines

targeting HPV16 E7 and p16INK4a peptide are being evaluated in several clinical

trials (Psyrri et al. 2012).

Conclusion

Over the course of the last two decades, a clear association has already been

established for the role of high-risk HPV in the oncogenesis of oropharyngeal

SCC. Laboratory and clinical observations firmly indicate that HPV-associated

OSCC is a distinct entity from tobacco-related oral cancer with significantly

different molecular characteristics and tumor behavior. While the incidence of

tobacco-induced HNSCC has been decreasing in the USA, the incidence of

HPV-associated head and neck cancer has been gradually increasing over the last

three decades. Collectively tumor HPV status is a strong and independent prognos-

tic factor for survival among patients with oropharyngeal cancer (Ang et al. 2010).

Since HPV-associated head and neck cancer has favorable prognosis, distinct

etiology treatment de-escalation and novel HPV-targeted approaches to therapy

must be thoroughly evaluated to minimize severe side effects of the conventional

treatment options. Our success in identifying reliable HPV-related biomarkers,

especially for screening purposes, has been limited to date with potential candidates

still to be explored in HPV-associated HNSCC.

Summary Points

• Increased incidence of HPV-positive HNSCC is prominently seen in young

adults especially in developed countries including the USA, Sweden, the UK,

and the Netherlands.

• Epidemiological studies over the past two decades show that HPV positivity in

head and neck cancer is on the rise, which represent distinct clinicopathological

features.

• Better survival and prognosis have been noticed consistently and observed in

HPV-positive over HPV-negative cases of HNSCC irrespective of the treatment

regimen.

• p16 immunohistochemistry could serve as a potential biomarker, but its useful-

ness is still unproven. Additional predictive markers are needed besides a p16

status.

• Therefore, this chapter focuses on candidate biomarkers for HPV-positive head

and neck squamous cell carcinoma that have previously shown through exper-

imental data to be potentially useful in daily clinical practice.
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Abstract

Oral cavity cancers are the seventh tumor by diffusion worldwide with more than

90 % being diagnosed as oral squamous cell carcinomas (OSCCs). According to

the latest WHO statistics, OSCC accounts for 5 % of the cancer deaths worldwide,

being the eighth more lethal cancer entity. Early identification of cancer relapses

would have the potentiality to improve the disease control and the patient survival.

NeoMark is a European co-funded research project (Seventh Framework

Program, Information and Communication Technologies: EU-FP7-ICT-2007-

2-22483-NeoMark) that has the objective to identify relevant biomarkers of

OSCC recurrence. It integrates high-throughput gene expression analysis in

tumor cells and IT-assisted imaging with traditional staging and follow-up pro-

tocols to improve the recurrence risk stratification and to obtain the earlier

identification of locoregional relapses.

The architecture of the project is based on the following key points:

– Creation of a web application tool: a unified interface that helps the storage

and management of all information

– NeoMark database: the heterogeneous NeoMark data (demographics and risk

factors; clinical, pathological, and immunohistochemical parameters; filtered

and cleaned genomic and imaging data) are stored in a single database – the
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Integrated Health Record Repository (IHRR) – on a central NeoMark server.

The server contains the marker definition functional environment (MDFE), a
data analysis module. Based on the heterogeneous input data, it estimates the

likelihood of a relapse and identifies OSCC risk factors.

– Imaging biomarker extraction: several biomarkers are obtained from medical

images such as CT and MRI scans (size, amount of necrosis from tumor and

lymph nodes, etc.). To extract those features, a custom software tool – called

the NeoMark Image Processing Tool – has specifically been developed.

– Genomic data cleaning and filtering: extraction of genomic data and filtering

of genes with low data quality and of those with high number of missing

values.

The NeoMark system was trained and initially validated in a multicenter pilot

study (three European clinical centers involved: two in Italy and one in Spain)

basing on 86 patients affected by OSCC with a minimum follow-up of 12 months.

The clinicians recognized the usefulness of the disease bioprofile (or disease-

specific profile) identified by NeoMark to evaluate the risk of disease

reoccurrence of a patient at diagnosis, to stratify patients affected by OSCC at

baseline according to the risk of recurrence, and to reserve a “tailored therapy” to

each case.

List of Abbreviations

DBN Dynamic Bayesian Network

FE Feature Extraction

ICT Information and Communication Technologies

IHRR Integrated Health Record Repository

MDFE Marker Definition Functional Environment

OSCC Oral Squamous Cell Carcinomas

PCR Polymerase Chain Reaction

RECIST Response Evaluation Criteria in Solid Tumors

ROI Region(s) of Interest

RT-PCR Real-Time PCR

SW Software

WHO World Health Organization

Key Facts

• Oral squamous cell carcinoma (OSCC): it accounts for 5 % of the cancer deaths

worldwide, being the eighth more lethal cancer entity.

• Tumor relapse that afflicts 25–50 % of the surgically treated OSCC patients

represents the main cause of failure and death.

• Early identification of OSCC relapses can improve patient survival and quality

of life.
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• The state of the art in OSCC patient classification is mainly based on TNM

staging that relates on the dimensional characteristics of the tumor and on the

presence, number, and site of neck lymph nodes metastases.

• TNM staging system is nowadays considered not sufficiently precise to stratify

patients by risk of relapse because it doesn’t consider the biological variability of

the tumor and the host-neoplasia complex and multilevel relationships.

• The main research field in OSCC is represented by the possibility to reveal the

real weight of each biomarker (clinical, pathological, immunohistochemical,

radiological, and genetic factors) in the comprehensive risk prediction score by

integrating it in a multilevel evaluation system.

Definition of Words and Terms

Risk Factor A variable associated with an increased risk of disease.

Prognostic Factor A situation or condition or a characteristic of a patient that can

be used to estimate the chance of recovery from a disease or the chance of the

disease recurring.

OSCC (Oral Squamous Cell Carcinoma) Carcinoma developed from

squamous epithelium of the oral cavity, having cuboid cells and characterized by

keratinization. Initially local and superficial, the lesion may later invade and

metastasize.

TNM Staging Is a cancer staging system that describes the extent of a person’s

cancer using the size and extension of the primary tumor (T), its lymphatic

involvement (N), and the presence of metastases (M) to classify the progression

of cancer. TNM is developed and maintained by the Union for the International

Cancer Control (UICC) to achieve consensus on one globally recognized standard

for classifying the extent of spread of cancer.

RT-PCR A highly sensitive technique for the detection and quantitation of mRNA

(messenger RNA). The technique consists of two parts: the synthesis of cDNA

(complementary DNA) from RNA by reverse transcription (RT) and the amplifi-

cation of a specific cDNA by the polymerase chain reaction (PCR).

Microarray A tool used to sift through and analyze the information contained

within a genome. A microarray consists of different nucleic acid probes that are

chemically attached to a substrate, which can be a microchip, a glass slide, or a

microsphere-sized bead.

Local Recurrence Cancer that has recurred at or near the same place as the

original (primary) tumor, usually after a period of time during which the cancer

could not be detected.
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Regional Recurrence Cancer that recurs at the lymph nodes.

Distant Recurrence Cancer that recurs to another area of the body.

Biomarker A measurable characteristic that reflects the severity or presence of

some disease state. More generally, a biomarker is anything that can be used as an

indicator of a particular disease state or some other physiological state of an

organism.

Gene Signature The group of genes in a type of cell whose combined expression

pattern is uniquely a characteristic of a medical or other condition.

Targeted Therapy Is a medical model that proposes the customization of

therapy – with medical decisions, practices, and/or products being tailored to the

individual patient.

Introduction

Oral cavity cancers are the seventh tumor by diffusion worldwide with more than

90 % being diagnosed as oral squamous cell carcinomas (OSCCs). Late diagnosis

and the aggressive nature of the disease are the main causes of tumor relapse, which

afflict 25–50 % of the surgically treated OSCC patients over a period of 5 years.

Tumor recurrence leads to severe aesthetic and functional consequences, incites

invasive and disabling surgical interventions, and may cause death in a significant

percentage of cases (25–50 %). According to the latest WHO statistics, OSCC

accounts for 5 % of the cancer deaths worldwide, being the eighth more lethal

cancer entity. Early identification of cancer relapses would have the potentiality to

improve patient survival and to lower the additional probability of the patients to

develop a second tumor lesion, providing the bases for the adoption of more

personalized and effective treatment regimens, a better definition of the follow-up

strategies, a more rationalized posttreatment follow-up, and a more targeted adju-

vant therapy. Although different clinical markers, pathological and immunohisto-

chemical parameters, and biomolecular prognostic factors (TNM staging, grading,

plasma markers, etc.) have been reported during the years, none of them showed

sufficient accuracy in discriminating relapsing versus non-relapsing patients, and,

hence, personalized patient care still remains a distant vision. Presently, OSCC

patients must undergo frequent and expensive clinical evaluations, performed by

different physicians (pathologists, radiologists, surgeons, oncologists) not always

working in the same hospital with possible negative effects on patient treatment.

Moreover, the current scenario implies that clinical relevant parameters (which may

alert for tumor recurrence and may direct the individual patient treatment and

follow-up) are often overlooked or not detected with standardized diagnostic tests

performed routinely, no tumor genomic information of each single patient are

usually collected, and data are not analyzed in an integrated way to find clinical
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relapse-predicting correlations. Currently standardized treatment modalities and

follow-up approaches are therefore uniform and do not distinguish patients at low

risk for relapse from those at high risk, until some clinical signs of disease are

detectable. Accordingly, the impact on the patients’ quality of life and on the cost of

care is high: management of low-risk patients requires unnecessary high resources,

while high-risk patients may present themselves with relapsing tumors and need

high-cost clinical management, including additional surgical treatments.

The most classical method to predict OSCC recurrence is the TNM staging, which

is based mainly on the dimensional characteristics of the tumor and on the presence,

number, and site of neck nodes metastasis. Unfortunately, its inadequacy is today

recognized because of the uncertain behavior of squamous cancer, which can be

sometimes very aggressive and others can metastasize slowly after surgery. This

uncertainty in progression has led researchers to seek a larger number of markers

(clinical, histopathological, immunohistochemical, radiological, and genetic factors),

but to date none provides sufficiently reliable predictions of tumor aggressiveness.

Given the multilevel nature of cancer (genes, cells, tissues, organs, systems, and the

whole body), integration of the heterogeneous data from different sources may

represent the key to understand the biological behavior of OSCCs.

Trying to achieve this target, the NeoMark European research project, submitted

for assessment in the call FP7 (Seventh Framework Program) – ICT (Information

and Communication Technologies) – 2007–2, was finally selected and co-funded

by the EC (European Community, Brussels, Belgium).

The project started from the need of researchers and clinicians in the field of

oncology to improve the representation of biological processes related to the onset,

growth, and dissemination of human cancer.

The approach chosen by NeoMark has been to address this need through in silico

representation, modeling, and prediction of biological phenomena linked to the disease

evolution (the so-called Virtual Physiological Human approach or VPH in short).

In fact, the application of the VPH principles to clinical research and practice

still presents a number of interesting, unaddressed challenges – linked to the need

for multilevel, multiscale modeling – for which cancer biology is a particularly

good candidate, since the disease ranges from molecular aberrations, to cellular

modifications, to systemic influences and consequences.

The main challenge in disease biology representation is exactly the incapability

of current research approaches to represent this multiscale biology of the disease.

Accordingly, the primary objective of the project has been to provide a proof of

concept that integration of multiscale clinical, imaging, and genomic data from a

sufficient sample of patients diagnosed with OSCC can provide reliable indications

on the evolution of the disease at diagnosis and can predict with a sufficient

accuracy the onset of a reoccurrence and the time of this onset.

For these purposes, an innovative strategy to identify the relevant biomarkers of

cancer reoccurrence was tested in NeoMark, integrating high-throughput gene

expression analysis in tumor cells and IT-assisted imaging with traditional staging

and follow-up protocols to improve the reoccurrence risk stratification and to obtain

the earlier identification of relapses.
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The idea behind NeoMark is that by analyzing a sufficient amount of heteroge-

neous data (clinical, histopathological, immunohistochemical, radiological, and

genomic) in patients affected by OSCC before treatment and at the time of

remission, a set of relevant biomarkers appearing only in the presence of the disease

might be identified. The reoccurrence of the same biomarker phenotype during

post-remission follow-up may precede the clinical manifestation of the relapse, thus

allowing earlier intervention. Therefore, the project has two main objectives: (1) to

identify prognostic factors at baseline associated with a higher risk of disease

reoccurrence and (2) to extract a bioprofile of reoccurrence that could identify the

presence of relapse earlier than what is provided by traditional clinical evaluation.

Whereas different reports are present in literature on data integration and

creation of standardized prognostic algorithms for bladder and breast cancer,

nothing is available so far for head and neck cancer. The NeoMark project was

conceived to fill this gap (Schmidt 2009; Pillai 2011; Fascina 2007).

In the next paragraphs, the authors describe the NeoMark protocol and method-

ology, analyzing the results obtained and its hypothetical impact in the clinical

practice.

Study Population and Data Collection

Study Population

The study population included 213 patients affected by OSCC treated and followed

in the NeoMark cancer clinics according to standard state-of-the-art therapeutic and

follow-up approaches as recommended by clinical guidelines. All the patients with

diagnosis of the disease during the enrollment period were screened and entered the

selection procedure. To obtain the baseline data, tumor and blood samples were

collected from all the screened patients and imaging examinations (CT, MRI) were

performed. All the patients with histologically proven OSCC and considered apt to

undergo first-line treatment were managed, following the usual procedures and

protocols. Patients with a complete remission of the disease from a clinical and

laboratory point of view were be selected for the follow-up phase. In the patients

selected for the follow-up phase, specimens were been collected periodically

through dedicated NeoMark tools, as described later. During follow-up period

(a minimum of 12 months), a group of patients developed a clinically, pathologi-

cally, and radiologically proven reoccurrence of OSCC, whereas another group

remained disease-free. Figure 1 illustrates in brief the concept and design of the

NeoMark pilot study.

Data Collection

For each patient affected by OSCC enrolled in one of the three clinical centers

(Maxillofacial Surgery Unit, University Hospital of Parma, Italy; Centro
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Oncológico MD Anderson, Madrid, Spain; Department of Otolaryngology–Head

and Neck Surgery, Istituti Fisioterapici Ospitalieri–Istituto Regina Elena, Rome,

Italy), the collection of heterogeneous data (clinical, pathological, imaging, and

genomic) was conducted, following well-defined protocols. The gathering of all

data at baseline and during follow-up is illustrated in Fig. 2.

The NeoMark System Overview

The aim of the NeoMark system was been to integrate a significant and relevant set

of functionalities in a single, unified, service-oriented system in order to achieve

great flexibility and usability and to satisfy the versatile user requirements and in

particular the integration of heterogeneous input data for each enrolled patient.

The designed architecture and its modules are depicted in Fig. 3. Most of the user

interaction is done via the web interface in order to increase the usability, reduce the

learning curve, and maximize the platform adoption. The physicians can manage

patient records, enter clinical data, and view all the collected features and the

extracted results coming from the NeoMark engine. The clinicians have the oppor-

tunity to upload genomic data, and researchers can view anonymous statistics,

which could serve as a basis for future research on oral cancer. The uploading of

imaging and genomic data is performed using dedicated stand-alone tools able to

easily and efficiently process a huge amount of data and upload into the system only

Fig. 1 The NeoMark pilot study. The scheme shows the starting point and the evolution of the

project. For all the patients of the baseline cohort, a bioprofile was be identified. After treatment,

only patients with complete remission of the disease were be included in the study. During the

postoperative follow-up, a new bioprofile was created and compared to the starting one. Changes

in the bioprofile can early detect reoccurrence of the disease
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Clinical evaluation

Activity
Baseline
(V-1)

X X X X X X X X X X

X X - X X X X X X X

X - - - - - - - - if
applicable

if
applicable

X X - - X - X - X X

X - - - - - - - -

- - - - - - - -

X X X X X X X X X X

X
if specimen
available

X X If R If R If R If R If R If R X X

X X X X X X X X X X

Remission
(V0)

Months after remission

1

(V1)

3

(V2)

6

(V3)

9

(V4)

12

(V5)

15

(V6)

18

(V7)

Relapse

(VR)
(at any time)

Laboratory
measurements

Histology

Imaging

Turner specimen
collection

Whole-blood
specimen collection

Turnor expression
profile

Whole-blood
expression profile

Biomarker profile
validation

Fig. 2 The scheme for collection of NeoMark data. The scheme shows the steps and times of

collection of the different samples and data necessary for the creation of the bioprofile

MR/CT
IMAGES

Images
Repository

Raw Data DB

Integrated Health Record Repository (IHRR)

Marker Definition Functional Environment (MDFE)

NeoMark Data DB

Administration

PCR Chip
Data

Genomic Data Clinical Data

NeoMark
Results

StatisticsData Entry
Genomic Data

Upload
PCR Data

Upload
Image

Processing

Fig. 3 NeoMark system overview and logical architecture. The image depicts the overall

NeoMark logical architecture by grouping its components into several layers and also identifying

the several data sources: Integrated NeoMark Health Repository (it includes the images repository

and NeoMark databases), NeoMark applications (it enumerates all necessary tools to input and

extract data from the health data repository), and marker definition functional environment
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the relevant information. Heterogeneous NeoMark data (demographics and risk

factors; clinical, pathological, and immunohistochemical parameters; filtered and

cleaned genomic and imaging data) are stored in a single database – the Integrated

Health Record Repository (IHRR) – on a central NeoMark server. The participating

hospitals are connected to the very same NeoMark server, allowing the data-driven

training algorithm to incorporate patient data from all participating hospitals at the

same time and enabling users to perform interhospital comparisons of patient data.

The NeoMark server contains the marker definition functional environment
(MDFE), a data analysis module which is the core of the system. Based on the

heterogeneous input data, this module estimates the likelihood of a relapse and

identifies OSCC risk factors (Exarchos 2012; Gerds 2008).

In order to protect the patient’s right of privacy, none of the sensitive data (e.g.,

the name) that allow to uniquely identify the patient are stored on the central

NeoMark server. Only a unique NeoMark ID can identify a patient. Those IDs

are connected to the patients via individual databases that are located within each

hospital.

Genomic Data Cleaning and Filtering

The genomic data management system is shown in Fig. 4. Blood samples and tumor

samples are traditionally analyzed during the experiments with a standard micro-

array scanner which produces as output a feature extraction (FE) file. This file

Fig. 4 Genomic data management. This figure presents NeoMark’s genomic data input process,

starting with the genome data uploader tool and highlighting the major building blocks and data

processing procedures, such as the gene grouping through the use of the gene ontology repository
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format is a tab-delimited text document that contains all the data such as the

log2-ratio value as well as (very) raw intensity data, background information,

metadata on the experiment and on the scanning settings, annotation data to identify

genes, etc.

In order to integrate this data into the project database, the expression values of

each sample is been extracted from the FE file and uploaded into the data matrix

after being associated to the correct patient or sample. The relevant information that

are extracted and stored in the database are feature name, probe name, gene name,

systematic name, description, and log2 ratio. In order to achieve this pre-filtering

task, a dedicated stand-alone tool was been developed to analyze both control and

duplicate features, to filter genes with low data quality and those with high number

of missing values. The output of application is a cleaned and lighter file (in terms of

MBytes) that contains only the relevant fields for the analysis. The new file is

eventually associated to the specific patient’s sample and is uploaded through the

web interface of the NeoMark system into the central database, while the original

copy of the FE file is kept in the local hospital repository.

On the server side, the storage of the extracted genomic data is organized and

structured using two different kinds of tables. The first one contains only the

cleaned and relevant information with the log2-ratio value plus the normalized

one calculated using the records that are already stored in the database. The

second table is designed to store genomic data expression following the

group ontology. In particular it contains a collection of information provided by

the gene ontology analyses of a single FE file obtained using the Gorilla web

application based on the approach presented by Eden, 2009; http://cbl-gorilla.cs.

technion.ac.il.

The RT-PCR Tool

In NeoMark a portable, real-time, low-cost RT-PCR tool was been developed

(Fig. 5). The device serves as a lab-on-a-chip alternative to microarrays for exam-

ining patient’s RNA extracted from tumor specimens and/or lymphocytes.

The tool can analyze several types of biological contents including enzymes,

primers, targets, and DNA and RNA.

The device is composed of a core silicon chip containing heaters and thermal

sensors, a cooling fan, and an optical system that detects the fluorescence intensity

of the monitored reaction. As fluorescent dyes, commercial FAMTM or VIC®

fluorophores can be used. The practitioner, after preparing the chips with a genetic

material, operates an SW tool that controls the device, clears and filters data, and

sends it to the NeoMark central database.

The idea behind the tool is to use it to assess the presence of the biomarkers

identified by NeoMark. The qPCR, in fact, can measure the expression value of a

set of predefined genes (up to 20) and to gather their expression value in relation

with a housekeeping gene.
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Imaging Biomarker Extraction

Further biomarkers for disease reoccurrence prediction have been obtained from

medical images such as CT and MRI scans. The imaging biomarkers include

geometric (e.g., size) as well as texture-based features (e.g., amount of necrosis)

from the primary tumor and relevant lymph nodes.

To extract those features, a radiologist used a custom software tool – called the

NeoMark Image Processing Tool – which has specifically been developed for that

purpose (Fig. 6). The remainder of this section will describes how the imaging

biomarkers are extracted by the radiologist using the NeoMark Image Processing

Tool.

Imaging Protocol

For each patient, the following set of head and neck medical images is acquired at

baseline (i.e., upon diagnosis, before treatment) and every 6 months during remis-

sion: high-resolution CT with and without contrast agent; MRI T2, coronal, TSE,

fat suppression; MRI T1 + T2, axial, TSE; and MRT T1, axial + coronal + sagittal,

fat suppression, contrast enhanced.

Fig. 5 The NeoMark RT-PCR tool (Source: NeoMark). The NeoMark RT-PCR tool is a

portable, real-time, low-cost RT-PCR that can work as an alternative to microarrays for examining

patient’s RNA extracted from tumor specimens and/or lymphocytes. The device is composed of a

core silicon chip containing heaters and thermal sensors, a cooling fan, and an optical system that

detects the fluorescence intensity of the monitored reaction. Reused with permission from

STMicroelectronics
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ROI Definition

At baseline, the targets from which image features are extracted are the primary

tumor and all enlarged or otherwise suspicious lymph nodes. Since the tumor and

maybe some of the lymph nodes are dissected, features in the follow-up images can

only be extracted from the remaining lymph nodes.

For each target, a 3D model is created (Fig. 7). For lymph nodes, this is done on

the contrast-enhanced CT image with a semiautomatic radial ray-based segmenta-

tion approach (Fig. 8). The radiologist only places a single click in the approximate

center of the structure. Due to the large shape variability, low image contrast, and

the unknown heterogeneous surrounding tissue, the segmentation of a tumor is very

challenging and thus an interactive approach is used. Upon a click in the approx-

imate center of the tumor, the system provides an initial proposal of the 3D contour

which can then be interactively adapted by the user (Steger, Erdt 2009; Steger and

Franco 2011).

Fig. 7 3D model of a lymph
node. The figure shows the
tridimensional reconstruction

of a lymph node. It allows a

better detection of its

tridimensional characteristics

(e.g., size, form, location,

etc.)

Fig. 8 Radial ray-based
segmentation of lymph
nodes. The tridimensional

reconstruction of lymph

nodes is done on the contrast-

enhanced CT image with a

semiautomatic radial

ray-based segmentation

approach
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Image Fusion

To be able to jointly extract features from more than one imaging modality and

multiple points in time, all input images need to be aligned properly, resulting in a

single multimodal/multi-temporal fusion image. This alignment process is carried

out fully automatically using image intensity-based rigid registration of the head as

the first step.

Whereas rigid registration is sufficient in the head, deformation due to different

neck positions may be present in the neck area. Thus, fully automatic deformable

image registration based on the skeleton is performed as the second step. An

articulated atlas is used to extract individual bones in the CT image (Fig. 9) (Steger

and Sakas 2012; Steger and Kirschner 2012). For each of the bones, a single rigid

transformation is successively found based on the maximization of an image

similarity metric. Finally, those transformations are propagated into the surround-

ing soft tissue, resulting in a dense deformation field (Fig. 10).

To increase the alignment accuracy in the ROIs, a local rigid registration for

those image regions is deployed eventually.

Feature Extraction

For each ROI given by the 3D model, a set of geometric and texture-based image

features is extracted automatically.

The geometric features consist of the volume, the 3D longest and shortest

diameter, as well as derived measurements such as the aspect ratio. According to

Fig. 9 Articulated atlas for
the segmentation of the
skeleton. The segmentation

of the skeleton is done,

extracting on the CT image

the different bones through an

anatomical atlas present in the

software
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this, automatic 3D assessment of the size is less prone to inter- and intra-observer

variability than the standard assessment using the RECIST criteria. Texture-based

features include the contrast take-up rate, the texture homogeneity, and the amount

of necrosis and water content (Steger and Keil 2010; Steger and Wesarg 2012;

Steger 2011; Steger and Bozoglu 2013).

Additionally, the radiologist manually defines further clinically relevant prop-

erties such as infiltration of the surrounding tissue and site and extracapsular

spreading.

Upon confirmation by the user, the NeoMark Image Processing Tool uploads

those biomarkers to the NeoMark environment for the integration with the clinical

and genomic data.

Further Functionality

Besides the imaging biomarkers extraction, the NeoMark Image Processing Tool

allows to extract annotated image slices of interest which can then be viewed with a

web browser by the doctors, e.g., during the tumor board. Furthermore, an image

search is implemented, enabling to obtain cases with specific features (e.g., all

images with a tumor of size larger than 3 cm). This can, for example, facilitate the

comparison of cases.

The NeoMark Web Application Tool

As mentioned earlier, NeoMark provides a unified interface that allows a doctor to

manage his/her patients through an easy-to-understand and user-friendly web

interface.

The interface provides a set of tools to help the doctor store and manage all

information, including some intelligent tools to categorize each patient accordingly

with his/her risk of relapse, TNM staging, or simply any risk factor.

Fig. 10 Skeleton-based deformable registration of CT/MR images. After segmentation, for

each bone, a single rigid transformation is successively found based on the maximization of an

image similarity metric. Finally, those transformations are propagated into the surrounding soft

tissue, resulting in a dense deformation field
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The Data Entry Tool

One of the main functionalities provided by NeoMark is the ability to store all

clinical, pathological, and imaging information down on a central server, accessible

to any authorized personnel. This enables the clinicians to enter data structured into

well-known and useful blocks of information that will then be automatically

processed by the NeoMark “intelligent” algorithms to classify the each patient

according to his/her risk of relapse.

The tool also enables the clinician to understand at which stage a patient is in and

quickly browse through all his patient’s visits in order to access specific data.

The Annotations Tools

In most cases, the clinicians also use a set of simple tools to describe the visible

points of the disease. This information could then be viewed by the radiologist or

can later be used by the doctor to check on the imaging results.

To achieve this, a set of interactive diagrams are made available to the doctors,

and through them the doctor can then mark the areas where the disease symptoms

are located.

Reports and Patient Stratification

One functionality which was considered by the physicians as extremely useful was

the reporting tool. This enabled the physician to quickly segment his patients and

identify which ones have the higher recurrence risk.

The application included a set of reports that, based on a well-defined criteria

and rules, will allow the physician to filter and group patients. The reports included

were:

• Patient stratification by risk of recurrence

• Patient list by TNM staging

• Patient list by risk factors

• Patient list by T-localization

• Patient list by surgical procedure

• Patient list by tumor imaging parameters

• Patient list by follow-up

NeoMark Data Analysis

The primary aim of the data mining performed within NeoMark is to identify the

factors that influence significantly the progression of oral cancer and subsequently

formulate a decision support system that is able to predict potential disease relapses
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during remission. In order to analyze the multiscale and multiparametric data

collected within NeoMark, we have a twofold approach was devised, namely,

baseline data analysis and disease evolution monitoring. The former approach

employs baseline information (i.e., clinical, imaging, and genomic) in order to

assess the probability of a patient to suffer a local relapse. The latter approach

involves the analysis of time-varying information (i.e., blood gene expression)

collected at predefined intervals over the follow-up period in order to model the

temporal progression of the disease.

For the baseline data analysis, a wide range of classification schemes have been

exploited and evaluated involving the state-of-the-art classification algorithms

coupled with feature selection techniques (Pillai 2011; Schmidt 2009; Murphy

2002; Guarino 2009; Smith 2007). Each source of data was been initially analyzed

independently in order to evaluate its discriminating potential; afterwards a con-

sensus decision was procured. The best-performing classification schemes based on

each source of data are shown in Table 1.

For the case of tissue genomic data, the set that yielded the best results consisted

of the genes identified within NeoMark combined with a set of 28 genes identified

in the literature. The combination of the decisions from the individual schemes

using a majority voting algorithm resulted in complete discrimination.

The disease evolution monitoring encompasses a dynamic Bayesian network

(DBN) which is fed with gene expression information from the circulating blood.

DBN is able to analyze snapshots of information in consecutive time slices in order to

model the evolution of the disease over time. By providing as input to the DBN data

solely from the baseline visit, we achieve accuracy of 86 %; the provision of data

from the first follow-up visit as well leads to perfect discrimination (Murphy 2002).

Table 1 Best-performing classification schemes. For each type of data employed in this work

(i.e., clinical, imaging, tissue genomic, and blood genomic), the best-performing classification

schemes have been selected. A classification scheme consists of a feature selection technique

coupled with a classification algorithm. The selection has been performed based on the following

performance metrics, accuracy, sensitivity, specificity, and AUC; the selected schemes have

yielded quite high values for all these metrics. (Pillai 2011; Schmidt 2009; Murphy 2002; Guarino

2009; Smith 2007)

Data

Feature

selection

Classification

algorithm

Accuracy

(%)

Sensitivity

(%)

Specificity

(%) AUC

Clinical Wrapper Decision trees 83.3 73.7 93 0.84

Imaging Wrapper Naı̈ve Bayes 90.9 88.6 93.2 0.89

Tissue

genomic

Literature[
current work

Artificial

neural

networks

91.23 94.7 87.7 0.96

Blood

genomic

No feature

selection

Artificial

neural

networks

95.8 100 91.7 1
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NeoMark Data Validation and Results

The NeoMark system was validated in a pilot study which involved 86 OSCC

patients fully compliant with the selection criteria, completely investigated with all

data uploaded in the system, surgically treated (with more than 12 months of

follow-up), and recruited in the three clinical centers in Italy and Spain. The results

are shown in Tables 2 and 3.

The clinical, pathological, and imaging data obtained were largely supported by

literature findings. Analyzing the genomic expression in tissue and the blood, a

strong concordance with previous studies in particular regarding the altered expres-

sion of SOD2 and RPRM was observed. They are in fact both tissue genomic

factors associated with a higher risk of lymphatic metastases. A special attention

was devoted on the modifications of the blood genomic expression in patients with

and without recurrences. The altered expression of genes shown in Table 1 was

present in relapsers.

These data become more significant when correlated to the site of the tumor in

accordance with the previous studies that reported the importance of the anatomic

location of the tumor in terms either of prognosis or risk of relapse. In fact some

sites such as the tongue and floor of the mouth generally have poorer prognosis due

to the frequent presence of cervical metastases and have to be considered in the risk

assessment.

We noted that almost all the clinical and imaging markers identified by NeoMark

are reported in literature (Table 2). Genomic markers however are different

(Table 3). The inclusion of genes present in literature led to an increase in accuracy

from 80 % to 91.23 %. We must however note that research on OSCC genomic

factors is still ongoing in particular through retrospective studies on tissue samples

which are available in tumor banks. Also the inclusion criteria adopted in the

different published studies are less strict than NeoMark, so increasing the variabil-

ity of results. We can therefore propose NeoMark as a new approach and data

analysis tool for further research.

The NeoMark system has proved to be effective for the management of patients’

data and for the optimization of the follow-up activities. The immediate value of the

tools – as perceived by using physicians – refers but is not limited to the possibility

to access through a unique repository all available information regarding each

patient and also to improve some diagnostic referrals (especially imaging) through

data comparison and integration.

NeoMark has also demonstrated that it is possible to integrate clinical, imaging,

and genomic data to obtain predictions regarding disease evolution in patients with

OSCC and that the identified prognostic factors are in line with most recent research

findings and can be reduced to a limited but well-performing number, easily

checked by physicians through simple diagnostic exams.

In particular, the clinicians recognized the usefulness of the disease-specific

bioprofile identified by NeoMark to evaluate the risk of disease recurrence in each

32 Biomarkers in NeoMark European Project for Oral Cancers 747



single case at baseline to stratify patients affected by OSCC according to the risk of

recurrence and so the possibility to reserve them a “tailored” therapy and follow-up.

Regarding the Disease Evolution Bioprofile, the physicians agree that the

approach is correct and is aligned with the more recent research trends. The

hypothesis that the presence of tumor could induce perturbation of homeostasis

not only locally but also systemically was only recently proposed, and so NeoMark

provides additional evidence. However, this hypothesis has to be confirmed with

more analyses.

Table 2 Prognostic factors extracted from literature (in red the factors also identified by
NeoMark). The table shows the prognostic factors of oral squamous cell cancer extracted from

literature. They include clinical, pathological, radiological, and genetic factors (Rogers 2008;

Woolgar 2006, 2009; Warner 2004; Wang 2009; Ye 2008; Giles 2004; liao 2011; Liu 2009, 2010;

Pusapati 2010; Reis 2011; Chen 2008; Bisdas 2009; Gil 2009). Those in red are factors identified

also by NeoMark

Clinical and histopathological
factors

Imaging factors Genetic factors

Smoke
Alcohol
Familiarity
Substance exposition
Eating habits
Mechanical trauma
Precancerous lesions
pT stage
pN stage
M stage
Surgical margins
Tumor thickness
Depth invasion
Tumor maxDiameter
D240 stain
Martinez Gimeno score
Anneroth score
Perineural invasion
Degree cell keratinisation
Grade differentiation
Lymphovascular invasion
Lymphoplasmacytic reaction
HPV DNA
Num mitosesHPF
Nuclear pleomorphism
Basaloid features
cyclinD1 stain
Ki67 stain
P53 stain
EGFR stain
P16ink4a stain

Site
Number of Lymphnodes
Shape Deviation
Number Lymphnodes > 3 cm
Side
Cluster
Central necrosis
Minor axis >10mm
Carotid infiltration
Bone infiltration
Extranodal spreading
Contrast takup rate
Cuteneous invasion
Watercontent
Necrosis
Texture

LOC401010
FKBPL
SMARCC2
CIDEB
CLDN1
ANP32A
GALNT6
PRKAR2A
EST
HP1-BP74
CLDN1
AP1G2
PKD2
GTF2H4
C1orf144
LOC644276
NP285481
LIG3
LOC492303
A_24_P170365
ZNF205
CRYAA
LOC389786
C17orf71
KIAA1033
KIAA0140
THC2280373
BF368414
ENST0000034433
BQ333643
A_32_P133402
C21orf87
A_24_P101503
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Additionally, NeoMark proved that it is possible to realize and use a real-time

PCR device to analyze tissue and blood RNA, obtaining results even more precise

than what is currently achieved by standard laboratory equipment. The RT-PCR

device and associated protocol may constitute a real breakthrough in clinical

practice for early diagnosis or reoccurrence of oral cancer. As such NeoMark can

be seen as a pioneering platform, demonstrating that the NeoMark approach can be

extended to other cancers.

Potential Applications to Prognosis, Other Diseases,
or Conditions

NeoMark research is oriented to find a tool and to experience a methodology for

assisting physicians in a more effective care of a particular family of tumors, whose

numbers are increasing and which have not been extensively studied and investi-

gated so far.

NeoMark can bring to research a better understanding of the correlations

between biological factors (either patient or cancer specific) that are characteristic

for oral cancer and fostering reoccurrences.

Table 3 Prognostic factors extracted after NeoMark data integration plus the best-
performing genes extracted from literature (Rogers 2008; Warner 2004; Wang 2009; Ye

2008; Giles 2004; Liao 2011; Liu 2009, 2010; Pusapati 2010; Reis 2011; Peng 2011; Saintigny

2011; Chen 2008). In the table are listed the prognostic factors used to create the bioprofile. They

include factors extracted from literature and factors, especially genetic, identified by the NeoMark

algorithm (in blue the genes which were not listed in literature selection)

Source of data Feature/Marker included in bio-profile

Clinical

N staging Perineural invasion Smoke
Lymphoplasmacytic 
reaction

Number of mitoses per 
HPF

p53 stain

Surgical margins Tumor thickness

Imaging

Extra Tumor Spreading Number of Lymph 
Nodes

Site

Texture Extra Nodal Spreading Side

Tissue genomic
PHACTR1 SOD2 C17orf71
RPRM CRYAA ZNF205
AMDHD1 SLC5A12 C21orf87

Blood genomic

A_24_P221960 THC2410448 THC2399272
A_24_P230388 AL566369 BM683433
A_32_P57247 CN391963 OXCT2
A_24_P942151 X58809

Additional Literature 
genes

LOC492303 ENST00000344339 KIAA1033
CLDN1 LOC644276 LOC389786
FKBPL C1orf144 PKD2
A_32_P133402 CRYAA
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Therefore, the NeoMark follow-up scheme adopted in the project; the NeoMark

data acquisition and analysis system, including advanced image feature extraction

and analysis and interpretation tools; and the NeoMark lab-on-chip diagnostic

device are expected to bring significant contributions to clinical knowledge, to

the early diagnosis of oral cancer relapses, and to the simplification of the diag-

nostic procedures.

The NeoMark research created a system helping clinicians in their decisions for

treatments and intervention methodologies, based on the availability of aggregated

and complete data, showing trends of oral cancer in relation to specific biomarkers

and imaging aspects, currently not possible due to the lack of integration and to the

enormous number of genetic data to be processed.

Summary Points

• NeoMark is a European Commission co-funded research project, under the

Seventh Framework Program, Objective ICT-2007.5.3: Virtual Physiological

Human. The objective of the study is to identify relevant biomarkers of cancer

reoccurrence and to stratify patients by the risk of relapse.

• NeoMark starts from the need of researchers and clinicians in the field of

oncology to improve the representation of biological processes related to the

onset, growth, dissemination, and relapse of human cancer.

• The project involves clinical research institutions with specific expertise in data

integration and analysis, medical image processing, modeling, and gene expres-

sions processing and industrial companies expert in the realization of medical

devices for biomarker analysis and in the development of market solutions.

• A specific software is developed to extract, integrate, process, relate, analyze,

aggregate, and present to clinicians different possible sets of medical informa-

tion (clinical, pathological, imaging, biomolecular, genomic) in order to identify

the most relevant factors characterizing the disease and the risks of relapses.

• For each patient included in the study, a personal and disease bioprofile useful to

evaluate the risk of disease reoccurrence at baseline, to calculate the risk of

recurrence, and to plan a “tailored” therapy and follow-up was identified.
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Abstract

Telomerase is a ribonucleoprotein enzyme that extends telomere DNA located in

the chromosomal termini. Telomerase is known to specifically express in cancer

cells, and telomerase activity was found in more than 80 % of cancer patients.

Therefore, telomerase may represent a promising cancer biomarker and thera-

peutic target. The telomerase repeat amplification protocol (TRAP) assay is a

polymerase chain reaction (PCR)-based method to detect telomerase activity. In

this assay, the telomerase substrate (TS) primer is elongated and its extended

DNA is amplified by PCR. Telomerase activity is evaluated by a ladder of bands

differing by 6 bp after gel electrophoresis of the PCR products. Recently, non-

PCR-based methods to detect telomerase activity have been reported by many

researchers. Electrochemical telomerase assay (ECTA), which was developed

by Takenaka’s group, is a simple and rapid PCR-free method to detect
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telomerase activity. ECTA consists of a TS primer-immobilized electrode and

ferrocenylnaphthalene diimide derivative as a tetraplex binder. Takenaka’s

group compared the efficacy of ECTA and TRAP methods in detecting telome-

rase activity in oral cancer screening. Telomerase activity was observed in 90 %

and 30 % of oral cancer tissues and exfoliative cells using the TRAP method,

respectively, whereas the ECTA method detected telomerase activity in 90 %

and 85 % of oral cancer tissues and exfoliative cells, respectively. These findings

suggested that the ECTA method is useful for oral cancer screening because

exfoliative cells can be easily obtained by scraping the inside of the mouth.

Because telomerase activity is specific to cancer cells, ligands that inhibit

telomerase activity may show promise as anticancer drugs. ECTA has also

been used to estimate the inhibitory activity of telomerase ligands in cancer

cells by determining TS primer elongation in a concentration-dependent manner.

The ECTA method was used to screen for the telomerase inhibitory activity of

10 ligands and demonstrated not only the inhibitory activity of the ligands but

also their mechanisms of action. The drugs having non-elongating capability

directly inhibited telomerase. On the other hand, another set of drugs that can

elongate at a 24-mer expansion indirectly inhibited telomerase access by binding

and stabilizing the tetraplex structures.

List of Abbreviations

Ca9-22 Human Gingival Squamous Cell Carcinoma Cell Lines

ECTA Electrochemical Telomerase Assay

EtBr Ethidium Bromide

FND Ferrocenylnaphthalene Diimide

HSC-2 Human Oral Squamous Cell Carcinoma Cell Lines

HSC-3 Human Tongue Squamous Cell Carcinoma Cell Lines

hTERT Human Telomerase Reverse Transcriptase

IC50 Half maximal (50 %) Inhibitory Concentration

Inhibitor III Hexameric Phosphorothioate Oligonucleotide, 50-d(TTAGGG)-30

Inhibitor V 2,6-bis[3-(N-piperidino)propionamido]anthracene-9,10-dione

PCR Polymerase Chain Reaction

PIPER N,N0-bis [2-(1-piperidino)ethyl]-3,4,9,10-tetracarboxylic diimide

Q Charge Quantity

SAS Human Tongue Squamous Cell Carcinoma Cell Line

SPR Surface Plasmon Resonance

SWV Square Wave Voltammetry

TBM 3,30,5,50-Tetramethylbenzidine

TER Telomerase RNA Component

TERT Telomerase Reverse Transcriptase

TMPyP4 5,10,15,20-tetra-(N-methyl-4-pyridyl)porphine

TND Tri Naphthalene Diimide

TRAP Telomerase Repeat Amplification protocol

TS Primer Telomerase Substrate Primer
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Key Facts of Hemodialysis

• Telomerase: A ribonucleoprotein that consists of protein and RNA components

known as TERT and TER, respectively, and elongates telomeres by adding

(TTAGGG) repeat sequences to their ends. Telomerase was first reported in

the ciliate Tetrahymena by C. W. Greider and E. Blackburn in 1985.

• Telomere DNA: The terminal ends of chromosomes consist of telomere repeat

sequences of TTAGGG, which are associated with telomere-binding proteins.

This structure protects chromosome ends from being recognized as DNA

double-strand breaks by the DNA repair machinery. Telomere DNA has been

found to form different types of G-quadruplex structures in vitro depending on

the medium conditions, such as the basket, chair, and hybrid. Recently, it has

been suggested that telomere DNA exists as tetraplex structure in vivo.

• Ferrocenylnaphthalene diimide (FND): FND is a naphthalene diimide derivative

composed of ferrocene moieties at the termini of its amide substituents. FND

was first synthesized by S. Takenaka’s group as an electrochemically active

ligand having a preference for double-stranded DNA with threading intercala-

tion. Some FND derivatives exhibit a higher preference for tetraplex DNA than

for double-stranded DNA, which is used for electrochemical detection of

tetraplex DNA.

• Electrochemical telomerase assay (ECTA): ECTA is performed using a telome-

rase substrate (TS) primer-immobilized electrode. The immobilized TS primer is

elongated with TTAGGG repeats if telomerase is present in the sample solution.

Elongation of the TS primer is detected by the electrochemical signal of FND,

which increases with the increased extension of the TTAGGG repeats.

Definitions of Words and Terms

Oral cancer Oral cancer affects 640,000 people in the world every year and has a

particularly high incidence in South Asia. Oral cancer is difficult to diagnose at an

early stage. Patients with advanced carcinoma show significant decrease in quality

of life even after surgery.

Telomerase repeat amplification protocol (TRAP) assay The TRAP assay is a

detection method for telomerase activity and was reported by Kim et al. in 1994.

Telomerase elongates telomeres by adding TTAGGG repeat units to their ends.

Elongation of the telomerase substrate (TS) primer is used to estimate telomerase

activity and is determined by the number or intensity of ladders in gel electropho-

resis after PCR amplification. The TS and telomeric repeat (CX) sequences are used

as forward and reverse primers in the PCR amplification, respectively.

Differential pulse voltammetry (DPV) and square wave voltammetry (SWV)

DPV and SWV are techniques to diminish capacitive charging current by applying
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the potential in a stepwise manner when the reduction or oxidation current based on

electroactive species in electrolyte is measured at the varied potential. DPV and

SWV are different from other techniques that apply potential and correct the

subsequent current.

Chronocoulometry (CC) CC is a technique used to measure the amount of charge

in an electrochemically active species in an electrolyte. Absolute amount of the

species is estimated based on the proportion between molecular weight and charge

amount and is obtained from the temporal integration of charge amount.

DNAzyme DNAzyme is DNA carrying a catalytic activity such as site-specific

DNA cleavage.

Telomerase inhibitor Telomerase inhibitors are molecules that inhibit the elon-

gation of telomere DNA by telomerase either directly or indirectly. Telomerase is

expressed in cancer cells, and therefore, telomerase inhibitors are expected to

induce cancer cell death. Telomerase inhibitors can bind directly to telomerase

to inhibit its activity or indirectly inhibit telomerase by binding tetraplex DNA to

prevent telomerase access. Tetraplex DNA stabilizers, which bind to and stabilize

tetraplex structures, are good candidates for anticancer drugs.

Introduction

Cancer is caused by the deregulation of biological functions in living cells.

Telomerase is a ribonucleoprotein enzyme that elongates telomere DNA located

at chromosomal termini. The association of telomere DNA and telomerase with

cancer was proposed in 1973 by A. M. Olovnikov (1973). Telomerase was first

reported in the ciliate Tetrahymena by C. W. Greider and E. Blackburn in 1985

(Greider and Blackburn 1985), and the elongation of telomere DNA by telomerase

was reported by Greider in 1989 (Greider and Blackburn 1989). Since 1990, many

studies have reported the connection between cancer and telomerase.

Aging and cancer cause the shortening of telomere DNA by triggering several

stress-induced imbalances in the body (Fig. 1). Telomere DNA commonly exists as

a D-loop structure to protect the chromosomal termini. Telomere DNA shortening

prevents D-loop formation and causes DNA uncapping. DNA uncapping leads to

exposing single-stranded DNA termini and subsequently end-to-end fusion of

chromosomes or oncogene activation and causes genomic instability, which may

contribute to cell death or carcinogenesis (Greider 1999). Generally, cell death is

induced in normal cells by apoptosis. However, genomic instability can lead

to inappropriate telomerase activation, resulting in cell immortalization and

subsequent canceration.

Telomerase consists of a telomerase RNA component (TER); telomerase reverse

transcriptase (TERT); catalytic core components, such as p65; and accessory

factors including p75, p19, p45, p50, and Teb1 (Fig. 1). Electronic microscopic
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images have revealed that these components are intricately combined like a jigsaw

puzzle (Jiang et al. 2013). Telomerase components also contribute to TER stabili-

zation through complexation. Teb1 forms a complex with telomere DNA to

help elongate telomere DNA, and the p75-p19-p45 complex enhances telomerase

activity. p50 binds the TER, Teb1, and the p75-p19-p45 complex. The TERT

structure of Tribolium castaneum was realized by X-ray structural analysis (Gillis

et al. 2008). The telomerase complex consists of dimers of human TERT units and

the TER complex. Telomerase is thought to function as a dimer; however, this is

still a matter of debate (Sauerwald et al. 2013). Current knowledge of telomere

DNA elongation by telomerase has shown that extranuclear TERT is transported to

the nucleus and forms a complex with TER (Hukezalie and Wong 2013). The

D-Loop structure formed by telomere DNA at chromosomal termini is displaced

(collapsed?), and the TER–TERT complex elongates the telomere termini by the

addition of 6-bp TTAGGG repeats. A tetraplex structure is formed when the

elongation reaction reaches four 6-bp TTAGGG repeats. Stabilization of tetraplex

DNA at chromosomal termini inhibits the elongation reaction of telomerase.

Therefore, ligands that stabilize the tetraplex structure are expected to inhibit

telomerase activity and, therefore, may represent potential anticancer drugs.

Methods to detect telomerase activity have mainly analyzed the expression of

the hTERT gene, the active component of telomerase (Hiyama and Hiyama 2003),

or its catalytic activity by telomerase repeat amplification protocol (TRAP)

Fig. 1 Relationship between telomerase and telomere DNA in cancer development. The end
of chromosomes are organized into telomere DNA, which consists of 2–30 kb of noncoding

double-stranded TTAGGG repeats extended by 50–150-nucleotide overhangs of single-stranded

TTAGGG repeats. Telomerase is a two-component enzyme composed of a catalytic protein

subunit (TERT) and RNA template (TER) with accessory factors including Teb1, p75, p19, p45,

and p50
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assay (Kim et al. 1994). The TRAP assay has been used to evaluate telomerase

activity in many tumor types (Hiyama and Hiyama 2003) and to screen telomerase

inhibitors (Cian et al. 2007). The TRAP assay uses the telomerase substrate

(TS) primer (50-AAT CCG TCG AGC AGA GTT-30) as a telomerase substrate.

Telomerase elongates the TS primer by adding TTAGGG repeats to the 30-terminal.

Extended products are amplified by polymerase chain reaction (PCR) using the CX

primer and resolved by electrophoresis. The CX primer comprises a partially

complementary sequence to the TTAGGG repeat so as not to increase the melting

temperature or stability of the DNA duplex. A ladder of bands differing by 6 bp is

obtained by the partial hybridization of the CX primer with the PCR products.

Telomerase activity is estimated by the number of ladders and their intensities.

Telomerase activity has been detected in many human cancers using the TRAP

assay, with an expression rate of 85 % in most tumor tissues (Table 1; Hiyama and

Hiyama 2003). Therefore, telomerase is expected to be a useful marker for cancer

diagnosis. However, the cancer detection rate of the washing/brushing sample

(38.5–72.5 %) was inferior to that of the biopsy sample (61.6–96.3 %). The low

detection rate in the washing/brushing sample was due to contamination by foreign

substances in the sample, which inhibited PCR. Telomerase activity has been

detected in invasive samples such as saliva (Zhong et al. 2005; Mutirangura

et al. 1996; Mao et al. 1996; Thongprasom et al. 1998) and urine (Sanchini 2005).

Oral cancer occurs at a high rate in southern Asia and is difficult to discriminate

from other diseases of the oral mucosa, such as oral leukoplakia or oral lichen

planus. Precancerous lesions of the oral mucosa require continuous monitoring

Table 1 Utility of telomerase as a diagnostic marker by TRAP assay

Cancer patients Normal individuals

Telomerase positive (%)

Biopsy

Head and neck 25/26 (96.2) 9/41 (22.0)

Lung 86/128 (67.2) 0/10

Esophagus 52/54 (96.3) 33/48 (68.8)

Stomach 23/29 (79.3) 10/28 (35.7)

Colon 110/126 (87.3) 57/148 (38.5)

Liver 53/86 (61.6) 17/58 (29.3)

Bile duct 20/26 (76.9) 0/10

Bladder 46/54 (85.2) 30/56 (53.6)

Prostate 101/134 (75.4) 14/120 (11.7)

Uterus 138/164 (84.1) 58/158 (36.7)

Skin 130/159 (81.8) 14/58 (24.1)

Washing/brushing

Head and neck 110/195 (56.4) 70/321 (21.8)

Brushing/bronchial alveolar lavage 123/188 (65.4) 16/211 (7.6)

Washing/urine 166/229 (72.5) 6/153 (3.9)

Cervical scraping 105/273 (38.5) 36/189 (19.0)
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because of their high probability for cancer progression. Telomerase activity and

hTERT gene expression analysis have been achieved in human oral squamous cell

carcinoma cell lines such as HSC-2 cells and human tongue squamous cell carci-

noma cell lines such as HSC-3 and have shown high levels of telomerase activity

and hTERT gene expression in these cell lines (Fujimoto et al. 2001). Furthermore,

telomerase activity was detected even in 0.6-μl culture cell extracts (Fujimoto

et al. 2001). Telomerase activity was tested in oral cancer patients by TRAP

assay soon after it was developed by Kim et al. (Mutirangura et al. 1996; Mao

et al. 1996). Mutirangura et al. reported that telomerase activity was observed in

88 % of oral cancers and in 38 % of oral leukoplakias, a precancerous lesion.

Telomerase activity was also detected in oral lichen planus (Thongprasom

et al. 1998). However, precancerous lesions were benign and none of the leukopla-

kia samples progressed to cancer. Therefore, the development of rapid and simple

methods is important to quantitatively monitor the progression of precancerous

lesions. The TRAP assay can determine the presence or absence of telomerase

activity but not the degree of activity. This is due to the PCR step, which amplifies

the elongated TS primer. Therefore, research efforts have focused on the develop-

ment of PCR-free methods to detect telomerase activity.

Recent Developments in Detection Methods
for Telomerase Activity

TRAP assay is a detection method for telomerase activity and includes a PCR

amplification step. Contaminated clinical samples inhibit PCR, resulting in a lack of

ladders in the gel electrophoresis. These samples may be considered negative even

when telomerase activity is present (Kulla and Katz 2008). Therefore, many

research groups have investigated non-PCR-based methods to alternatively detect

telomerase activity (Kulla and Katz 2008; Zhou and Xing 2012). Detection methods

for telomerase activity are summarized below from a standpoint of practical

realization. Direct assay of telomerase activity was achieved using the radiation
32P-α-dGTP marker (20 μCi; 3,000 Ci/mmol; Cian et al. 2007). Because
32P-α-dGTP is incorporated into the elongated TS primer, ladders differing by

6 bp are observed on gel electrophoresis without PCR amplification. This direct

assay was used to evaluate the telomerase inhibitory activity of a drug without the

issue of drug-related PCR inhibition (Cian et al. 2007).

Willner’s group developed several detection methods for telomerase activity

(Pavlov et al. 2004; Xiao et al. 2004). In one method, the telomerase elongation

reaction was achieved using a TS primer-immobilized electrode in the presence of

biotinylated UTP. The addition of dNTP results in the incorporation of biotin into

thymine residues in the elongated TS primer. The TS primer is treated with

alkaline phosphatase-modified streptavidin, and telomerase activity is monitored

by the electrochemical response induced by the hydrolysis of 5-bromo-4-chloro-

3-indolylphosphate (Pavlov et al. 2004). The telomerase detection method devel-

oped by Willner’s group amplifies the elongated TS primer directly or indirectly

33 Telomerase as Biomarker for Oral Cancer 759



H2C

H3C

H3C

HO

OH

CH3

H2N NH2

TBM
Hemin

CH2
CH3

O

N
Fe3+

N N

N

O

a

b

c

Telomerase Hemin

H2O2

Telomerase

8-17 DNAzyme

Q F
Molecular Beacon

Telomerase

Electrochemical measurement
 Impedance measurement
 Differential pulse voltammetry
  (Guanine electrochemical oxidation signal)

Surface plasmon resonance measurement

Field effect transistor measurementSS

Fluorescence

Pb2+

PbPb2+2+Pb2+

TBM

H2O TBM+

K+

TS primer

Fig. 2 Principle of non-PCR-based telomerase detection methods. (a) Hemin-catalyzed

telomerase detection. The elongated telomerase substrate (TS) primer forms a tetraplex structure

with bound hemin, and this complex acts as DNAzyme to generate TMB+ from TMB and

H2O2. Telomerase activity is estimated by measuring the absorbance of TMB+ at 650 nm.
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on modified catalytic sites. Quach et al. reported fluorometric telomerase detec-

tion using SYBR Green to detect tetraplex DNA (Quach et al. 2013). Willner’s

group also developed a telomerase detection method that uses a TS primer

carrying quantum dots conjugated with a complementary telomere DNA fragment

and doxorubicin (Raichlin et al. 2011). The complementary telomere DNA

fragment hybridizes with the elongated TS primer, and elongated telomere

DNA is detected by the fluorescence quenching of quantum dots induced by the

binding of the DNA duplex with doxorubicin. Using this method, telomerase

activity was quantitated in over 270–2,700 cancer cells/μL, with a detection limit

of 270 cells/μL.
Hemin–G-quadruplex DNAzyme units have been used to detect telomerase

activity (Freeman et al. 2010). DNA elongated by telomerase forms a tetraplex

structure in the presence of potassium ions and binds to hemin to generate TBM+.

Hemin, which acts as a tetraplex DNA binder, catalyzes the conversion of TMB and

H2O2 to TMB+ (Fig. 2a). TMB+ is quantitated by determining its absorbance at

650 nm. TMB+ generation is dependent on the level of telomerase activity and,

therefore, can be used to assess telomerase activity. This method is capable of

quantitating telomerase activity in 200–3,000 cancer cells within 1.5 h.

8–17 DNAzyme, a hammerhead DNAzyme, has also been used to detect

telomerase activity (Santoro and Joyce 1997). Wang et al. introduced the

PbII-dependent 8–17 DNAzyme to the TS primer and developed a detection method

by combining this modified primer with the molecular beacon system as shown in

Fig. 2b (Wang et al. 2013). In this system, the hammerhead-like loop structure,

which is formed by telomerase elongation of the TS primer, is cleaved by Pb2+, and

the cleaved fragments are fluorometrically detected by the molecular beacon. This

method permits telomerase detection in 0.1–1.0 μg lysate containing misplaced

proteins within 1 h. Tian et al. also reported the successful detection of telomerase

activity using this system, with a detection limit of 200 cancer cells (Tian

et al. 2013).

Many detection methods for telomerase activity have used TS primer-

immobilized substrates. These methods are summarized in Fig. 2c. Zheng

et al. monitored TS primer elongation by immobilizing it on a silicon nanowire to

create a field-effect transistor system (Zheng et al. 2005). Maesawa et al. used a

surface plasmon resonance (SPR) technique to analyze the elongation kinetics of

the immobilized TS primer in various cell culture lysates and found that the

elongation rate was dependent on cell type (Maesawa et al. 2003). Eskiocak et al.

�

Fig. 2 (continued) (b) DNAzyme-based probes for telomerase detection. Telomerase elongation

of the TS primer carrying 8–17 DNAzyme forms a hammerhead DNAzyme structure. Cleavage of

the telomere DNA fragment from the hammerhead DNAzyme by Pb2+ results in its hybridization

with the molecular beacon to produce fluorescence. Telomerase activity is estimated by the

fluorescence intensity. (c) Principle of telomerase detection methods using a TS primer-

immobilized electrode. Elongation of the immobilized TS primer by telomerase is determined

by electrochemical, surface plasmon resonance, and field-effect transistor measurements
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monitored telomerase activity electrochemically based on the oxidation current of

guanine bases using a TS primer-immobilized electrode (Eskiocak et al. 2007). This

method showed a detection limit of 100 ng/μL cancer cell lysate. Impedance change

in the TS primer-immobilized electrode was used to detect telomerase activity in

103–105 cancer cells (Yang et al. 2011). Telomerase detection based on SPR is

superior in terms of label-free detection.

Electrochemical techniques also offer label-free detection coupled with high

sensitivity. Takenaka’s group developed an electrochemical telomerase assay

(ECTA) using ferrocenylnaphthalene diimide (FND), an electrochemically active

tetraplex ligand (Sato et al. 2005, Sato et al. 2012; Mori et al. 2013). The principle

of the ECTAmethod is shown in Fig. 3. Elongation of the immobilized TS primer is

electrochemically detected as concentrated FND bound to tetraplex DNA, which is

formed using the square wave voltammetry (SWV) technique in the presence of

potassium ions. This method including the telomerase elongation step can be

performed within 30 min (Sato 2005; Mori et al. 2013).

Takenaka’s group also developed another method to quantitate telomerase

activity based on the chronocoulometric technique (Steel et al. 1998). This method

can be used for the detailed analysis of telomerase activity due to its ability to

quantify DNA elongation by telomerase (Sato and Takenaka 2012).

Fig. 3 Principle of electrochemical telomerase assay (ECTA) using FND. (a) Chemical

structure of ferrocenylnaphthalene diimide (FND). (B) Electrochemical telomerase assay

(ECTA) using FND. The TS primer immobilized on the electrode is elongated by telomerase,

and FND binds to the product to give rise to a current. The data are standardized withΔi, defined as
(i/i0�1) � 100 %, where i0 and i refer to the current before and after elongation, respectively
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Oral Cancer Screening Using ECTA

Many researchers, including Takenaka’s group, have increased the amount of DNA

immobilized on the electrode to improve hybridization detection. This method has

been applied to hybridization assays using 20–40-mer DNA probe-immobilized

electrodes (Drummond et al. 2003; Luo and Hsing 2009) for the analysis of p53
point mutations (Boon et al. 2000; Umek et al. 2001; Miyahara et al. 2002; Weng

et al. 2008) and hypermethylation of specific genes (Sato et al. 2006; Kato et al.

2008; Sato et al. 2012) and has shown high detection limits (Takenaka et al. 2000;

Xiao et al. 2006). Takenaka’s group applied this method to detect elongated TS

primer in clinical oral cancer samples (Mori et al. 2013). When the TS primer-

immobilized electrode was immersed with sample solution and incubated at 37 �C
for 30 min, elongated TS primer was formed on the electrode. The quantity of DNA

elongated with TTAGGG repeating units in the sample solution was estimated

electrochemically by FND bound to the tetraplex structure in electrolyte containing

0.1 M KCl. Telomerase activity was estimated by the increase in current after

incubation of sample solution in the presence of 20 μMFND in 0.1 M KCl using the

SWV technique (Sato 2005; Mori et al. 2013). Naphthalene diimide derivatives

specifically bind double-stranded DNA through threading intercalation (Yen

et al. 1982). Takenaka’s group found that FND does not bind to double-stranded

DNA but binds to tetraplex DNA with high affinity depending on its substituent

structure (Sato 2005). FND binds tetraplex DNA through stacking interactions with

the G-tetrad plane as has been described for similar derivatives (Cuenca

et al. 2008). This electrochemical FND-based telomerase assay has been named

ECTA by Takenaka’s group.

Takenaka’s group compared the ability of TRAP and ECTA methods to detect

telomerase activity in HSC-2 cells, HSC-3 cells, and Ca9-22 cells, a series of

human gingival squamous cell carcinoma cell lines, and SAS cells, a human tongue

squamous cell carcinoma cell line. The TRAP method detected telomerase activity

in the four cell lines in over 200 cells. In contrast with the TRAP method, the ECTA

method detected telomerase activity in the four cell lines in over 10 cells. These

results indicate that the ECTA method is a highly sensitive telomerase detection

method and is 20 times more sensitive than the TRAP method. Furthermore,

telomerase activity was correlated with the gene expression level of hTERT,
telomerase catalytic factor, in the four cell lines. Takenaka’s group also evaluated

telomerase activity in oral tissues and exfoliative cells from oral cancer patients and

normal individuals using the ECTA and TRAP methods. A telomerase-positive

decision was obtained in 90 % (+ decision, 50 %; � decision, 40 %) of oral cancer

tissues and 30 % (positive decision, 10 %; ambiguous decision, 20 %) of oral

exfoliative cells with the TRAP method (Fig. 4a). These findings were in agreement

with a previous report (Hiyama and Hiyama 2003) and suggested that telomerase

activity in oral exfoliative cells is difficult to detect with the TRAP method. The

telomerase activity in oral tissue and exfoliative cell samples was also tested using

the ECTA method, which evaluated the change in current before and after sample

treatment. The results are summarized in Fig. 4b. ECTA showed a current increase

33 Telomerase as Biomarker for Oral Cancer 763



greater than 34 % and 30 % in the tissues and oral exfoliative cells of oral cancer

patients, respectively, whereas the current increase was less than 15 % and 18 % in

the tissues and oral exfoliative cells of normal individuals, respectively. Therefore,

the ECTA method was able to discriminate between cancer patients and normal

individuals regardless of the specimen type. Positive telomerase rates were

observed in tissue and oral exfoliative cells whether the threshold was set to

30 %, 90 %, or 85 %, (Fig. 4a). These results showed that ECTA method is superior

to the TRAP method. In particular, the positive rate in oral exfoliative cells was

dramatically improved with the ECTA method compared with the TRAP method.

Together, these findings demonstrated that ECTA is a highly sensitive electrochem-

ical PCR-free technique.

Telomerase activity using the ECTA method was compared with T criterion to

assess the stage of cancer progression. Telomerase activity was tested in T1 (<2 cm

in size) and T2 (>2 cm in size) tumors. The positive rate of telomerase activity for

T1 tumors was 10 % higher than that of T2 tumors. This result is reasonable when

considering that cancer progression is expected to influence the protein expression

of telomerase. In a blind test of 31 cancer patients and 25 normal individuals, the

Fig. 4 Comparison of telomerase repeat amplification protocol (TRAP) and electrochemical
telomerase assay (ECTA) methods. (a) Comparison of telomerase repeat amplification protocol

(TRAP) and electrochemical telomerase assay (ECTA) methods to detect telomerase activity in

tissues and exfoliative oral cells (EOC) from oral cancer patients and healthy individuals. In the

TRAP assay, more than five clear ladders were considered positive (+), 1–4 ladders were

considered ambiguous (�), and no ladder was considered negative (�). In ECTA, current increase

> 30 % Δi was considered positive (+), current increase between 20 % and 30 % was considered

ambiguous (�), and current increase < 20 % was considered negative (�). (b) Box plots for

telomerase activity expressed as current increase in Δi for 20 oral cancer patients ( filled boxes)
and 10 healthy volunteers (open boxes)
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right diagnosis ratio was 84 % when the threshold was set to 30 %. Because the

ECTA method has a higher detection ratio for T1 tumors, this method is suitable for

the screening of early stage oral cancer.

Telomerase Inhibition Assay Using ECTA

Telomerase elongation of telomere DNA at chromosomal termini leads to cell

immortalization and canceration. Therefore, anticancer drugs have been developed

to inhibit telomerase function, such as tetraplex DNA stabilizers (Cian et al. 2007)

or antisense targeting of telomerase RNA (Mergny et al. 2002). Drug-related

inhibition of telomerase activity is commonly evaluated using the PCR-based

TRAP method. However, anti-telomerase drugs may inhibit PCR itself; therefore,

this methodology may not be suitable for drug screening of telomere inhibitory

activity. ECTA, which is a PCR-free detection method, is suitable for screening the

telomerase inhibitory activity of drug candidates. Because FND also binds to

tetraplex DNA, precise evaluation of telomerase reaction is not possible if the

inhibitory compound does not bind strongly enough to tetraplex DNA so that it is

not removed upon washing in the proper buffer solution. Therefore, FND was

replaced by hexaammineruthenium (III) complex, which is known to bind with

one ligand per three DNA phosphate anions (Steel et al. 1998), to evaluate the

inhibitory activity of anti-telomerase compounds (Sato and Takenaka 2012). The

principle behind the ECTA telomerase assay using hexaammineruthenium (III)

chloride is summarized in Fig. 5. An initial chronocoulometric analysis of the TS

primer-immobilized electrode in the absence or presence of hexaammineruthenium

(III) complex is performed to determine the charge quantity (Q) of hexaamminer-

uthenium (III) complex using the Cottrell equation. This analysis is done to

determine the immobilization density of TS primer on the electrode. The TS

primer-immobilized electrode is treated with cancer cell lysate in the presence of

various drug concentrations at 37 �C for 30 min. After washing the electrode,

chronocoulometric measurement is performed in the presence of the hexaamminer-

uthenium (III) complex. Increased Q in this process indicates DNA elongation on

the electrode.

The telomerase inhibitory activity of 10 compounds was evaluated using

the ECTA assay based on chronocoulometry with hexaammineruthenium (III)

chloride: TMPyP4 (Han et al. 1999), PIPER (Fedoroff et al. 1998), 30-azido-
30-deoxythymidine triphosphate (AZT; Arion et al. 1998), 50-d(TTAGGG)-30

(Inhibitor III; Mergny et al. 2002), 2,6-bis[3-(N-piperidino)propionamido]anthra-

cene-9,10-dione (Inhibitor V; Perry et al. 1998), ethidium bromide (EtBr), guani-

dine thiocyanate (Chomczynski and Sacchi 1987), FND3 (Sato and Takenaka

2008), FND7 (Sato et al. 2005), and tri naphthalene diimide (TND). The results

are summarized in Fig. 6a. The increase in Q percentage was compared for a 10-μL
lysate of 2.5 HeLa cervical cancer cells/μL in the presence of 2.5 μM of each

reagent. Under these conditions, elongated DNA around (TTAGGG)11 was

observed in the absence of the compounds. Elongated DNAs of (TTAGGG)10,
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(TTAGGG)10, and (TTAGGG)11 were observed in the presence of FND7, guani-

dine thiocyanate, and AZT, respectively, suggesting a lack of telomerase inhibitory

activity. (TTAGGG)4, which is long enough to form one unit of tetraplex structure,

was observed in the presence of TND, FND3, EtBr, TMPyP4, and Inhibitor III. This

finding suggested that these compounds bind and stabilize the tetraplex DNA

structure to prevent telomerase access. In the case of PIPER and Inhibitor V,

(TTAGGG)3 and (TTAGGG)0 were obtained, respectively. Therefore, these com-

pounds directly inhibit telomerase binding rather than indirectly inhibiting telome-

rase by binding to telomere DNA. These results suggested that the ECTA method

not only estimates the telomerase inhibitory activity of compounds but also their

mechanism of inhibition by providing the DNA length after the elongation reaction

in the presence of the compound. The compound concentration required to inhibit

Fig. 5 Principle of electrochemical telomerase assay (ECTA) using hexaammineruthenium
(III) chloride. Electrochemical telomerase assay based on chronocoulometry with hexaamminer-

uthenium (III) chloride. This system estimates telomerase activity from the elongation of the

telomerase substrate (TS) primer

Fig. 6 Telomerase inhibition assay using the electrochemical telomerase assay (ECTA)
method. (a) Telomerase inhibition assay using the electrochemical telomerase assay (ECTA)
method. 30-azido-30-deoxythymidine triphosphate, FND7, guanidine thiocyanate, ethidium bro-

mide (EtBr), TND, FND3, Inhibitor III, TMPyP4, PIPER, and Inhibitor V at a concentration of 2.5

μM were incubated with 25-cell extracts at 37 �C for 30 min. Immobilization density of the

telomerase substrate (TS) primer was 4 � 1010 molecules/cm2. (b) Telomerase inhibition assay

using the ECTA method. TMPyP4 and PIPER at concentrations of 6.8, 13, 25, and 50 μM were

incubated in the presence of 100-cell extracts at 37 �C for 30 min. Immobilization density of the

TS primer was 4 � 1010 molecules/cm2
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telomerase activity 50 % (IC50 value) was also estimated from the plot of the

inhibitory activity against the compound concentration. The IC50 values for

TMPyP4 and PIPER were estimated to be 5.5 μM and 15 μM, respectively, using

a modified ECTA method (Fig. 6b) and were in agreement with the values of

8.9 μM and >20 μM obtained from the TRAP assay.

Conclusion

Although cancer development is a complicated process, telomerase is undoubtedly

an important factor in this process. As an enzyme, telomerase RNA is not very

stable; therefore, its functional analysis was delayed. However, the analysis of

telomerase and its telomere DNA substrates and the structure of chromosomal

termini have increased precipitously since 2000. After 2000, high-ordered struc-

tures of telomere DNA have been reported and include a variety of tetraplex

structures, such as basket type (Wang and Patel 1993) and hybrid type

(Xu et al. 2006). Ligands capable of specifically binding to telomere tetraplex

structures represent potential anticancer drugs (Cian 2008). Although tetraplex

binders were initially investigated as anticancer drugs, they also show promise as

analytical reagents to detect telomere DNA and telomerase activity and to visualize

the fluorescently labeled tetraplex structure of chromosomal DNA in a cell. Anti-

telomerase drugs will not only allow for the mechanistic analysis of cancer devel-

opment but also cancer repression. Telomerase is expected to be an excellent tumor

marker, and therefore, rapid and simple screening methods for telomerase activity

in clinical samples should facilitate cancer diagnosis.

Summary Points

• Since 85 % of telomerase activity was observed in cancer tissue using TRAP

assay, telomerase is expected as useful cancer marker.

• Some of the cancer drug exhibits by inhibition of telomerase activity and is

expected as new anticancer drug. TRAP assay known as screening method of

telomerase activity provides evaluation of telomerase inhibitory ability of drug.

However, telomerase inhibition ability of drug showing PCR inhibition is

difficult to evaluate, and thus, development of PCR-free telomerase assay is

required.

• Novel telomerase screening methods have been developed that do not require

PCR and gel electrophoresis based on the DNAzyme and TS primer-

immobilized methods. These methods have improved the positive rate of sample

brushing/washing.

• Oral cancer screening using PCR-free ECTA assay with FND as the tetraplex

DNA binder has shown telomerase-positive rates of 90 % and 85 % in lysates of

cancerous tissue and exfoliated oral cells, respectively, and an accuracy rate of

84 % for 56 unknown clinical samples in a blind test.
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• ECTA using hexaammineruthenium (III) chloride is useful for the high-

throughput screening of telomerase inhibitors and the study of their inhibition

mechanisms.
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Abstract

Oral squamous cell carcinoma (OSCC) is one of the most common head and neck

malignancies. Affected by the nonspecific symptoms, theOSCCpatients are usually

diagnosed in the advanced stages. To improve the treatment outcome and survival of

OSCC, identification of the reliable biomarkers for early detection and prognosis
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prediction is necessary. Matrix metalloproteinases (MMPs) function in degradation

of ECM, generation of active peptides, and activation of specific growth factors,

resulting in forming an environment promoting tumor progression, invasion, and

metastasis.MMPs can be applied as potential cancer biomarkers for early detection,

risk assessment, prognostic analysis, and evaluation of response to treatment in

OSCC. Moreover, the detection of MMPs in blood and saliva is a feasible mean to

monitorOSCC in a noninvasivemanner. Among all of theMMPs,MMP-9 probably

appears to be the most promising biomarker with most of the documented cases.

However, an updated meta-analysis is needed to confirm the advantages of MMP-9

over other MMPs in monitoring OSCC. Furthermore, an observation that MMP-11

in combination with Ets-1 or vascular endothelial growth factor (VEGF) leads to

more accurate prediction in comparison with MMP-11 alone warrants further

studies on the use of combined biomarkers in OSCC management.

List of Abbreviations

BL Basal Lamina

ECM Extracellular Matrix

EGF Epidermal Growth Factor

ELISA Enzyme-Linked Immunosorbant Assay

ER-a Estrogen Receptor-a

ER-b Estrogen Receptor-b

FGF-2 Fibroblast Growth Factor-2

HPV Human Papillomavirus

MMPs Matrix Metalloproteinases

MT-MMPs Membrane-Type MMPs

OSCC Oral Squamous Cell Carcinoma

OTSCC Oral Tongue Squamous Cell Carcinoma

TGF-β Transforming Growth Factor-β
VEGF Vascular Endothelial Growth Factor

Key Facts

Key Facts of Oral Squamous Cell Carcinoma (OSCC)

Approximately 90 % oral cancers are squamous cell carcinomas.

OSCC is one of the most common head and neck cancers.

Surgery, radiotherapy, and chemotherapy are the common treatment strategies.

Migration and invasion are often observed in OSCC.

OSCC has a high recurrence rate.

Key Facts of Matrix Metalloproteinases (MMPs)
MMPs are a family of endopeptidases capable of degrading extracellular matrix

components.

The human MMPs family is composed of at least 28 members.
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MMPs are classified into six groups: collagenases, gelatinases, stromelysins,

matrilysins, membrane-type MMPs, and other MMPs.

The expression levels of MMPs were higher in tumor samples from patients with

OSCC compared with normal controls.

MMPs can be detected in tissue, blood, as well as saliva from patients with OSCC.

MMPs are potential biomarkers for OSCC.

Definitions of Words and Terms

Extracellular Matrix (ECM) ECM consists of a variety of macromolecules

including collagen, fibronectin, laminin, and proteoglycans and plays a crucial

role in regulating cell functions and establishing a specific microenvironment.

ECMRemodeling The degradation of ECM by multiple proteolytic enzymes such

as cysteine proteases, aspartic proteases, serine proteases, as well as MMPs. It

occurs in both normal physiological situations and pathological conditions.

Human Papillomavirus (HPV) HPV is a circular double-stranded DNA virus

with approximately 7,900 base pairs in size and is one of the most critical risk

factors of cancer.

Zymography Zymography is a technique to evaluate the activity of matrix

metalloproteinase by detecting the degradation of their preferential substrates.

Oral Dysplasia Oral dysplasia is defined as the development of cytologic atypia in

cells of oral cavity and is visualized as leukoplakia.

Oral Lichen Planus Oral lichen planus is a T cell-mediated chronic mucocutane-

ous disease affecting oral mucosa. Reticular and erosive/ulcerative forms are the

most common forms of oral lichen planus.

Oral Precancerous Lesions Oral precancerous lesions refer to morphologically

altered oral tissues with high risk of tumor transformation. Common oral precan-

cerous lesions include oral lichen planus, leukoplakia, erythroplakia, oral

submucous fibrosis, and actinic cheilitis.

Introduction

Oral Squamous Cell Carcinoma (OSCC)

OSCC is one of the most common cancer types in head and neck malignancies.

According to the guideline of American Joint Committee on Cancer and the Union

for International Cancer Control, the involved regions of OSCC include lip, anterior
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two-thirds of the tongue (oral tongue), buccal mucosa, floor of mouth, hard palate,

lower and upper alveolus and gingiva, and the retromolar trigone (Scully and Bagan

2009). Among these, the tongue is the most common place where the tumor located.

It’s estimated that there are 13,590 new patients (male 9,900 and female 3,690

respectively) suffering from oral tongue squamous cell carcinoma (OTSCC) in the

United States in 2013, accounting for 0.8 % of the total new cancer cases. It also

accounts for about 0.4 % estimated cancer-related death (Siegel et al. 2013). The

definite cause of OSCC is not yet determined, but some risk factors are believed to

be implicated in this disease: (1) tobacco and alcohol consumption, (2) betel quid

usage, and (3) human papillomavirus (HPV) infection (Scully and Bagan 2009). In

addition, the presence of precancerous lesions, such as leukoplakia, oral lichen

planus, and oral submucous fibrosis, is also associated with the greater risk of

malignant transformation.

Currently, the diagnosis of OSCC depends on the clinical manifestation and

histological analysis. However, in the early stage, OSCC usually presents with

atypical and painless signs, such as ulcer, exophytic mass, and deep infiltration with

varying degrees of induration. It rarely draws the patients’ attentions until the

cancer develops to the advanced stage and becomes visually detectable (Rusthoven

et al. 2008). Moreover, the diagnostic routine with visual inspection may have

difficulty to find out the latent or hidden tumors, leading to false-negative results.

Due to the rich lymphatic network and highly vascularized structure, regional

migration and invasion are common. The common treatment strategies for OSCC

include surgery, radiotherapy, and chemotherapy. In most of the cases, surgery is

the primary choice, and radiotherapy and chemotherapy would be applied to

improve locoregional control after surgery. Primary radiotherapy or chemotherapy

is used for the unresectable OSCC or for the early stage disease to avoid functional

and cosmetic defects. Again, due to the late diagnosis, the overall OSCC prognosis

is unsatisfied with a high recurrence rate (Rusthoven et al. 2008). To improve the

treatment outcome for OSCC patients, identification of the reliable biomarkers for

early detection and prognosis prediction is necessary.

Matrix Metalloproteinases (MMPs)

MMPs are a family of zinc-dependent endopeptidases that have the capacity to

degrade extracellular matrix (ECM) components (Tallant et al. 2010). The struc-

tures of MMPs comprise an N-terminal signal peptide that targets the protein to

plasma membrane or secretory pathway, a propeptide domain, a catalytic domain,

and a hemopexin-like domain (Fig. 1) (Parks et al. 2004). The propeptide contains a

cysteine residue that binds to zinc ion of the catalytic site through its side-chain

thiol group, thus maintaining proMMPs in a catalytically inactive state (Kohrmann

et al. 2009). Proteolytic removal of the propeptide domain via other activated

MMPs or serine proteinases outside the cell leads to activation of proMMPs. The

catalytic domain consists of a zinc ion in the active site that is essential for the

catalytic processes of MMPs (Parks et al. 2004). The catalytic zinc ion is ligated to
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three histidine residues, which are conserved among all MMPs. The highly con-

served hemopexin-like domain shares sequence similarity to plasma protein

hemopexin and participates in substrate recognition and interaction with tissue

inhibitors of metalloproteinases (Massova et al. 1998). Depending on substrate

specificity for ECM components and structural characteristics, MMPs are classified

into 6 groups: collagenases, gelatinases, stromelysins, matrilysins, metalloe-

lastases, membrane-type MMPs, and other MMPs that do not belong to any of

the previous (Table 1) (Groblewska et al. 2012).

The ECM is composed of collagen, fibronectin, laminin, and proteoglycans of

connective tissue and functions as barriers preventing the spread of tumor cells

(Roy et al. 2009). MMPs promote tumor invasion and metastasis by degradation of

ECM, which permits cancer cells to invade the surrounding tissue or nearby blood

vessels. Furthermore, degradation of ECM by MMPs produces biologically active

peptides, such as a peptide harboring epidermal growth factor (EGF)-like motifs

that participates in EGFR signaling and a peptide involved in integrin signaling and

insulin-like growth factor which stimulates tumor progression (Hua et al. 2011). In

addition, MMPs activate the bioavailability of growth factors including vascular

endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), and

transforming growth factor-β (TGF-β), thus promoting cell proliferation and angio-

genesis (Shuman Moss et al. 2012). MMPs thereby function in forming an envi-

ronment facilitating tumor progression by generating biologically active peptides

and activating specific growth factors (Fig. 2).

MMPs as Biomarkers in OSCC

In OSCC, a series of in vitro studies revealed that the MMP family members were

related to OSCC development in diverse stages, including carcinogenesis, growth,

and aggressive behaviors (Table 2). Moreover, MMP level in tissue (Table 3),

blood, and salivary (Table 4) of patients with OSCC can be applied as potential

cancer biomarkers for early detection, risk assessment, prognostic analysis, and

evaluation of response to treatment. MMPs were found to be overexpressed in

tissue, blood, and salivary of patients with OSCC, and the overexpression could be

detected and quantified using various methods including immunohistochemistry,

Fig. 1 Domain structure of matrix metalloproteinase. The structures of MMPs comprise an

N-terminal signal peptide that targets the protein to plasma membrane or secretory pathway, a

propeptide domain, a catalytic domain, a hinge, and a hemopexin-like domain
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reverse transcriptase-polymerase chain reaction, in situ hybridization, zymography,

and enzyme-linked immunosorbant assay (ELISA). In the following sections, we

focused on the MMPs which demonstrated potential clinical utility by documented

studies in OSCC.

Collagenases

Collagen is the major component of the ECM and the basement membrane. It has a

fibrillar organization and a triple-helical structure formed by three polypeptide

chains, making it hard to be degraded by proteolysis. In light of this property, the

basement membrane is an effective barrier to prevent the invasion and migration of

abnormal cells. Before the tumor cells invade or migrate to the distant sites,

production of substrates including MMPs to degrade this barrier mainly composed

by collagens is therefore essential.

Table 1 Classification of MMP Family

Subtype Name Former name Encoding gene Chromosome

Collagenases MMP-1 Collagenase-1 MMP-1 11q21-q22

MMP-8 Collagenase-2 MMP-8 11q21-q22

MMP-13 Collagenase-3 MMP-13 11q22.3

Gelatinases MMP-2 Gelatinase A MMP-2 16q13-q21

MMP-9 Gelatinase B MMP-9 20q12-q13

Stromelysins MMP-3 Stromelysin-1 MMP-3 11q22.3

MMP-10 Stromelysin-2 MMP-10 11q22.3

MMP-11 Stromelysin-3 MMP-11 22q11.23

Matrilysins MMP-7 Matrilysin MMP-7 11q21-q22

MMP-26 Endometase MMP-26 11p15

Membrane-type (MT) MMPs MMP-14 MT1-MMP MMP-14 14q11-q12

MMP-15 MT2-MMP MMP-15 16q13

MMP-16 MT3-MMP MMP-16 8q21

MMP-17 MT4-MMP MMP-17 12q24.3

MMP-24 MT5-MMP MMP-24 20q11.2

MMP-25 MT6-MMP MMP-25 16p13.3

Metalloelastases MMP-12 MME MMP-12 11q22.3

Others ILF3 – MMP-4 19p13.2

MMP-19 – MMP-19 12q14

MMP-20 Enamelysin MMP-20 11q22.3

MMP-21 – MMP-21 10q26.3

MMP-23 CA-MMP MMP-23B 1p36.3

MMP-27 – MMP-27 11q24

MMP-28 Epilysin MMP-28 17q21.1

The classification of the MMPs has multiple criteria. Depending on substrate specificity for extracellular

matrix (ECM) components and structural characteristics, MMPs are classified into seven groups above.

MME (macrophage metalloelastase)

776 T.-S. Wong et al.



The collagenases contribute to the initiation of fibrillar collagens (type I, II, III, V,

and IX) degradation. They cleave the collagens into triple-helical fragments, which

are further broken down by the other MMPs family members (Massova et al. 1998).

The collagenases contain three members: MMP-1 (collagenase-1), MMP-8 (colla-

genase-2), and MMP-13 (collagenase-3). MMP-1 is also known as interstitial

collagenase and fibroblast collagenase for the degradation of the ECM-interstitial

collagens types I, II, and III; MMP-8, also named neutrophil collagenase, is consid-

ered as the most effective collagenase to initiate type I collagen degradation;

MMP-13 plays an important role in the degradation of the type II collagen (Tallant

et al. 2010). The whole OSCC development progress is in a stepwise manner and

could broadly divide into two stages: (1) before breaking down the basement

membrane (from precancerous disease, to epithelial dysplasia, and then to

Fig. 2 Biological functions of matrix metalloproteinases in tumor progression and metastasis.

MMPs promote tumor invasion and metastasis by degradation of ECM. Furthermore, degradation

of ECM by MMPs produces growth factors such as a peptide harboring epidermal growth factor-

like motifs, insulin-like growth factor, fibroblast growth factor-2, and transforming growth factor-

β, which stimulate tumor progression. In addition, MMPs activate the bioavailability of vascular

endothelial growth factor, thus promoting angiogenesis

Table 2 The MMP family members involved in OSCC development

MMP family members

Promoting the precancerous lesion to the OSCC MMP-1, MMP-2, MMP-9

Inhibiting proliferation of OSCC MMP-8

Promoting the migration of OSCC to the lymph node MMP-1, MMP-8

Enhancing invasion of OSCC MMP-1, MMP-8, MMP-13

Enhancing angiogenesis of OSCC MMP-13

A series of in vitro studies revealed that the MMP family members were related to OSCC

development in diverse stages, including carcinogenesis, growth, and aggressive behaviors.

OSCC oral squamous cell carcinoma
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carcinoma in situ) and (2) after breaking down the basement membrane (from the

early stage to the advanced stage of carcinoma, with an increasing invasiveness).

All the three collagenases have been documented to contribute in all the stages

of OSCC progression. The MMP-1 mRNA was overexpressed in the oral dysplasia

(Jordan et al. 2004). MMP-1 dysregulation promoted the progression from the

precancerous lesion to the OSCC (Nishizawa et al. 2007). Moreover, MMP-1

expression was correlated with the histopathological grading of OSCC. The expres-

sion of MMP-1 protein in epithelium was significantly elevated with the increase in

histopathological grade (George et al. 2010). However, for MMP-8, contradictory

reports were noted. Korpi et al. suggested that high MMP-8 expression had a

protective function to the patients with OTSCC. Tongue carcinoma patients with

high MMP-8 expression had a better prognosis (Korpi et al. 2008). MMP-8 can

cleave the estrogen receptor-a (ER-a) and estrogen receptor-b (ER-b) and thus

activated the estrogen-related pathway, which consequently decreased the prolif-

eration rate of the cancer cells (Korpi et al. 2008).

Clinical studies demonstrated that MMP-1 mRNA was involved in the tissue

remodeling and cell-ECM adhesion, facilitating the tumor cells to migrate into the

Table 3 Tissue MMP levels act as biomarkers in OSCC

MMP family members

Cancerization from oral preneoplastic
lesion

MMP-7, MMP-9, MMP-11

OSCC identification MMP-2, MMP-9

Advanced tumor stage MMP-2, MMP-3, MMP-9

Lymph node metastasis MMP-1, MMP-2, MMP-3, MMP-9

Aggressive invasion MMP-1, MMP-3, MMP-7, MMP-13, MMP-14

Poor differentiation MMP-1, MMP-2, MMP-3, MMP-7, MMP-9,

MMP-26

Cisplatin resistance MMP-13

Poor prognosis MMP-2, MMP-8, MMP-9, MMP-14

The diagnostic and prognostic value of MMP family members in OTSCC was firstly studied

through the traditional histological analysis in tissue samples. Besides distinguishing the OTSCC

patients, MMPs could also applied to evaluate the specific situation and the treatment effect, as

well as accessing the prognosis of OSCC. OTSCC oral tongue squamous cell carcinoma

Table 4 Plasma, serum, or saliva MMP levels serve as biomarkers in OSCC

Plasma/ Serum Saliva

OSCC identification MMP-2, MMP-9 MMP-1, MMP-3, MMP-2, MMP-9

Advanced tumor stage MMP-2, MMP-9 MMP-1, MMP-3

Lymph node metastasis MMP-2 –

Poor differentiation MMP-2, MMP-9 –

Compared to the traditional histological analysis in tissue, plasma/serum sample analysis and

salivary analysis have the advantages of noninvasiveness and revealing local alteration of the oral

environment and systemic change simultaneously. Part of the MMP family members were

validated to be able to act as OSCC biomarkers in the noninvasive test
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lymph nodes (Nagata et al. 2003). Moreover, MMP-1 overexpression was an early

marker for predicting lymph node metastasis of OTSCC (Zhang et al. 2011).

MMP-13 was positively related to the invasion depth and tumor size (M€akinen
et al. 2012). Further, overexpression of MMP-1 and MMP-13 was linked to the

aggressive behavior of OSCC, leading to adjacent bone invasion in OSCC patients

(Lim et al. 2012; M€akinen et al. 2012; Erdem et al. 2007). In addition, enhanced

angiogenesis was closely correlated with an aggressive tumor development and a

poor prognosis of the patients. MMP-13 was able to promote angiogenesis in

OSCC. Its overexpression could enhance the capillary tube formation, and immu-

nochemistry test on tumor tissues revealed that high MMP-13 expression was

related to the larger number of blood vessels. FAK and ERK signaling pathways

were involved in the mechanisms by which MMP-13 promoted angiogenesis.

Moreover, MMP-13 upregulated VEGF-A secretion, which was also positively

correlated with the vessel formation (Kudo et al. 2012).

MMPs are also implicated in the response of OSCC to the treatment. Chemo-

therapy is one of the common treatment selections for advanced OSCC. It is usually

adopted as part of the chemoradiotherapy, which is believed to have an improved

effect compared with the exclusive radiotherapy. However, not all the patients can

benefit from the chemotherapy due to the chemoresistance, while they have to

suffer from the adverse effect of the chemical drugs. Therefore, effective bio-

markers are needed to predict the patient’s response to chemotherapy, in order to

decide whether the chemotherapy should be adopted. In head and neck squamous

cell carcinoma cell lines, MMP-13 was identified as predictive biomarkers for the

resistance of cisplatin, which is one of the most common chemotherapeutic reagents

treating advanced OSCC (Ansell et al. 2009). The higher the MMP-13 expressed,

the higher survival rate the HNSCC cells showed under the cisplatin treatment.

Therefore, for an OSCC patient with MMP-13 overexpression, cisplatin treatment

was probably not suitable.

Detection of genetic polymorphism in MMPs provides another approach to

evaluate the risk of OSCC. Genetic polymorphism is defined as “the occurrence

in the same population of two or more alleles at one locus, each with appreciable

frequency” (Cavalli-Sforza 1973). With the technical advances in molecular diag-

nosis, detection of genetic polymorphism in MMP is easy to conduct. It was found

that gene polymorphism in MMP-1 was an effective biomarker for the susceptibil-

ity of OSCC. For example, the 2G allele of MMP-1 promoter region played a key

role in the early onset of OSCC. Using age of 45 years old as a cutoff point, the 2G

allele was closely associated with a significantly higher risk of OSCC in the patients

younger than 45 years old (Nishizawa et al. 2007). Normal individuals with

MMP-1-1607 1G/2G polymorphism showed an evaluated risk for OSCC compared

with the 1G allele carriers (Vairaktaris et al. 2007).

With the emerging understanding on the molecular mechanisms of collagenase

expression, it is recognized that there are a number of upstream regulators for

collagenase overexpression in OSCC. For instance, the E1AF (Shindoh et al. 1996),

c-Met (Lim et al. 2012), and S100A14 (Sapkota et al. 2011) were proved to

promote the OSCC cell invasion and migration by stimulating MMP-1 expression.
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CXCR4 enhanced the migration and invasion of oral tongue squamous cell carci-

noma cell line by promoting MMP-13 overexpression (Yu et al. 2011). Endostatin

could inhibit the activation of MMP-13 and thus suppressed the tumor cell invasion

(Nyberg et al. 2003).

Upregulation of collagenase is also controlled by external factors’ exposure

including environmental carcinogen and natural cancer-preventive agents. Betel

quid chewing is a common habit existing in China and South Asia, which has been

proved as a risk factor to OSCC by the International Agency for Research on

Cancer (IARC 2004). Although the definite carcinogenic mechanism of betel

quid usage is still unknown, MMPs are proved to play an important role in

it. MMP-1 was highly expressed among the OSCC patients with history of betel

quid usage (Lee et al. 2008). The OSCC cell lines survived from the cytotoxic betel

quid extract showed higher MMP-1 mRNA and protein levels, as well as a

significant acceleration of motility compared with their parental controls, which

would lead to worse prognosis and higher recurrence rate (Lee et al. 2008). Addi-

tionally, the betel quid extract could increase the expression of MMP-8 in the

OSCC cells, which enhanced the migration and invasion of the tumor cells (Liu

et al. 2007). The intake of green vegetable was suggested to be good for suppressing

the invasiveness of cancer cells as the antitumor components were targeting

collagenase. In the antitumor effect test of the isothiocyanate in cruciferous vege-

tables, the secret form of MMP-1 and MMP-2 was inhibited by sulforaphane,

leading to proliferation suppression in various oral cell lines (Jee et al. 2011).

Gelatinases

Gelatinases comprise two members: gelatinase A (MMP-2, 72 kDa) and gelatinase

B (MMP-9, 92 kDa). Both MMP-2 and MMP-9 contain a gelatin-binding domain,

similar to the motif in fibronectin (Parks et al. 2004). This domain distinguishes

MMP-2 and MMP-9 from other MMPs and is involved in the interaction with

gelatin or gelatin-like substrates. The substrates of gelatinases include type IV, V,

VII, X, XI, and XIV collagens, gelatin, elastin, proteoglycan, and fibronectin

(Kerkel€a and Saarialho-Kere 2003). Cleavage of the prodomain of inactive zymo-

gens results in the activation of latent gelatinases. Inactive proMMP-2 is activated

by thrombin, plasmin, and other MMPs including MMP-1, MMP-7, MMP-13,

MMP-14, MMP-15, MMP-16, MMP-24, and MMP-25. Inactive proMMP-9 is

activated by MMP-2, MMP-3, MMP-7, MMP-10, MMP-13, and MMP-26, tryp-

sin-2, plasmin, and chymotrypsin-like proteinase (Vilen et al. 2013). MMP-2 was

expressed in cells around carcinoma islands and in some fibroblast-like cells of

tumoral stroma. MMP-9 was expressed in tumor cells and macrophages.

The mechanisms underlying the regulation of MMP-2 and MMP-9 have been

demonstrated by several studies. TGF-β1 elevated the expression of MMP-2 and

enhanced MMP-2 activation. Moreover, ERK1/2 and p38 MAPK were involved in

the regulation of MMP-2 activity (Munshi et al. 2004). Additionally, MMP-2 and

MMP-9 expression were activated by scatter factor, also known as hepatocyte
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growth factor, in OSCC cell line (Bennett et al. 2000). In addition, exocyst complex

component Sec8 regulated the secretion of MMP-2 and MMP-9 (Yamamoto

et al. 2013). Expression of Sec8 was elevated in OSCC cell lines. Sec8 participated

in the regulation of actin dynamics during cellular migration. Knockout of Sec8

resulted in decreased secretion of proMMP-2 and proMMP-9 in OSCC cell lines.

MMP-2 and MMP-9 were useful markers for judging transformation potency

from oral dysplasia or lichen planus to OSCC. Malignant development of oral

dysplasia can be predicted through identifying specific architectural and cytological

alterations of oral dysplasia (Tamamura et al. 2013). Only certain oral dysplasia

will inevitably develop into cancer. Alterations in type IV collagen, the major

structural component of basal lamina (BL), were associated with progression

from a preneoplastic state to malignant. MMP-2 and MMP-9 degrade BL type IV

collagen and other extracellular matrix protein. Normal oral mucosa, oral dysplasia,

and carcinoma in situ maintained continuous collagen chain expression patterns in

the BLs, while OSCC displayed varying degrees of collagen α(IV) chain loss. In the
meantime, expression levels of MMP-2 and MMP-9 were increased in OSCC than

in normal oral mucosa or oral dysplasia. OSCC with higher degree exhibited

enhanced MMP-2 and MMP-9 expression, especially along the tumor advancing

front. Furthermore, MMP-2 and MMP-9 expressed in the areas corresponding to

collagen α(IV) chain loss in OSCC. Taken together, these results suggested that the
degradation of collagen α(IV) chain was consistent with elevated expression levels

of MMP-2 and MMP-9, which contributed to progression from oral dysplasia to

OSCC. Moreover, the expression of MMP-9 in oral dysplasia progressed to OSCC

was higher than those that did not, implicating the prediction value of MMP-9 in

malignant progression of oral dysplasia (Jordan et al. 2004). Oral lichen planus is a

chronic inflammatory disease of oral mucosa and about 1–4 % cases will transform

into oral cancer (Chen et al. 2008). Depending on clinical behavior and histological

changes, lichen planus is classified into nonatrophic form and atrophic form.

Expression levels of MMP-2 and MMP-9 in OSCC from oral lichen planus were

higher than those in nonatrophic oral lichen planus or normal oral mucosa. More-

over, expression level of MMP-9 was elevated in atrophic oral lichen planus in

comparison with nonatrophic oral lichen planus, indicating that atrophic form is

more likely to transform into tumor than nonatrophic form, and MMP-9 may be a

potential marker for predicting cancerization from lichen planus.

MMP-2 and MMP-9 were correlated with lymph node metastasis, clinical stage,

differentiation degree, survival rate, recurrence, and risk in OSCC. Tumor tissues

from patients with OSCC displayed higher tissue mRNA level of MMP-2 and

MMP-9 in comparison with adjacent normal tissues (Singh et al. 2010). Patients

with OSCC also exhibited elevated plasma pro, active, and total MMP-2 and

MMP-9 levels from zymography and ELISA in comparison with healthy volun-

teers. The receiver operating characteristic curve analysis from both zymography

and ELISA showed that plasma MMP-2 and MMP-9 levels could significantly

distinguish OSCC patients from healthy controls. In addition, proMMP-9 and active

MMP-9 levels derived from zymography were associated with differentiation,

stage, and infiltration. ProMMP-2 and active MMP-2 levels from zymography
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were related to differentiation and lymph node metastasis. Additionally, plasma

MMP-2 protein level determined by ELISA was positively correlated with lymph

node metastasis, tumor stage, and differentiation degree by the multivariate analysis

(Singh et al. 2010). Although MMP-2 and MMP-9 were not correlated with survival

rate of all patients with OSCC, MMP-9 was associated with survival rate of patients

without lymph node metastasis. In this subgroup of patients, the survival of patients

with MMP-9 negative was longer than that of patients with MMP-9 positive

(de Vicente et al. 2005). Patients with MMP-9-positive margins exhibited a

decreased recurrence-free survival than those with MMP-9-negative ones by

Kaplan-Meier analysis. In multivariate analysis, MMP-9 was negatively correlated

with recurrence-free survival (Ogbureke et al. 2012). In addition, the -1562 C-to-T

polymorphism in MMP-9 promoter was correlated with OSCC risk only in younger

areca chewers (Tu et al. 2007). In a similar study, patients with initial (I and II)

stages of OSCC displayed higher detection frequency for the high expression T

allele in the -1562 C-to-T polymorphism in the MMP-9 gene promoter than that of

control (Vairaktaris et al. 2008).

Besides the studies on tissue and plasma samples, MMP-2 and MMP-9 were also

applied in the salivary analysis. Saliva is secreted by salivary glands, the oral, and

oropharyngeal mucosa, playing a crucial role in the OTSCC pathogenesis. Further-

more, serum is another important resource of saliva, which means that the similar

components are shared in these two substrates. Theoretically, analysis of the saliva

can reveal the local alteration of the oral environment, as well as the systemic

change which can be detected by the serum evaluation. Finally, compared to serum,

saliva has a lower background and inhibitory substances (Zimmermann et al. 2007).

With these advantages, the salivary analysis played a more and more important role

in the OSCC screening, diagnosis, and follow-up after treatment. The concentration

of MMP-2 and MMP-9 was significantly increased in saliva of patients with oral

cancer compared with normal control (Shpitzer et al. 2007).

However, contradictory results were reported by some studies. High-grade

tumor had lower expression level of MMP-2 than low-grade tumor in patients

with OSCC (Barros et al. 2011). Similarity, expression of MMP-2 was not corre-

lated with invasion depth of the early OSCC, tumor-free survival rate, cervical

lymph node metastasis, or tumor cell differentiation in patients with OSCC (Kim

et al. 2006). MMP-9 was not related to lymph node metastasis or distal metastasis,

although it was correlated with clinical stage or tumor size in OSCC (Lin

et al. 2012).

Moreover, some studies demonstrated that MMP-9 was a better diagnostic and

prognostic marker than MMP-2 in OSCC. MMP-9 was more useful for predicting

malignant progression from oral lichen planus than MMP-2 (Chen et al. 2008).

MMP-9 was more reliable for OSCC grading than MMP-2 (Mohtasham

et al. 2013). Expression level of MMP-9 and activated form of MMP-9 were

associated with metastasis, while MMP-2 was not significantly related to metastasis

(Hong et al. 2000). The expression levels of MMP-2 and MMP-9 were determined

at histologically negative margins of OSCCs with tumor recurrence. MMP-9 was

preferred predictor for tumor recurrence than MMP-2 (Ogbureke et al. 2012).
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Stromelysins

Stromelysins are composed of three MMPs: stromelysins-1 (MMP-3),

stromelysins-2 (MMP-10), and stromelysin-3 (MMP-11) (Groblewska et al.

2012). In OSCC, MMP-3 was expressed by epithelial cancer cells and stromal

cells around the tumor nests (Kusukawa et al. 1995). MMP-3 was present inside the

tumor and in the invasive front. The substrates of MMP-3 include collagen type II,

IV, IX, X, and XI, fibronectin, gelatins, elastin, proteoglycanase, E-cadherin, and

osteopontin (Tadbir et al. 2012). Trypsin-2 activated MMP-3 by proteolytic cleav-

age of its propeptide domain. MMP-10 was expressed only by epithelial cells but

not by stromal cells and expressed in both tumor and the invasive front. MMP-11

was present in stromal fibroblast cells around tumor islands as well as the stroma

near the invasive front (Soni et al. 2003). MMP-11 was localized to perinuclear

region and cytoplasm of epithelial tumor cells. MMP-11 was activated by furin-

dependent proteolytic cleavage inside the cells and was secreted in an active form,

which makes it different from other MMPs (Soni et al. 2003).

Tissue MMP-3 expression was associated with tumor stage, invasive mode,

differentiation, and lymph node metastasis (Kusukawa et al. 1995). Tissue

MMP-3 expression was higher in stage II OSCC tumors than that in stage I tumors.

The well-differentiated OSCC displayed a higher expression of MMP-3 compared

with moderately differentiated OSCC. Stronger expression of MMP-3 was

observed in more invasive tumor. Tumors with lymph node metastasis showed

increased expression level of MMP-3 in comparison with those without lymph node

metastasis. However, serum MMP-3 expression was not correlated with clinico-

pathological features including tumor stage, lymph node or distant metastasis, and

histological grade (Tadbir et al. 2012).

MMP-11 was associated with OSCC progression from precancerous lesions. The

precancerous lesions with histologic evidence of hyperplasia or dysplasia may

transform into OSCC with a rate of 5–10 % over a period of 10 years (Soni

et al. 2003). Hyperplastic and dysplastic lesions exhibited increased expression

level of MMP-11 compared with normal oral tissues. In addition, the expression

level of MMP-11 was correlated with the expression of angiogenesis marker MVD

in precancerous lesions, implicating a role of MMP-11 in angiogenesis during oral

cancer progression.

MMP-11 in combination with Ets-1 or VEGF represented the most significant

predictor in OSCC progression. VEGF could increase blood vessel permeability

and enhance endothelial cell proliferation and migration, thus facilitating angio-

genesis (Arora et al. 2005). It could promote metastasis by activating proteolytic

enzymes that degrade tumor marginal extracellular matrix. The transcription factor

Ets-1 was regulated by VEGF and could activate the expression of extracellular

matrix proteases (Arora et al. 2005). A combination between MMP-11 and Ets-1

was the most accurate biomarker for predicting transformation from normal oral

epithelium to precancerous stage, while concomitant expression of MMP-11 and

VEGF represented the most significant biomarker for judging malignant transition

from precancerous stage (Arora et al. 2005).
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Matrilysins

There are two members in this subgroup: MMP-7 (matrilysin) and MMP-26

(endometase). Compared with other MMPs, hinge region and hemopexin domain

are absent in the matrilysins, making MMP-7 and MMP-26 have the smallest

structure among the 23 human MMP family members.

MMP-7, also named as the small putative uterine metalloproteinase (PUMP) at

the beginning, was well known for its contribution in the epithelium repair

(Dunsmore et al. 1998). This MMP was highly expressed in many epithelial tumors

and acted as an important promoter in the cancerogenesis especially in the early

stage of cancer (Fingleton et al. 1999). On the other hand, however, MMP-7

hindered the tumor angiogenesis by producing angiostatin, resulting in the subse-

quent suppression in tumor progression (Patterson and Sang 1997). Although

MMP-7 showed a dual role in human cancers, all the current publications elucidated

positive associations between MMP-7 and OSCC. As early as the oral precancerous

lesions and carcinoma in situ, detection of MMP-7 by immunochemistry could be

used to determine the cell proliferation center, and MMP-7 was involved in the

malignant transformation process of oral epithelia (Tilakaratne et al. 2009). After

this early period, the value of MMP-7 acted as a biomarker linked to the evaluation

of invasiveness, metastasis, and the subsequent prognosis in OSCC cases. The high

expression level of MMP-7 was positively associated with the invasive status in

OSCC (Li and Cui 2013), as well as the poor differentiation of the cancer cells

(Barros et al. 2011). On the contrary, it was not a satisfactory biomarker to predict

lymph node metastasis (de Amorim et al. 2010; Li and Cui 2013).

MMP-26 is firstly detected in the fetal, placenta, and uterus (de Coignac

et al. 2000; Marchenko et al. 2001). It was distinguished from other MMPs by the

structure including an unusual cysteine-switch propeptide sequence and a threonine

residue adjacent to the Zn-binding site. Similar to MMP-7, MMP-26 was positively

related to the histopathological grade in OSCC (Barros et al. 2011), whereas it was

not useful in recognition of metastasis (de Amorim et al. 2010).

Membrane-Type MMPs

Membrane-type MMPs (MT-MMPs) exist on the surface of invasive tumor cells

depending on the exclusive transmembrane domain (Sato et al. 1994), which has a

glycosylphosphatidylinositol anchor for binding (Kojima et al. 2000). Besides this

domain and a cytoplasmic tail at the C-terminus, the membrane-type MMPs share

the similar domain structure with other MMPs. There are totally 6 members:

MT1-MMP (MMP-14), MT2-MMP (MMP-15), MT3-MMP (MMP-16),

MT4-MMP (MMP-17), MT5-MMP (MMP-24), and MT6-MMP (MMP-25). They

contribute richly to activation of other MMPs and the cell-matrix interaction. For

instance, the MT1-MMP, MT2-MMP, and MT3-MMP could transform the

proMMP-2 into the proteolytic enzymes. The MT1-MMP was able to activate the

proMMP13 (Kerkela and Saarialho-Kere 2003).
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Similar to a variety of human cancers, MT-MMP overexpression was found in

OSCC. However, only MMP-14 was considered as an effective biomarker

(Shimada et al. 2000). Firstly, MMP-14 was used to predict the possibility of

metastasis in OSCC. In the tumor tissues especially the cases with lymph node

metastasis, MMP-14 significantly overexpressed (Kurahara et al. 1999). Moreover,

it was positively associated with the proMMP-2 activation ratio (Shimada

et al. 2000), suggesting its key role in initiation of MMP-2-related pathway in

OSCC cell migration and invasion. In view of this, high MMP-14 expression level

could predict an aggressive status and a poor prognosis of OSCC.

Detection of MMP-14 also assisted in OSCC risk assessment in susceptibility and

pathological evaluation. In a study including 363 OSCC patients and 506 healthy

controls, single nucleotide polymorphisms and haplotypes of MMP-14 were proved

to be associated with the risk and pathological development of OSCC. Cases with

MMP-14 + 7,096 TC/CC genotypes showed a lower potential to be confirmed as

OSCC, whereas the +6,727 C: +6,767 G: +7,096 T: +8,153 G haplotype and

diplotype showed the opposite pattern. Furthermore, the cases owning this diplotype

with at least one CGTG were more likely to suffer from a poor clinicopathological

status. This correlation was also revealed between the MMP-14 + 6,767 GA/AA

genotypes and clinical characters of OSCC (Weng et al. 2012).

Potential Application to Prognosis, Other Diseases or Conditions

The initial studies on MMPs in pathological conditions almost focused in the field

of malignancy. However, other than playing critical roles in the tumor progression,

nowadays increasing evidence indicates that MMPs are also implicated in a variety

of diseases, including cardiovascular disease, bacterial infection, arthritis, lung

injury, periodontal diseases, and Alzheimer’s disease.

Due to their capacity of ECM degradation and processing a series of molecules

that are related to different events such as cell growth, adhesion, neovascu-

larization, and inflammation, forced MMP expression and activation are more

likely to show potent effect on the disease states which refer to structural

remodeling, angiogenesis, and inflammatory molecular recruitments. For instance,

MMPs play multiple roles since the initial stage of plaque forming in atheroscle-

rosis. Evaluated expression of MMP-1, MMP-8, MMP-13, MMP-2, MMP-9,

MMP-3, MMP-10, and MMP-11 was detected in the plaque by immunostaining,

zymography, and in situ hybridization studies. Furthermore, MMP-2 and MMP-9

enhanced the migration and proliferation of vascular smooth muscle cells, leading

to the plaque growth as well as the vascular wall remodeling. MMP-3 was contrib-

utory in the intraplaque angiogenesis. One of the most prevalent and fatal conse-

quence of atherosclerotic development is plaque rupture due to the structural

instability, which can further trigger a series of life-threatening diseases such as

the myocardial infarction, stroke, and abdominal aneurysms. Most of the MMPs

involved in the atherosclerosis were positively correlated with the plaque rupture,

indicating an unfavorable prognosis of patients. Despite most of these effects led to
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a fatal ending, MMP-1 and MMP-3 played protective roles by promoting the plaque

cap stability (Sbardella et al. 2012). Such dual roles of MMPs may be explained by

the theory that ECM degradation and molecular recruitment in diverse degrees

and in diverse stages can differently influence the cardiovascular diseases, either

beneficially or detrimentally.

Inflammation is another MMP-involved pathological condition. Generally,

inflammation could be divided into two major groups: infection and noninfective

inflammation. The notion that the overexpression of diverse MMPmembers such as

MMP-1, MMP-2, MMP-7, MMP-8, MMP-9, MMP-10, MMP-13, and MMP-14 is

positively related to the stage and severity of infection is supported by in vitro and

in vivo tests. Tissue degradation by MMP-related effects also played a crucial role

in preventing the dissemination of bacteria. For instance, activation of MMP-7

enabled the α-defensins in the Paneth cells of the small intestinal crypts to defeat

the Salmonella enterica serovar Typhimurium and Escherichia coli in the gastro-

intestinal infection. Additionally, MMP-12 participated in the macrophage-related

intracellular antibacterial activity (Vanlaere and Libert 2009).

Since MMPs play such key roles in the multiple stages in multiple diseases, it is

not surprising to find increasing interest in the application of MMP and their

inhibitors on the pathological conditions, especially the pharmacologic roles. In

the experimental system, a variety of MMP inhibitors have been suggested to be

beneficial to diverse diseases. For instance, CMT-3 and regasepin-1 can impede the

gram-negative bacteria-induced infection moving towards to adverse ending such

as mortality due to endotoxic shock (Vanlaere and Libert 2009). However, the

MMP inhibitors failed to reach the utility as valid therapeutic approaches in the

clinical trials. The reasons are multiple. Firstly, the MMPs are involved in multiple

normal organic processes such as growth and wound healing, as well as the

pathological progression. A long-term challenge of MMP inhibitors can disrupt

both the normal organic function and the self-response for diseases, leading to

adverse side effects such as musculoskeletal dysfunction. Secondly, diverse MMPs

exert different effects (either beneficial or detrimental) on the lesions, and individ-

ual MMP may play different roles in diverse stages of diseases (Fingleton 2007).

Due to the lack of highly specific MMP inhibitors and consensus in the timing of

MMP inhibitor administration, an overall advantage of MMP manipulation has not

yet been proved in the clinical settings. It is no doubt that regulation of MMPs is

meaningful in the pathological conditions. The question that researchers now

should resolve is to elucidate that the regulation of a particular MMP positively

influences a particular disease.

Summary Points

• Affected by the nonspecific symptoms, the OSCC patients are usually diagnosed

in the advanced stage.

• To improve the treatment outcome and survival of OSCC, identification of the

reliable biomarkers for early detection and prognosis prediction is necessary.
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• MMPs function in degradation of ECM, generation of active peptides, and

activation of specific growth factors, resulting in forming an environment pro-

moting tumor progression, invasion, and metastasis.

• MMPs can be applied as potential cancer biomarkers for early detection,

risk assessment, prognostic analysis, and evaluation of response to treatment

in OSCC.

• MMP-1, MMP-2, MMP-9, and MMP-11 were useful markers for judging trans-

formation potency from oral dysplasia or lichen planus to OSCC.

• MMP-1, MMP-2, MMP-3, MMP-9, and MMP-14 were correlated with lymph

node metastasis.

• Among all of the MMPs, MMP-9 probably appears to be the most promising

biomarker with most of the documented cases.

• Further studies on combined biomarkers of MMPs in OSCC are warranted.
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Abstract

Tissue microarray (TMA) modern methodology was first described by Wan

et al. in 1987, being further adapted by Kononen et al. in 1998 after which the

technique became quickly and widely accepted and described in the scientific

literature worldwide. Its development took place at a time which demanded

maximum results in a minimum period of time that followed the onset of other

important methodological approaches like cDNA microarray and proteomics.

Hence, with this new technique intended to be used in association with paraffin-

embedded neoplastic or nonneoplastic human tissues, the biomarkers recently

described with the use of cDNA microarray and proteomics could be clinicopath-

ologically validated on a large-scale basis. The main advantage of TMA method-

ology is related to its ability of aggregating hundreds of tumor samples from

different cases in a single paraffin block. Despite its possible limitations with

regard to tissue representation, numerous validation studies have demonstrated its

statistical equivalence with conventional tissue sections, further supporting its use

in the study of molecular biomarkers at a DNA, RNA, or protein level. Because of

the scarce knowledge currently available regarding the molecular pathogenesis of

salivary gland tumors, the use of a high-throughput technology like TMA in the

investigation of such group of tumors becomes extremely interesting. As a

consequence, we have witnessed an increase in the number of studies looking

for new potentially useful biomarkers using TMA sections for better understand-

ing of the etiopathogenesis of salivary gland tumors. In this chapter the authors

aim to describe the laboratory and scientific advantages that TMA methodology

has brought in recent decades, describing its most important characteristics and

potential limitations, especially related to the study of biomarkers in the highly

morphologically heterogeneous group of salivary gland tumors.

List of Abbreviations

CD34 Cluster of Differentiation 34

cDNA Complementary Deoxyribonucleic Acid

Mcm2 Minichromosome Maintenance Complex Component 2

PCR Polymerase Chain Reaction

PLUNC Palate, Lung, and Nasal Epithelium Clone

RNA Ribonucleic Acid

TMA Tissue Microarray

Key Facts of Salivary Gland Tumors

• Salivary gland tumors are an uncommon group of human neoplasms that

accounts for approximately 3 % of all head and neck tumors.

• The World Health Organization currently classifies salivary gland tumors in

34 different benign and malignant microscopic subtypes.
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• Salivary gland tumors are characterized by a heterogeneous clinical behavior

and a broad microscopic diversity.

• Little is known about salivary gland tumor molecular pathogenesis, and the use

of new laboratorial techniques like tissue microarray may favor their better

understanding.

Key Facts of Tissue Microarray

• Tissue microarray represents a reliable, cost-effective, and a high-throughput

methodology for molecular study of many human conditions.

• The use of tissue microarray methodology has already been validated in tumors

from almost all anatomic sites, including the salivary glands.

• Because of the high morphological heterogeneity of salivary gland tumors,

especially pleomorphic adenomas, larger cores (1.0 mm or greater) arranged in

duplicate seem to be preferable than the most often used 0.6 mm diameter cores

in other solid neoplasms like prostatic cancer.

• Tissue microarrays have been used for investigating different biomarkers in

salivary gland tumors since 2004, and immunohistochemistry and in situ hybrid-

ization are the most used reactions associated with TMA studies.

• Because of the ability to arrange hundreds of different tumors in a single block

and to correlate the results obtained with the use of immunohistochemical or in

situ hybridization reactions to the clinic parameters of the cases, tissue micro-

array methods represent an excellent auxiliary for prognostic analysis of new

potential biomarkers in salivary gland tumors.

Definition of Words and Terms

Tissue Microarray Laboratory method where cores of tissue as small as 0.6 mm

diameter are taken from original paraffin-preserved tissue blocks to be included in a

single paraffin block that allows the simultaneous study of hundreds of different

cases

cDNA Microarray Technology which enables the researcher to evaluate the

pattern of transcription of a large number of genes simultaneously, identifying

specific genes with higher or lower transcriptional activity in a given tumor

Proteomics Large-scale comprehensive study of a specific group of proteins,

including description of their abundances, variations, and modifications, along

with informations related to their interaction with partners and networks, in order

to understand cellular processes

In Situ Hybridization Laboratory methodology that uses a specific DNA or RNA

strand as a probe to identify a given DNA or RNA sequence in histologic tissues
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Immunohistochemistry Technique that uses antibodies and chromogen

substances to identify a given antigen in a histological section

TMA Design Number and size of cores used in a given TMA block

TMA Layout Disposal and position of the cores in a given TMA block

Introduction

In the last few decades, significant improvements have been seen in the under-

standing of innumerous human pathological conditions, in most cases because of

the discovery of new proteins and a better comprehension of the function of

different group of genes, both related to the control of intracellular signaling

pathways or extracellular matrix modulations. As a consequence of this great

development, a number of new clinical approaches have been developed, including

the use of monoclonal antibodies for the inhibition of specific molecules known to

play important roles in various human neoplasms. Many other therapeutic protocols

are currently undergoing laboratory investigations prior to being clinically tested.

This evolution in the better understanding of biological and biomedical events

that are leading to an improvement in the clinical management of human diseases

has been preceded by an important development in laboratory tools and techniques

that allowed the genetic and molecular studies to be performed in a larger scale and

in a shorter time. Throughout the 1980s the emergence of cDNA microarrays, PCR,

and proteomics permitted rapid and broad screening to be done, and new molecular

biomarkers potentially related to important disease steps could be more easily

investigated (Torhorst et al. 2001; Karlsson et al. 2009).

Although tissue samples represent an important research resource, laboratory

methods for the use of histological specimens have not experienced many further

developments since the introduction of immunohistochemistry, which is often

expensive and time consuming for acquiring significant results (Taylor 2011). It

was only in the last years of the 1990s that the microarray principles previously

used in genetic studies were broadly accepted and more widely used with paraffin-

preserved histological tissues. Although the methodology and concepts currently

well established and accepted for TMA studies have only been recently proposed,

the first attempt to arrange small samples of hundreds of different cases in a single

paraffin block that could be studied simultaneously in a much smaller space of time

leading to a more favorable laboratory workflow was performed in the 1980s by

Wan et al. (1987). These authors adapted the original description of the

“multitumor (sausage) tissue block” described 1 year before that inserted hundreds

of tissue cores in the receptor paraffin block in a non-orderly way, not allowing the

researcher to identify each case after its construction (Battifora 1986). However, the

technique was still difficult to reproduce and highly complex and was not widely

accepted, until Kononen’s more simple and reproducible method, described in

1998, was seen as a good research alternative for large-scale investigations
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involving paraffin-embedded tissues (Kononen et al. 1998). Thereafter, the number

of studies using TMA technology as an auxiliary tool for identification and valida-

tion of new potential biomarkers in many human neoplastic and nonneoplastic

conditions has seen a huge increase. It is important to highlight that despite some

attempts to validate TMA technology for diagnostic purposes (van Zwieten 2013),

its use is currently accepted for research only.

Despite the improvements in TMA methodology which have established the

technique in a distinguished position with an increased number of studies using it,

some possible limitations are still being intensely debated, and TMA remains a

questionable approach for an important part of the scientific community. The

possible lack of adequate tissue representation of TMA cores is the most frequently

questioned feature of the technique. According to its main critics, this deficiency is

even more important in highly heterogeneous tissues, since the use of histological

cores as small as 0.6 mm of diameter would not be enough to adequately represent a

whole section of a morphologically and genetically heterogeneous human neo-

plasm. As a consequence, many studies have been carried out in recent years with

the purpose of validating the use of TMA as a research tool for many human

neoplastic and nonneoplastic lesions. The great majority of these studies have

shown significant similarity of the results obtained with TMA cylinders and con-

ventional slides of whole tissue section (Kallioniemi et al. 2001; Goldstine

et al. 2002; Chen et al. 2007; Boone et al. 2008; Toberer et al. 2013).

Among the various groups of human neoplasias, salivary gland tumors are well

recognized because of their highly heterogeneous microscopic morphology, which

is even more present in specific subtypes such as pleomorphic adenomas. Salivary

gland tumors account for approximately 3 % of all head and neck neoplasms and

represent a challenge for clinic oncology, since surgical approaches still represent

the main therapeutic modality for treating these neoplasms (Fonseca et al. 2012).

Although benign salivary gland tumors do not represent a significant risk for

patients’ survival due to their indolent clinical behavior with low levels of malig-

nant transformation and long time of evolution, their malignant counterparts are

commonly associated with local and regional recurrences and in a significant

number of cases with distant metastases, decreasing patients’ survival rates and

increasing their therapeutic morbidities. In contrast to the discovery of new mole-

cules used as therapeutic targets for treating innumerous other human malignancies

that significantly improved the chemotherapeutic approaches in theses lesions, only

few developments have been described for salivary gland tumors, and conse-

quently, chemotherapy protocols are used primarily as a palliative approach in

cases where surgery cannot be performed or in disseminated disease, most of the

time with unsatisfactory results.

Hence, the search for new biomarkers that might correlate with tumor progres-

sion and behavior in this group of neoplasms becomes extremely important for the

improvement of chemotherapeutic protocols and for the development of new

therapeutic interventions. There is therefore a need to correlate the expression of

new markers with clinicopathologic parameters in large-scale studies. In this

context TMA techniques would represent an excellent methodology for getting
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results in large samples of tumors. Moreover, despite concerns about the validity

of TMAs, recent studies have shown good results for the identification of new

biomarkers in these neoplasms (Fonseca et al. 2014; Schneider et al. 2013).

Tissue Microarray Principles: Advantages and Disadvantages

The growing number of studies looking for new molecular markers possibly related

to human cancer onset and progression in the last decades demanded the develop-

ment of new methodological approaches capable of analyzing innumerous genes

and proteins simultaneously with the purpose of getting relevant results in a shorter

time and with minimum waste of laboratory resources. In this context, progressions

in human DNA sequencing and the development of cDNA microarrays and prote-

omics deserve special distinction, due to their ability of identifying new potential

molecular targets among thousands of genes and proteins (Simon and Sauter 2002;

van de Rijn and Gilks 2004; Karlsson et al. 2009).

Because of the necessity of validating these potential new molecular candidates,

what is usually performed by correlating their expression patterns with microscopic

and clinicopathological features, this new methodological requirement found a

broad and rich available field in the use of paraffin-preserved histological tissues.

Hence, in the last years of the 1980s, the TMA technology was described with the

main purpose of making possible to carry out in situ analyses of thousands of

different tissue specimens simultaneously either at the DNA, RNA or protein levels,

in a same recipient TMA block, accelerating the study of new molecular markers in

a histopathologic basis and further preserving unique and precious research mate-

rials (Torhorst et al. 2001; Simon and Sauter 2002; Chen et al. 2007; Karlsson

et al. 2009; Eckel-Passow et al. 2010).

A number of TMA facilities ranging from manual equipment to totally auto-

mated kits are currently commercially available (Figs. 1 and 2); however, they all

share the same principles of construction. In summary, the TMA technique uses

tissue cores usually ranging from 0.6 to 2.0 mm diameter acquired from different

primary tumor blocks and arrayed into a single recipient paraffin block (Fig. 3).

Histologic sections from the resulting TMA blocks can then be used for simulta-

neous analyses of any given molecular marker. Each recipient block may contain up

to a hundred or more tissue cores allowing many tumors to be sampled and

examined in a single histological section. The tissue cores are positioned in the

recipient block with the help of an x-y axis locator, which permits each core to be

placed in a previously determined site making it possible to localize them according

to a predetermined “map” so that the subsequent quantitative analyses can be

performed adequately (Kallioniemi et al. 2001; Voduc et al. 2008; Parsons and

Grabsch 2009).

TMA blocks can be classified according to the original material used to receive

the cylinders. Paraffin TMA blocks are by far the most used sources for TMA

constructions, but they can also be made of tumors preserved in resin or even with

frozen tissues (the so-called cryo-arrays). TMA can also be classified according to
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their designs, which are usually related to their main objective of construction. In

this classification the multi-tumor TMAs composed of samples from multiple

histological tumor types or organ sites, which can be used to screen different

tumor types for the expression of a molecular target of interest, can be found.

Tumor progression TMAs can be used to study molecular alterations in different

Fig. 1 A large number of TMA kits or machines are commercially available, ranging from totally

manual appliances to completely automated facilities. (a) Original TMA arrayers use an x-y axis
locator to accurately insert the cores at predetermined sites in the (b) recipient paraffin block

Fig. 2 More recently, many variations in TMA arrayers have been developed. (a) Sakura TMA

Labtek kit® is a manual TMA arrayer that requires only a small laboratory space and is designed to

be used with (b) ready-to-use TMA paraffin blocks
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stages of tumor progression within a given organ or tumor type, such as the brain,

breast, urinary bladder, kidney, prostate, and others. Patient outcome TMAs contain
tumor samples from patients for whom clinical follow-up data are available, such as

data on tumor recurrence, therapy response, time to metastasize, or patient survival.

Finally, TMAs can also be classified according to the type of acquisition of the

tissue cores, which can be done in a targeted fashion when the authors aim to

compare the periphery and the central areas of a given tumor or when a specific

location of the neoplasm is intended to be studied or in a random fashion TMA,

usually used to evaluate the expression pattern of a given marker in the tissue

(Simon and Sauter 2002; Parsons and Grabsch 2009).

The layout of TMA blocks can also show a broad variability among different

laboratories, which reveals the lack of standardization in TMA constructions

worldwide (Fig. 4). Some authors have proposed the use of a peripheral “wall” of

protection in the TMAs made of cores of undesired histological tissues to overcome

the usual antibody precipitations found in the periphery of tissue sections submitted

to immunohistochemical reactions. Because high-density TMAs may pose difficul-

ties for finding specific cores during the analysis of the reactions, some authors

proposed the use of different cores or gaps for orientation that could be used by the

researcher to more easily find specific cores. On the other hand, some authors

suggested the use of asymmetrically built TMAs to better identify the position of

TMA cores, so that they would not have problems with possible orientation,

especially if cores are lost during the reactions. In summary, TMA layout must be

chosen according to the users preferences, and the option of choice must be that

which the researcher feels easiest to use (Simon and Sauter 2002; Parsons and

Grabsch 2009).

TMA use has a number of advantages, it permits the concomitant use of a large

number of cases in one single paraffin block, it has been shown to significantly

Fig. 3 Salivary gland tumor TMA sections obtained from a TMA block constructed using a

manual arrayer and ready-to-use TMA paraffin blocks suitable to receive as many as 30, 60, or

120 cores of 3.0, 2.0, or 1.0 mm diameter, respectively (Hematoxilin and eosin)

798 P.A. Vargas et al.



Fig. 4 The arrangement of cores in a tissue microarray block can be done following different

layouts depending on the preferences of each laboratory. (a) A peripheral wall of protection can be

included in the TMA block using non-interesting tissues to overcome frequent antibody precip-

itation in the periphery of the slides. (b) The inclusion of positive and negative controls in the left
upper corner of the TMA block might be useful to ensure proper orientation of the slides for

immunohistochemical quantitative analysis. (c) Insertion of different tissue cores or removal of a

number of them in the middle of the TMA block can also be useful for orientation and identifi-

cation of specific cases in the slides. (d) TMA blocks asymmetrically built may also assist with

orientation and the identification of each case in the sections
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reduce the experimental expenses (more cost-effective approach) and handling time

(less time-consuming approach), and because the reactions are done in one single

slide, the reagent concentrations, incubation times, temperature, wash conditions,

and antigen retrieval are the same for all specimens, standardizing the reactions

carried out. The use of small cores usually allows the authors to arrange the same

case in different TMAs, and each final block is suitable for being used in many

different projects; so, TMA use also favors the preservation of important tissues at

the same time that permits its maximum usage. All these advantages improve the

laboratory workflow and may have been responsible for the large increase in the

number of studies using TMA (Kallioniemi et al. 2001; El-Mansi and Williams

2006; Voduc et al. 2008; Karlsson et al. 2009).

However, as with any other laboratory technique, a number of potential disad-

vantages of TMA approach are frequently raised by different authors, although

most of them have been proved to be overcome with variations in the technique

depending on the purposes of each study. The use of tissues from different sources

and, therefore, fixed and preserved in different conditions but assembled in the

same block is one of the criticisms of the use of TMAs containing large numbers of

cases. The extensive time for building TMA blocks and the necessity of technical

skills for creating it and for performing the histological sections are also often cited.

Overall however the possible lack of representation of the whole tumor by the

simple use of tiny cores is by far the main concern about the use of TMAs

(Kallioniemi et al. 2001; Camp et al. 2008). A large number of studies have been

conducted with the purpose of evaluating the most adequate TMA assembly in

order to obtain a valid methodology for each kind of neoplastic or nonneoplastic

tissues. In the majority of them, cores as small as 0.6 mm arranged in duplicate have

been shown to be representative of the tumor as seen in whole conventional tissue

sections. In cases of highly heterogeneous tumors, some authors have proposed the

use of increased sized cores or a larger number of cores, which would also

overcome the frequent loss of cores observed after immunohistochemical or in

situ hybridization reactions. However, the use of cylinders larger than 2.0 mm and

in more than triplicate has not shown any additional advantages with regard to

tissue representation, and the damage caused to the original donor tissue may not

support such excessive use. However, it has also been proposed that the best TMA

arrangement must depend on the markers and tumors used, so there would not be

one single TMA design ideal for all the different studies (Eckel-Passow et al. 2010).

Ironically, the ability to sample large numbers of different cases in a single TMA

block might cause a potential problem for researchers not familiar with the technique,

since the application of simultaneous studies can result in an ocean of data, which has

to be organized and analyzed. Fortunately, the technology of digital analyses for

immunohistochemical and other molecular reactions carried out in histologic sections

has improved significantly and can now be used in association with TMA slides, so

that this possible pitfall can be easily surpassed by using new software and algorithms

designed to perform multiple quantitative analyses, overcoming this time-consuming

step (van de Rijn and Gilks 2004; Camp et al. 2008). Moreover, the laborious first

steps of building TMA blocks have also been decreased by the development of new
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automated tissue microarrays, giving rise to the now so-called next-generation tissue

microarray (Ng-TMA) (Zlobec et al. 2013).

Because of its advantages, TMA technology has been applied an almost inde-

scribable number of human pathological conditions, especially in the study of

benign and malignant neoplasms from different anatomical sites. Not by coinci-

dence the TMA approach has been used more often in morphologically homoge-

neous tumors like lymphomas and carcinomas (Glimelius et al. 2012; Nelhubel

et al. 2013). Among head and neck neoplasms, squamous cell carcinoma is by far

the most common malignant entity diagnosed and, therefore, the subtype more

frequently studied. TMA methodology has been applied in many studies of head

and neck squamous cell carcinoma (Radhakrishnan et al. 2008; Nelhubel et al.

2013). On the other hand, salivary gland tumors comprise a group of heterogeneous

lesions with complex clinicopathological characteristics and distinct biological

behavior (Vargas et al. 2002; Fonseca et al 2012). According to the World Health

Organization (Barnes et al. 2005), the global annual incidence, when all salivary

gland tumors are considered, varies from 0.4 to 13.5 cases per 100,000 inhabitants,

which accounts for only 0.3 % of all malignancies in the United States. However,

reports from numerous regions of the world have shown differences in the inci-

dence and frequency of tumor types, indicating a geographic variation in the

frequency of these neoplasias (Fonseca et al. 2012).

Tissue Microarray Employment in Studies of Salivary
Gland Tumors

Salivary gland tumors consist of a group of heterogeneous lesions with complex

clinicopathologic features and biological behavior that corresponds to approxi-

mately 3 % of all head and neck neoplasms. According to the World Health

Organization, the global annual incidence of all salivary gland tumors varies from

0.4 to 13.5 cases per 100,000 inhabitants, accounting for only 0.3 % of all malig-

nancies in the United States (Barners et al. 2005). However, reports from various

regions of the world have shown differences in the incidence of these tumors,

revealing a geographic variation in the frequency of tumor subtypes (Ito et al. 2005;

Fonseca et al. 2012).

Salivary gland tumors are well known because of their broad microscopic

diversity that causes significant difficulty to their accurate microscopic classifica-

tion, a matter of constant discussion among pathologists. An important conse-

quence of such difficult classification of salivary gland tumors is evidenced in

their poor molecular understanding. In contrast to many other human cancers that

have revealed significant improvements in the understanding of their molecular

mechanisms, salivary gland tumors remain to be further investigated, and the use of

TMA technology to acquire new knowledge about these tumors may represent a

useful auxiliary tool (Figs. 5 and 6). However, the morphological diversity of

salivary gland tumors, especially in some histopathological subtypes like pleomor-

phic adenoma, has raised many doubts about the real utility of TMA in these cases.
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Consequently, only a few studies have performed molecular analysis of salivary

gland tumors with the use of TMAs (Williams et al. 2010; Yamazaki et al. 2010;

Clauditz et al. 2011).

Considering the challenges imposed by salivary gland tumors’ morphological

heterogeneity for building TMA blocks, a review paper detailing the use of the

technique specifically in the context of salivary gland tumors has recently been

published and some guidelines suggested (Fonseca et al. 2013). Regarding solely

the histologic aspects of the tumors, it seemed to be possible to acquire adequately

representative samples of all neoplastic subtypes studied, including the most hetero-

geneous ones, using cores of 1.0, 2.0, or 3.0 mm of diameter. However, the authors

highlighted the problems faced by trying to arrange highly cystic tumors in TMAs,

resulting in very small amounts of neoplastic tissue to be studied, suggesting that

TMA should not be used for these cases (Fonseca et al. 2013). However, it was only

more recently that an attempt to validate TMA for molecular analysis of salivary

gland tumors has been performed. Analyzing 82 cases of pleomorphic adenoma and

using four different biomarkers directed to specific features and components of the

neoplastic cells and stroma (the proliferative marker Ki67, the myoepithelial cell

marker p63, the epithelial luminal cell marker cytokeratin 7, and the stromal vascular

Fig. 5 Different molecular reactions can be performed in TMA histological sections including

immunohistochemistry, in situ hybridization, and DNA ploidy analysis. The quality of the

immunohistochemical reactions done in TMA sections of salivary gland tumors is comparable

to those in conventional whole-section slides and has recently been demonstrated to be a valid

methodology for immunohistochemical study of this group of neoplasias. MCM2 nuclear staining

(in adenoid cystic carcinoma) has been investigated in salivary gland tumors with the auxiliary of

TMA technology
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marker CD34), the authors suggested that no significant difference could be found by

comparing the immunoexpression of all markers using TMA sections containing

2.0 mm cores arranged in duplicate and the conventional whole section slides

(Fonseca et al. 2014). They concluded that TMA is therefore a reliable methodology

for immunohistochemical study of salivary gland pleomorphic adenoma.

Although specific guidelines for building TMAs of salivary gland tumors and its

validation have only been described recently, this methodological modality had

already been used several years for investigation of salivary gland tumors. TMAs

were first used in 2004 by a Japanese group (Iwafuchi et al. 2004) that attempted to

examine how the anatomical components of the normal salivary glands would be

associated with morphological subtypes of tumors. The authors used a broad

immunohistochemical panel in association with TMA blocks containing 4 cores

of 0.6 mm diameter. They showed that salivary gland tumors could be well

characterized by using markers toward only three components, myoepithelial,

luminal, and basal cells. In the following year, two manuscripts were released by

the same German group using for the first time in situ hybridization technique in

association with TMA sections of salivary gland tumors. In both cases the authors

also used 0.6 mm cores to show that different levels of KIT expression could be

found in different subtypes of adenoid cystic carcinoma, and that, there was

frequent copy number gain of 22q13 gene in this same tumor type, irrespective of

its histological variant (Freier et al. 2005a, b).

Further studies were conducted in the following years using TMAs designed in

different fashions. Vargas et al. (2008a) first used 1.0 mm cores for study of salivary

Fig. 6 Luminal epithelial cells of a pleomorphic adenoma can be well characterized using TMA

cores by cytokeratin 7 immunoreactions
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gland tumors. The authors arranged the cores in triplicate to evaluate the expression

pattern of the proliferation markers Mcm-2, Ki-67, and geminin and suggested that

Mcm-2 would be a suitable marker for the differential diagnosis of this group of

tumors. In the same year, the authors also investigated the immunohistochemical

expression pattern of a recently described group of proteins, the BPFI (PLUNC)

family, in salivary gland tumors, also using 1.0 mm cores arranged in triplicate,

revealing the presence of an intense expression of PLUNC proteins in mucous cells

and mucin plugs of mucoepidermoid carcinoma and papillary cystadenocarcinoma,

once again suggesting such biomarkers as new tools for differential diagnosis of

salivary gland tumors (Vargas et al. 2008b).

TMA methodology has also been useful for correlating biomarker expression to

clinicopathological features of patients affected by salivary gland tumors.

Yamazaki et al. (2010) demonstrated in their study, using 2.0 mm cores arranged

in duplicate, that geminin protein could predict salivary gland carcinoma aggres-

siveness, whereas Williams et al. (2010) suggested that HER-2 gene amplification

and high protein expression could be a useful target for future therapies of such

tumors. Marques et al. (2012) used TMA-based research to suggest that estrogen

receptor β (ERβ) could be involved in tumor progression and development of

adenoid cystic carcinomas, corroborating the indication for ER antagonists in the

clinical control of this malignancy.

In conclusion, the results obtained from these TMA-based studies conducted in

recent years and the recently described guidelines and validation approach of TMA

for salivary gland tumors strongly suggest that this already proven high-throughput

methodology may be of significant value in the study of different biomarker

expressions in this heterogeneous group of human neoplasms.

Potential Application of Tissue Microarray to Prognosis, Other
Diseases or Conditions

TMAmethods have been widely used for studying different biomarkers in a diverse

range of human pathological entities. Benign and malignant solid neoplasms are by

far the most targeted entities, and validation studies have already been conducted

and have proven TMA to be a reliable technique for molecular assessment of

tumors from kidney (Eckel-Passow et al. 2010), prostate (Datta et al. 2007), breast

(Alkushi 2009), esophagus (Boone et al. 2008), ovary (Rosen et al. 2004), bladder

(Nocito et al. 2001), vulva (Fons et al. 2009), colon (Chen et al. 2007), cervix

(El-Mansi and Williams 2006), lung (Karlsson et al. 2009), endometrium (Fons

et al. 2007), and others. Similarly, TMA has also been used together with immu-

nohistochemistry in the study of nonneoplastic human diseases (Goldstine

et al. 2002; Toberer et al. 2013).

As mentioned before, the potential use of hundreds of different tumors simulta-

neously arranged in a single TMA block is the main advantage of this method,

which allows the easy study of the prognostic potential of a given biomarker, which

can be analyzed in a large, statistically representative cohort of cases. Hence, TMA
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technology has been frequently used to determine the potential prognostic value of

innumerous new and well-recognized markers (Kallioniemi et al. 2001; Boos

et al. 2013; Nowak et al. 2013).

Using differently designed TMAs, the well-known proliferative marker Ki67 has

been widely evidenced to be correlated with poor prognosis in patients affected by

kidney, endometrial, lung, breast, melanoma, and other cancers, whereas the

expression of the cell cycle regulator p53 has been proved to be significantly

correlated with inferior survival rates and poorer prognoses in breast, ovarian,

and prostate cancers in studies using TMA sections (Landstein et al. 2010;

Tennstedt et al. 2012; Skirnisdottir and Seidal 2013; Gayed et al. 2013; Lee

et al. 2014). In addition, the immunohistochemical expression of the hormonal

receptors, progesterone, estrogen, and HER-2, important for therapeutic purposes in

breast cancer, has also been evaluated and correlated with prognosis in TMA-based

studies (Bhargava et al. 2004; Madeira et al. 2013).

Summary Points

• Modern tissue microarray technique has been created in the late 1980s following

the development of new high-throughput laboratory methodologies like cDNA

microarray and proteomics.

• Tissue microarray principles were important to give rise to a new laboratory

approach that would allow the evaluation of the increasing number of new

molecular makers in clinical and histologic studies.

• The main advantage of tissue microarray methodology is related to its

ability of aggregating tissue samples of hundreds of different cases in a single

paraffin block, leading to preservation of the original tissues, reduction of

the amount of antibodies and other laboratory reagents, and reduction of

execution time.

• Some potential limitations of TMA are frequently raised, including the variable

quality of the tissues inserted in the TMA, the technical skills required for

arranging and cutting TMA blocks, and the most relevant its capacity to ade-

quately represent heterogeneous neoplasms.

• Numerous validation studies in the last few years have demonstrated that tissue

microarrays are a valid approach for the molecular study of many human

neoplastic and nonneoplastic conditions.

• Salivary gland tumors are a highly morphologically heterogeneous group of

neoplasms that correspond to approximately 3–10 % of head and neck neo-

plasms whose molecular etiopathogenesis remains poorly understood.

• Tissue microarray techniques have only recently been validated in the study of

pleomorphic adenoma, the most morphologically heterogeneous of the salivary

gland tumors.

• An increased number of studies have been conducted in the recent years using

tissue microarray for the investigation of different biomarkers in salivary gland

tumors.
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Toberer F, Sykora J, Göttel D, et al. Apoptotic signal molecules in skin biopsies of cutaneous lupus

erythematosus: analysis using tissue microarray. Exp Dermatol. 2013;22:656–9.

Torhorst J, Bucher C, Kononen J, et al. Tissue microarray for rapid linking of molecular changes to

clinical endpoints. Am J Pathol. 2001;159:2249–56.

35 Tissue Microarray for Biomarkers Studies in Salivary Gland Tumors 807



van de Rijn M, Gilks CB. Applications of microarrays to histopathology. Histopathology.

2004;44:97–108.

van Zwieten A. Tissue microarray technology and findings for diagnostic immunohistochemistry.

Pathology. 2013;45:71–9.
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Abstract

Head and neck squamous cell carcinoma (HNSCC) is a malignancy associated

with severe mortality despite advances in therapy, and it ranks among the top ten

most common cancers worldwide, with a large incidence variation according to

sex and geographical location. At the moment, no biomarkers are currently

available for HNSCC patients; prognosis depends largely on the stage at pre-

sentation, with the most important prognostic factor. Fibroblast growth factor

receptors (FGFRs) and ligand binding are among the many molecules that are

involved in the tumorigenesis process. These receptors, including FGFR4,

belong to the receptor tyrosine kinase family leads to cell growth, mitosis, and

differentiation. Mutations and amplifications in FGFR4 have been linked to

aggressive tumor progression, and metastasis is associated with poor prognosis

in HNSCC. In this review, we summarize the FGF/FGFR complex, signalization

mechanisms, and the molecular implications of FGFR4 as potential biomarker

for HNSCC.

List of Abbreviations

AKT Serina/Treonina Kinase, Also Known as Protein Kinase B

(PKB)

CAMs Cell Adhesion Molecules

CHD CAM Homology Domain

CNV Copy Number Variation

EGFR Epidermal Growth Factor Receptor

FGF Fibroblast Growth Factor

FGFR Fibroblast Growth Factor Receptor

HER2 (ErbB2) Human Epidermal Growth Factor Receptor 2

HNSCC Head and Neck Squamous Cell Carcinoma

HRAS Harvey Rat Sarcoma Viral Oncogene Homologue

HSPGs Heparin and Heparan Sulfate Proteoglycans

Ig Immunoglobulin

KRAS Kirsten Rat Sarcoma Viral Oncogene Homologue

MAPK Mitogen-Activated Protein Kinases

MHC Major Histocompatibility Complex

NCAMs Neural Cell Adhesion Molecules

PLCγ Phopholipase C – gamma

RTK Receptor Tyrosine Kinase

SNP Single Nucleotide Polymorphism

STAT Signal Transducer and Activator of Transcription
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Key Facts

• Head and neck squamous cell carcinoma is among the most common cancers in

the world population.

• Fibroblast growth factors are biomarkers for cancer etiology, mainly in HNSCC,

responsible for promoting the cell proliferation and, thus, presenting a mitogenic

activity.

• Approximately 22 FGFs with mitogenic activity are observed in a variety of

organisms, including humans.

• The family of fibroblast growth factor receptor comprises five transmembrane

receptors (FGFR1 to FGFR4) which require the binding of many cell-surface

proteins (cell adhesion molecules), leading to intracellular signaling.

• Several transmembrane receptors, including FGFRs, present a region with tyro-

sine kinase activity, promotion of cellular signaling, mainly during embryogen-

esis and adult tissue homeostasis.

• The presence of polymorphism Gly388Arg can interfere on the signaling pathway

via FGFR4, resulting in poor prognosis or not, depending on the specific tumor.

• Mutations and amplifications may change the FGFR4 signaling pathway,

resulting in excessive proliferation, as well as carcinogenesis.

• FGFR4 can be considered as an important biomarker and target for cancer

treatment.

Definitions of Words and Terms

Acidic Box Region rich in acidic amino acids present between two immunoglob-

ulin (Ig)-like domains.

Cell Adhesion Molecules (CAMs) Proteins located on the cell surface involved in

binding with other cells or with the extracellular matrix (ECM) in the process called

cell adhesion. Cell adhesion molecules help cells stick to each other and to their

surroundings.

C-terminus Region (Also known as the carboxyl-terminus, carboxy-terminus,

C-terminal tail, C-terminal end, or COOH-terminus) is the end of an amino acid

chain (protein or polypeptide), terminated by a free carboxyl group (–COOH).

When the protein is translated from messenger RNA, it is created from

N-terminus to C-terminus.

Epigenetic Mechanisms They are changes in gene expression or cellular pheno-

type, caused by modifications to the genome that do not involve changes to the

nucleotide sequence. Examples are DNA methylation and histone modification,

both of which serve to regulate gene expression without altering the underlying

DNA sequence.
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Heparan Sulfate Proteoglycan (HSPG) Molecules Heparan sulfate (HS) is a

linear polysaccharide that occurs as a proteoglycan (PG) in which HS molecules

chains are attached in close proximity to the cell surface. It is in this form that HS

binds to a variety of protein ligands and regulates a wide variety of biological

processes, including angiogenesis, blood coagulation, and tumor metastasis.

Immunoglobulin-Like Domains The immunoglobulin domain is a type of protein

domain that consists of a two-layered sandwich of between 7 and 9 antiparallel

β-strands arranged in two β-sheets, with approximately 80 amino acids.

Immunoglobulin-like domains are involved in protein–protein and protein–ligand

interactions, and some examples include antibodies and receptor tyrosine kinases.

Isoforms A protein isoform is a different form of the same protein that can be

produced from closely related genes or by alternative splicing.

Major Histocompatibility Complex (MHC) The major histocompatibility com-

plex (MHC) is a set of cell-surface molecules that mediates interactions among

other kinds of cells and determines compatibility of donors for organ transplant

as well as one’s susceptibility to an autoimmune disease via cross-reacting

immunization.

Monoclonal Antibody Monoclonal antibodies are monospecific antibodies that

are the same because they are made by identical immune cells that are all clones of a

unique parent cell and that bind to the same epitope, in contrast to polyclonal

antibodies, made from several different immune cells.

N-Cadherin This protein is a calcium-dependent cell–cell adhesion glycoprotein

comprising five extracellular cadherin repeats, a transmembrane region, and a

highly conserved cytoplasmic tail.

Sprouty (SPRY) Sprouty (SPRY) proteins represent a major class of ligand-

inducible inhibitors of RTK-dependent signaling pathways.

Tyrosine Kinase Activity A tyrosine kinase is an enzyme that transfers a phos-

phate group from ATP to a protein in a cell. The process of activation occurs from

the phosphorylation of proteins by kinases, an important mechanism in communi-

cating signals within a cell (signal transduction).

Introduction

In the year 2012, over half a million new cases of head and neck squamous cell

carcinoma (HNSCC) were diagnosed, representing the sixth most common cancer

type in the world, with a 5-year survival rate of around 50 %. In North America, the

head and neck cancers account for 2–3 % of all newly cases (Haddad and Shin 2008).
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Most head and neck cancers are squamous cell carcinomas (SCCs), including

carcinomas of the oral cavity, pharynx, and larynx, and they vary according to their

degree of differentiation to well, moderate, and poor carcinomas (Azad et al. 2012).

Although some anatomic subsites appear to have better prognosis, this may be

more related to earlier symptoms, leading to diagnosis at an earlier stage. Between

33 % and 50 % of head and neck cancers are early diagnosed at stages I and II

(Argiris et al. 2008).

The major risk factors associated with the HNSCC are smoking or tobacco

chewing, alcohol consumption, the use of smokeless tobacco products (synergistic

effect), and genetic predisposition. Recently, the human papilloma virus (HPV)

was documented as a cause of specific subsets of head and neck SCCs (D’Souza

et al. 2007).

The treatment of HNSCC is heavily based on radiotherapy in combination with

surgery and/or cytostatic drugs. However, radio- and/or chemotherapy resistance

and tumor recurrences are important clinical problems in the management of

HNSCC. With this, the identification of predictive factors of treatment response

is critically important.

Deeper understanding of the molecular biology of HNSCC can provide new

insights into its development and progression; it also provides various biomarkers

with a potential application for cancer screening and monitoring of the response to

therapy.

The fibroblast growth factor receptor (FGFR) family comprises structurally related

tyrosine kinase receptors (FGFR1–FGFR4) involved in signaling via interactions with

fibroblast growth factors (FGFs), playing an important role in a wide range of

biological processes, including differentiation, proliferation, cell motility, and angio-

genesis . Most FGFs have mitogenic activity in a variety of systems, including cell

growth, differentiation, andmigration. The proliferative capacity of FGFs is a function

of FGFRs, to which they bind and through which they signal (Powers et al. 2000).

Deregulation in FGF/FGFR signaling has been implicated in human malignant

diseases. Functional studies demonstrated that FGFR4 interferes in signaling

events, leading to normal cell adhesiveness and corresponding invasive properties

of pituitary tumors. Although the molecular basis of this function is still a matter of

intense research, FGFR4 seems to play a role in a broader range of human cancers

(Ezzat et al. 2002).

Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are transmembrane proteins which function as

growth factor receptors. This RTK superfamily consists of multiple families, such

as the epidermal growth factor receptor (EGFR) and the vascular endothelial

growth factor receptor (VEGFR), which includes the fibroblast growth factor

receptor (FGFR) family (Manning et al. 2002).

Normally, RTKs play a role in developmental signaling and adult homeostasis.

However, activation of RTKs during carcinogenesis leads to the proliferative and
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antiapoptotic process called “addiction to oncogenic RTKs,” or simply “oncogenic

addiction” (Krause and Van Etten 2005; Weinstein and Joe 2006).

In the carcinogenesis process, epigenetic changes and genetic alterations lead to

the heterogeneity of cancer cells, which results in the evolution of subclones with

more malignant phenotypes, as well as the accumulation of genetic alterations in

cancer cells, such as single nucleotide polymorphisms (SNPs) and copy number

variations (CNVs) (Katoh 2007).

Fibroblast growth factor receptor 4 (FGFR4) belongs to the tyrosine kinase

receptor family. Although FGFR4 does not present an essential function during

embryogenesis and adult life, the cellular signaling by tyrosine kinase appear to be

involved in several metabolic pathways, as well as in the mitogenic effect (Gutier-

rez et al. 2006).

Previous studies have shown a reduced autophosphorylation and tyrosine kinase

activity of FGFR4 compared to other FGFRs (Shaoul et al. 1995). In the absence of

a clear mitogenic effect of FGFR4, the potential FGFR4 ligands can influence on

regulated signaling system.

FGF/FGFR Complex

Fibroblast growth factors (FGFs) and their receptors (FGFR) have important roles

in cell behavior, such as proliferation, differentiation, migration, survival, embryo-

genesis, and angiogenesis in adults. Alterations in the FGF/FGFR signaling

pathway have been associated with many developmental disorders, especially

cancer (Brooks et al. 2012).

Since the discovery of the first FGF, approximately 22 distinct FGFs have been

identified in a variety of organisms from nematode and drosophila to mouse and

human. FGF family genes can vary in size from 17 to 34 kDa with a conserved

sequence of 120 amino acids (Ornitz and Itoh 2001).

Binding of FGF ligand to cells has been described by several authors, but

Moscatelli et al. (1987), was the first to observe that each cell type expresses low-

and high-affinity receptors for FGF. FGFR family members are divided into two

main classes: low-affinity FGFRs, which require the binding of heparan sulfate

proteoglycan molecules on the cell surface for the attachment of its ligands, and

high-affinity FGFRs. High-affinity receptors are the ones that mediate biological

responses to FGFs (Coughlin et al. 1988; Mohammadi et al. 2005).

In contrast to the multiple FGF molecules, there are only five FGFRs, although

receptor diversity is increased by alternative splicing of FGFR1, FGFR2, and

FGFR3, generating receptor isoforms with dramatically altered FGF binding spec-

ificity (Brooks et al. 2012).

Like all tyrosine kinase receptors, FGFR1–FGFR4 are transmembrane proteins,

composed of an extracellular ligand-binding domain, a single transmembrane

domain, and a cytoplasmic domain containing the catalytic protein tyrosine kinase

core as well as additional regulatory sequences (Eswarakumar et al. 2005). The

extracellular FGFR ligand-binding domain is composed of three extracellular
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immunoglobulin-like domains – designated IgI, IgII, and IgIII – a single-pass

transmembrane domain, and an intracellular dimerized tyrosine kinase domain.

IgI and IgII are separated by a stretch of acidic residues, known as the acid box

(Powers et al. 2000).

Through the use of splice variants, a variety of different receptor types are

possible to create, dramatically increasing FGF binding selectivity (Ornitz and

Itoh 2001). The diversity of the FGF receptors is shown in the Fig. 1.

Different exon usage produces transcripts that result in the translation of proteins

that can be prematurely truncated and lack Ig-like domains or utilize different exon

coding regions for the same Ig-like domain. One of the most important mechanisms

involves the alternative splicing of the IgIII domain and can be observed in FGFRs

1–3 but not in FGFR4, creating IIIb and IIIc variants with differing ligand-binding

specificities that are expressed in a tissue-specific manner (Eswarakumar

et al. 2005). The case of FGF7, known to bind FGFR2 (IIIb) but not to the closely

related FGFR2 (IIIc), is used to explain the high level of ligand specificity

(Korc and Friesel 2009).

A fifth receptor FGFR5 (also known as FGFRL1) can bind FGFs with high

affinity, but lacks the intracellular tyrosine kinase domain, and therefore the role of

this receptor is poorly understood (Turner and Grose 2010).

Two other members of the FGFR family were reported in literature and the

sequences are designated as FGFR6 and HrFGFR. The first one was identified

during cloning and sequencing studies of primate major histocompatibility complex

(MHC) proteins that were found to contain sequences related to the FGFR gene

Fig. 1 Representative view of FGFRs showing the diversity created by alternative splice variants.

The alternate C-terminus variants are designated C1 and C3. The open square in the extracellular

domain represents the acid box region. The last receptor (FGFR5) has an intracellular domain

without tyrosine kinase activity (Modified from Powers et al. 2000)
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family, yielding the characterization of PERB1 or FGFR6 (Leelayuwat et al. 1996).

This new receptor revealed 80 % homology at the amino acid level to the

immunoglobulin-like domain I of FGFR3 and is more closely related to FGFR3

and FGFR5 than FGFR1, FGFR2, and FGFR4.

The second is named HrFGFR and it was isolated from a cDNA library, showing

a 50 % and 40 % homology at the ligand-binding domain and overall amino acid

sequence, respectively, in comparison to that of the four classic FGFRs. Owing to

the isolation of a second HrFGFR lacking the acid box and the immunoglobulin-

like domain I, it has been suggested that the HrFGFR gene may be transcribed into

two different mRNAs by alternative splicing (Kamei et al. 2000).

The FGF receptor–ligand system is considered highly complex by the existence

of an increasing number of proteins that interact directly with FGF and/or FGFR

either to produce intracellular signals directly or to modulate FGFR signal output

(Ornitz et al. 1992). Some of the noncanonical FGF ligands can activate FGFR

signaling in the absence of FGFs (e.g., NCAMs, N-cadherin), whereas other FGFs

that reside mainly in the extracellular matrix can form complexes with heparin

and heparan sulfate proteoglycans (HSPGs), considered coreceptors for pathway

signaling (Polanska et al. 2009).

These proteins are responsible for carrying FGFs within the extracellular matrix,

an important step in the interaction of these growth factors with their specific cellular

receptors; however, there is controversy regarding the exact manner by which this

occurs, although it is thought to involve the induction of receptor dimerization and to

be heparin dependent (Korc and Friesel 2009; Powers et al. 2000).

The initial models for the role of heparin/heparan sulfate (HS) in FGF signaling

were based on the assumption that this complex interacts with FGF only, where it

(i) stabilizes and protects FGFs from thermal, proteolytic, or pH-dependent degra-

dation (Saksela et al. 1988), (ii) functions as storage reservoirs where FGF can be

freed to interact with FGFR (Folkman et al. 1988), or (iii) facilitates FGF–FGFR

binding by limiting the conformation of FGF ligand (Eswarakumar et al. 2005).

However, other authors verified that heparin promotes FGF signaling by simulta-

neously interacting with FGF and FGFR, thereby facilitating the formation of a

ternary complex (Mohammadi et al. 2005).

FGF ligands and FGFRs have been found to interact with a variety of proteins

and glycolipids that are unrelated to the classic form of FGF/FGFR/HSPG

ligand–receptor system. Some of these proteins include integrins, which are classic

receptors for extracellular matrix proteins, which interact with FGFR and FGF

ligand; NCAMs, L1, and cadherins, which can interact with FGFR, as well as

present noncanonical FGF ligands to the receptor (Polanska et al. 2009; Sanchez-

Heras et al. 2006).

Otherwise, FGFR4 is implicated in signaling cascades with regard to cell–matrix

adhesion and angiogenesis. Abnormal expression of FGFR4 has been suggested as

a potential mechanism in the progression of cancers, including the upregulation of a

urokinase-type plasminogen activator (uPA), a proteolytic enzyme, required for

cell migration and the association with NCAM in cell adhesion to the extracellular

matrix.
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FGF/FGFR Signaling

FGFR signaling is primarily triggered by the binding of receptors to FGF ligands.

Dimerization of FGF/FGFR/HPSG complex leads to a conformational change in

FGFR structure, resulting in the formation of various complexes to initiate down-

stream signal transduction including the activation of PLCc, MAPK, AKT, and

STAT cascades (Fig. 2).

Ligand-induced dimerization of these molecules leads to the successful activa-

tion of several intracellular receptor domain tyrosine residues, through FGFR

sequential transphosphorylation (Acevedo et al. 2009).

The biological process outcomes of FGF/FGFR activation are dependent on a

complex network of signaling and transcriptional events regulated by multiple

factors. The specific modulated biological response can be proliferative, apoptotic,

or migratory, depending on the interplay between these factors. This process

involves specific signal transduction molecules, feedback loops, cross talk with

other signaling networks, and the activation or repression of target genes. In this

manner, the MAPK signaling cascade is implicated in cell growth and

Fig. 2 FGF–FGFR signaling pathway showing several proteins participating on the intracellular

activation process (Reprinted from Developmental Biology, 287, Bernard Thisse, Christine

Thisse, Functions and regulations of fibroblast growth factor signaling during embryonic devel-

opment, 390–402, Copyright (2005), with permission from Elsevier)
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differentiation, the PI3K/Akt signaling cascade is involved in cell survival and cell

fate determination, while the PI3K and PKC signaling cascades have a function in

cell polarity control (Korc and Friesel 2009).

FGFRs, like other receptor tyrosine kinases, transmit extracellular signals to

various cytoplasmic signal transduction pathways through tyrosine

autophosphorylation. Activation of FGFRs by tyrosine phosphorylation leads to

signal transduction through multiple pathways, including phospholipase Cγ
(PLCγ), phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinases

(MAPK), protein kinase C (PKC), and signal transducers and activators of tran-

scription (STATs) (Hart et al. 2001).

FGF signaling induced by proteins such as MAPK phosphatase 3 (MKP3) and

similar expression to FGF (Sef) may cause receptor dephosphorylation. Other mol-

ecules have been identified that can attenuate signaling, such as cell-surface mole-

cules NCAM and N-cadherin and the sprouty-related enabled/vasodilator-stimulated

phosphoprotein homology 1 domain-containing protein (Turner and Grose 2010).

FGF/FGFR signaling is also tightly regulated by feedback mechanisms that

occur at many points in the signaling pathway, such as FGF-induced Sprouty

(SPRY) proteins, which in turn are important negative regulators that bind to

growth factor receptor-bound protein 2 (GRB2), thereby disrupting downstream

signaling (Lo et al. 2004).

SPRY inhibits FGF signaling by interfering with extracellular signal-regulated

kinase (ERK) activation either by binding to and sequestering the growth factor

receptor-bound protein 2 (Grb2) or by binding to Raf1 and preventing Raf1

activation. This downregulation seems to correlate with an aggressive tumor phe-

notype. The mechanisms for SPRY regulation appear to be tumor-type specific and

include both epigenetic and nonepigenetic mechanisms (Mason et al. 2006).

Sef is a transmembrane protein with homology to the interleukin (IL)-17 recep-

tor family and binds to FGFR1 and FGFR2, preventing activation of the receptor

tyrosine kinase (Kovalenko et al. 2003). Sef protein activity is also downregulated

in several tumor types of epithelial origin, including breast, thyroid, prostate, and

ovarian cancers. Owing to the downregulation of feedback inhibitors of FGF

signaling in tumor cells, as well as an increased expression of FGF ligands, tumors

may show enhanced growth, progression, and metastasis (Darby et al. 2006; Korc

and Friesel 2009).

In the absence of a potential signalization of FGFR4, specific ligands relied on

an expressed chimeric receptor where the FGF-binding domain was of FGFR4

origin and the intracellular domain was of FGFR1 origin (Ornitz et al. 1996).

Moreover, FGF receptor 4 may not necessarily require FGF ligand. First,

heparin, in the absence of FGF, may activate FGFR4 (Gao and Goldfarb 1995;

Cavallaro et al. 2001). Second, FGFR4 was found function in a complex with

NCAM, independently of FGF (Cavallaro et al. 2001). Detection of N-linked

glycosylation on an overexpressed extracellular domain of human FGFR4

(Tuominen et al. 2001) suggested that the function of this receptor might be

regulated by glycosylation, similar to the other FGFRs. However, N-glycosylation
of native FGFR4 has not been analyzed yet.
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FGFR Mutations/Amplifications

Recent studies have shown that FGFR-activating mutations and overexpression are

closely associated with the development and progression of tumors in humans, as well

as the persistent and excessive activation of the FGFR signaling pathway, resulting in

carcinogenic functions in cells, such as excessive proliferation and apoptosis evasion

(Greulich and Pollock 2011). For example, FGFR-activating mutations in bladder

cancer, endometrial carcinomas, multiple myeloma, and rhabdomyosarcomas lead to

the development and progression of tumors, resulting in poor prognosis, angiogenesis,

invasion, and metastasis (Greulich and Pollock 2011; Liang et al. 2012).

In vivo and in vitro studies using FGFR gene knockout and pharmacological

inhibition have provided further confirmation that FGFR is an important biomarker

and target for cancer treatment (Brooks et al. 2012). Several major pharmaceutical

companies and research institutions have designed various types of nonselective and

selective FGFR inhibitors, some of which have entered antitumor clinical trials and

have shown promising clinical effects and application prospects (Liang et al. 2012).

Although the molecular basis of this event is still a matter of intense research,

FGFR4 plays a role in a broader range of human cancers. A single nucleotide

polymorphism (SNP) in exon 9 (substitution of a glycine residue for an arginine –

Gly388Arg in FGFR4) has been responsible for a positive correlation with prog-

nostic parameters in several human cancers, including breast, colon, lung, prostate,

and head and neck cancers (Bange et al. 2002; Ezzat et al. 2002; Streit et al. 2004).

Some researchers have reported that the allele showed a significantly higher risk

of developing cancer, proposing the Gly388 allele as a risk allele for head and neck

cancer (Ansell et al. 2009).

For the HNSCC, Streit et al. (2004) reported that in, expression of Gly388

FGFR4 had no impact on disease progression. Other studies also showed that the

presence of at least one Arg allele was significantly correlated with reduced overall

survival and an increased mortality risk of 2.2 and that FGFR4 Arg388 allele also

was strongly associated with poor prognosis. This can be explained by the fact that

indeed other factors, for example, genetic alterations in receptor tyrosine kinases,

are key players in the progressive course of the disease.

Although the presence of FGFR4 Arg388 allele has been shown to indicate a

poor prognosis in several tumors, the mechanism by which it affects cancer

progression remains unclear (da Costa Andrade et al. 2007).

Dutra et al. (2012) verified the association of the presence of Arg388 allele with

lymphatic embolization and with disease-related premature death. In addition, the

authors observed which FGFR4 low expression was related with lymph node

positivity and premature relapse of disease, as well as disease-related death in

squamous cell carcinoma of the mouth and oropharynx.

Low FGFR4 expression in the presence of Arg388 allele is associated with

worse survival in patients with oral and oropharyngeal squamous cell carcinoma.

Thus, not only mutations in FGFR could influence the signaling cascade and lead to

poor cancer prognosis but that FGFR4 expression alone has no impact on disease

progression in HNSCC (Dutra et al. 2012).
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Nevertheless, FGFR4 Arg388 has not been considered an oncogene per se, but

rather collaborates with oncogenes involved in cell motility and invasiveness

(Seitzer et al. 2010).

This might be related to signaling cascades that control cell–matrix adhesion and

angiogenesis. Although some mechanisms have been described in the literature, the

influence of Gly388Arg polymorphism in tumor aggressiveness may differ in

specific tumors.

In animal model, low protein expression, even in the presence of FGFR4 Arg388

polymorphism, was related to increased pathway activity. This may be explained by

the activation of alternative proteins in the signaling cascade or other cascades

(Seitzer et al. 2010). This propose, has been reported that the presence of polymor-

phism Gly388Arg is associated with increased cancer risk and progression of

pituitary tumors through recruitment of STAT3 signaling cascade. Activation of

this cascade can result in deregulation of cell proliferation and apoptosis, leading to

tumor progression. Signaling hyperactivation by specific mutations depends on

their resistance to negative feedback loops (Chandarlapaty et al. 2011).

In addition, several ubiquitylation proteins bind directly to RTKs, altering

receptor activation. RTK ubiquitylation may promote receptor degradation, creat-

ing an important negative feedback mechanism (Lemmon and Schlessinger 2010).

Potential Applications to Prognosis, Other Diseases, or
Conditions

FGFRs have been identified as part of the most commonly mutated kinase genes in

human cancers, presenting mutations in FGFR2 and FGFR3 as the most prevalent

(Turner and Grose 2010). For example, activating and oncogenic FGFR2 mutations

located in the extracellular and kinase receptor domains have been described in 12 %

of endometrial carcinomas, causing sensitivity to FGFR inhibition (Dutt et al. 2008).

In contrast, mutations in FGFR3 present in bladder cancer and FGFR2 mutations in

endometrial cancer are mutually exclusive with mutations in HRAS and KRAS,

respectively. In addition, mutations in the FGFR4 kinase domain have been found in

the childhood soft tissue sarcoma rhabdomyosarcoma, causing autophosphorylation

and constitutive signaling (Brooks et al. 2012; Taylor et al. 2009).

Several studies have examined the role of FGFR4 in carcinogenesis, providing

evidences for the complexity of FGF/FGFR signaling pathways in different tumor

types (Olson et al. 1988; Ezzat et al. 2002).

FGFR Targeting Cancer Therapeutics

FGFR-targeted therapeutics using small-molecule compounds is an active topic in

the field of clinical oncology because FGF signaling is involved in various aspects

of cancer biology such as proliferation, anti-apoptosis, drug resistance, angiogen-

esis, and invasion (Heinzle et al. 2011; Ota et al. 2009).
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Several small-molecule compounds fitting into the ATP-binding pockets of the

tyrosine kinase domain have been developed for cancer therapeutics, targeting

specific receptors (Katoh and Nakagama 2013). Thus, FGFR-targeted drugs exert

direct as well as indirect anticancer effects, because FGFRs and endothelial

cells are involved in tumorigenesis and vasculogenesis, respectively (Daniele

et al. 2012).

The activity of most of these agents against FGFRs is still unknown. Although

the broader specificity of these compounds could add to its efficacy, the inhibition

of several tyrosine kinases will likely result in increased side effects, which may

limit the ability to achieve doses required for effective FGFR inhibition.

Deregulation in FGF/FGFR signaling has been implicated in human malignant

diseases. In normal cells, RTK activity (FGF/FGFR/HSPG) is strictly regulated, but

dysregulation or constitutive RTK activation has been found in a wide range of

cancers. The deregulated activation occurs by gain-of-function mutations, gene

rearrangement, gene amplification, and overexpression or abnormal autocrine,

endocrine, or paracrine stimulation of both receptor and ligand, and, in some

cases, it has been shown to correlate with the development and progression of

numerous human cancers. Since RTKs have been implicated in many aspects of

the malignant phenotype, they are emerging as promising therapeutic targets

(Ezzat et al. 2002; Jeffers et al. 2002; Lopez-Knowles et al. 2006).

However, the cancer therapy targeting RTKs will be successful only if the

targeted RTK is a major regulator of cancer cell survival (Takeuchi and Ito 2011).

Cancer cells contain multiple genetic and epigenetic abnormalities and their

survival and/or proliferation can often be impaired by the inactivation of a single

oncogene.

Recently, an explanation for the molecular targeted therapy phenomenon, called

“oncogene addiction,” was proposed. Evidences for the concept of oncogene addic-

tion come from the increasing number of examples of the therapeutic efficacy of

antibodies or smallmolecules that target specific oncogenes (Weinstein and Joe 2006).

Many targeted molecular cancer therapeutics, including antibodies or small

molecules, have been approved in different countries and for different target

receptors (Table 1). One example for target growth factor receptors is the

overexpression of HER2 (ErbB2) that occurs in approximately 25 % of breast

cancer patients and is associated with shorter survival. Other receptor with RTK

activity is the epidermal growth factor receptor (EGFR), widely upregulated in

solid tumors and mediates many characteristics of malignant phenotype, including

proliferation, protection from apoptosis, and tumor cell motility (Nahta et al. 2006).

Thus, these findings led to the development of antibodies that target HER2 and

EGFR, and the validity of both growth factor receptors as therapeutic targets is

illustrated by the successes of trastuzumab and cetuximab and the oncogenic role of

aberrant signaling from RTK, which has become an attractive therapeutic target

(Laird and Cherrington 2003; Takeuchi and Ito 2011).

Although studies have associated the Gly388Arg polymorphism with prognosis

in several tumors, their effects in response to radiotherapy still remains unclear

(Farnebo et al. 2013).
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A few studies with cell lines of squamous cell carcinoma related to the presence

of the mutations in FGFR4 with increased sensitivity to treatment with sensitivity to

chemotherapy (Ansell et al. 2009; Farnebo et al. 2009; Marme et al. 2012). In

addition, the presence of Arg388 allele was associated with resistance to adjuvant

therapy in breast cancer (Thussbas et al. 2006).

These findings have important therapeutic implications, because inhibition of

one intracellular pathway may lead to the activation of parallel signaling pathways,

thereby decreasing the effectiveness of single-agent-targeted therapies.

Summary Points

• Head and neck squamous cell carcinoma (HNSCC) is among the most common

cancers worldwide, representing the sixth most common cancer type in the world.

However, there are a few specific biomarkers available for HNSCC patients.

• In the year 2012, over half a million new cases of head and neck squamous cell

carcinoma (HNSCC) were diagnosed,

• Considered one of the main biomarker for the HNSCC, FGF and FGFR complex

is an important mediator of cellular processes such as proliferation, differentia-

tion, survival, and motility, occurring mainly during embryonic development.

Table 1 Examples of targeted molecular cancer therapeutics received marketing (Reproduced

with permission from Biol. Pharm. Bull. Vol. 34 No. 12. Copyright (2011) The Pharmaceutical

Society of Japan)

Drug type Drug Disease indication

Primary

molecular target

Antibody Trastuzumab (Herceptin) Breast cancer HER2

Bevacizumab (Avastin) Metastatic colorectal carcinoma VEGFR

Cetuximab (Erbitux) EGFR-expressing metastatic

colorectal cancer

EGFR

Panitumumab (Vectibix) Wild-type KRAS-expressing

metastatic colorectal cancer

EGFR

Small
molecule

Imatinib (Gleevec) CML, GIST BCR-ABL,

c-KIT, PDGFR

Gefitinib (Iressa) Metastatic non-small cell lung

cancer

EGFR

Erlotinib (Tarceva) Metastatic non-small cell lung

cancer

EGFR

Sorafenib (Nexavar) Renal cell cancer VEGFR, c-RAF,

PDGFR

Sunitinib (Sutent) Gleevec-resistant CML BCR-ABL, SRC

Nilotinib (Tasigna) Gleevec-resistant CML BCR-ABL

Dasatinib (Sprycel) Gleevec-resistant CML BCR-ABL, SRC

Lapatinib (Tykerb) HER2-positive breast cancer EGFR, HER2
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• The four signaling FGFR1–FGFR4 are transmembrane proteins, composed of an

extracellular ligand-binding domain, a single transmembrane domain, and a

cytoplasmic tyrosine kinase domain.

• Fibroblast growth factor receptors (FGFRs) form a subfamily of the receptor

tyrosine kinase (RTK) superfamily, and they are encoded by four genes (FGFR1,

FGFR2, FGFR3, and FGFR4). They are involved in the regulation of organ

development, cell proliferation and migration, angiogenesis, and other

processes.

• FGFR signaling is primarily triggered by the binding of FGF/FGFR/HPSG

complex causing a conformational alteration in the FGFR structure, resulting

in the activation of many proteins, such as PLCc, MAPK, AKT, and STAT

cascade. Alterations in FGFR4 (mutations/amplifications) have an important

role in the broader range of human cancers.

• A specific polymorphism in FGFR4 (Gly388Arg) has been responsible for the

poor prognosis in several human cancers, including head and neck cancers.

However, the influence of Gly388Arg polymorphism in tumor aggressiveness

may differ in specific tumors.

• The study of specific biomarkers allows the development molecular targeted

therapy and which has become an attractive therapeutic target.
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Abstract

Nasopharyngeal carcinoma (NPC) is a malignancy with remarkable ethnic and

geographic distribution. Initially, point mutations and chromosomal deletions

were considered to be the major events involved in the inactivation of tumor-

suppressor genes in NPC. The discovery that many tumor-suppressor genes can

also be inactivated by hypermethylation of the CpG islands in their promoter

region clearly indicates that epigenetic events also play an important role as

alternative mechanisms in NPC carcinogenesis.

In this chapter, we update current information on methylated genes

associated with the development and progression of NPC. Promoter
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hypermethylation of critical genes could be potential biomarkers and thera-

peutic targets for NPC.

Several genes have been investigated for methylation in the promoter region

in NPC. These methylated genes are involved in critical pathways, such as DNA

repair, cell cycle regulation, and invasion/metastasis.

The role of hypermethylated genes in the deregulation of critical pathways in

NPC is now well known. Besides their role on the pathogenesis of NPC, results

from many investigations have provided additional information on the potential

role of hypermethylated genes as predictive biomarkers in the development and

progression of NPC.

List of Abbreviations

CDH1 Epithelial E-Cadherin

CGH Comparative Genomic Hybridization

DAB2 Human Disabled-2

DAP-kinase Death-Associated Protein Kinase

DLC-1 Deleted in Liver Cancer-1

DLEC1 Deleted in Lung and Esophageal Cancer 1

DNMT DNA Methyltransferase

EBV Epstein–Barr Virus

GSTP1 Glutathione S-Transferase P1

HIN-1 High in Normal-1

HLA Histocompatibility Leukocyte Antigens

IARC International Agency for Research on Cancer

LARS2 Leucyl-tRNA Synthetase 2, Mitochondrial

LOH Loss of Heterozygosity

MGMT O6-Methylguanine-DNA Methyltransferase

MSP Methylation-Specific PCR

NPC Nasopharyngeal Carcinoma

PCR Polymerase Chain Reaction

RARβ2 Retinoic Acid Receptor β2
RASSF1A Ras Association Domain Family 1A

TFPI-2 Tissue Factor Pathway Inhibitor-2

TIMP-3 Tissue Inhibitor of Metalloproteinase-3

TSG Tumor-Suppressor Genes

TSLC1 Tumor Suppressor in Lung Cancer 1

WHO World Health Organization

Key Facts of Methylation

The following are the key facts of DNA methylation including the location and the

mechanism of this main epigenetic change, its role in the control of gene expression

during embryogenesis, its implication in cancer development, and its importance as

a potential biomarker in human cancers:
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• DNA methylation is a biological process consisting in the addition of a

methyl (CH3) group at the carbon 5 position of cytosines (C) located 50 of
guanidines (G).

• This process often occurs in cytosine–guanine-rich regions of DNA (CpG

islands), which are common in the promoter regions of genes.

• DNA methylation involves an enzymatic reaction catalyzed by a group of

enzymes known as DNA methyltransferases (DNMT1, DNM3a, and DNMT3b).

• DNA methylation is one of the main epigenetic modifications implicated in the

control of gene expression during the embryonic development of organisms.

• The presence of aberrant methylation in the promoter region of genes is associ-

ated with the suppression of gene expression in several types of cancer and in

developmental disorders.

• DNA methylation is a reversible mechanism, making it an interesting therapeu-

tic target.

• Several methods have been developed to investigate DNAmethylation in tumors

as well as in body fluids.

• The detection of DNA methylation has emerged as a potential biomarker for

several types of cancer and a promising therapeutic target.

Definitions of Words and Terms

Undifferentiated Carcinoma A term used to describe poorly differentiated

malignant epithelial tumor that does not have specialized structures. Undiffer-

entiated cancer cells often grow and spread quickly.

Gene Polymorphism Difference in DNA sequence among individuals. Genetic

variations occurring in more than 1 % of a population would be considered useful

polymorphisms for genetic analysis.

Familial Predisposition Individuals with a family history of cancer in a

first-degree or second-degree relative may have a genetic predisposition to

developing the disease. Familial predisposition is an inherited risk of developing

a cancer. Having a familial predisposition for a disease does not mean that

you will get that disease, but your risk may be higher than that of the general

population.

Risk Factor A risk factor is a condition that is known to increase susceptibility to a

disease or outcome. Risk factors are usually determined through epidemiological

studies, which track diseases or health events through a given population. Examples

of risk factors are tobacco smoking, which can increase your risk of getting

nasopharyngeal carcinoma.

Endemic Population A disease that is prevalent in a certain population or people

or region. Diseases in endemic population are not always present at high levels.
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They can be relatively rare, but the defining feature of a regional endemic disease is

that it can always be found in the population that lives there.

Epigenetic Epigenetic changes modify the physical structure of DNA and may

indirectly influence the expression of the genome. One example of an epigenetic

change is DNA methylation – the addition of a methyl group – of the DNA

molecule, which prevents certain genes from being expressed. For instance, an

epigenetic change that silences genes could lead to uncontrolled cellular growth or

to an increase in DNA damage, which, in turn, increases cancer risk.

Cancer Biomarker A distinctive biological indicator used for cancer. A handful

of cancer biomarkers are currently used routinely for population screening, disease

diagnosis, prognosis, monitoring of therapy, and prediction of therapeutic response.

Although it is highly desirable to have biomarkers suitable for population screening

and early diagnosis, none of the current biomarkers has adequate sensitivity,

specificity, and predictive value for population screening.

Apoptosis It refers to the death of a cell resulting from a normal series of

genetically programmed events, when a cell is no longer needed. Apoptosis is a

natural process that removes cells that have become unhealthy. Apoptosis is

important in understanding cancer, because cancer cells have developed ways to

avoid apoptosis. Newer treatments are being studied that interfere with the cancer

cell’s ability to avoid apoptosis.

Tumor-Suppressor Genes Genes that regulate the growth of cells. When these

genes are functioning properly, they can prevent and inhibit the growth of tumors.

When tumor-suppressor genes are altered or inactivated (by genetic or epigenetic

alterations), they lose the ability to make a protein that controls cell growth. Cells

can then grow uncontrolled and develop into a cancer.

Noninvasive Screening Tests Procedures that does not require insertion of an

instrument or device through the skin or a body orifice for diagnosis or treatment.

Tumor Aggressiveness It is the ability of cancer cells to spread in the body.

Introduction

Nasopharyngeal carcinoma (NPC) is a highly invasive and metastatic malignant

tumor with remarkable racial and geographic distribution. In 2002, according to the

data of the International Agency for Research on Cancer (IARC), 80,000 cases of

NPC were newly diagnosed worldwide (Parkin et al. 2005).

NPC is very different from other head and neck cancers not only because of its

geographic distribution but also because of its specific multifactorial etiology.

Epstein–Barr virus (EBV) infection, intake of salted-preserved foods, tobacco and
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alcohol consumption, and inherited susceptibilities such as gene polymorphisms

or familial predisposition are major factors associated with the development

of NPC.

Approximately 80 % of patients with NPC are diagnosed at an advanced tumor

stage. The delay in the disease discovery is mainly due to the deep-cited location

and nonspecific symptoms of the tumor. With the introduction of new treatment

modalities, survival has steadily improved over recent decades. However, cancer

relapse is still the leading cause of cancer-related deaths in patients with NPC.

The early detection, prognosis, and monitoring of therapy are especially impor-

tant parameters for NPC because of the high propensity for spreading to more sites.

Knowledge about new biomarkers in NPC is important in improving optimal

patient treatment. In this context, the epigenetic alterations, especially methylation

of DNA, emerge as a promising track.

Regional Variation in the Incidence of NPC

There are remarkable regional variations in the incidence of NPC worldwide. In

southern China and Southeast Asia, the NPC is the most common malignant tumor

with an incidence rate ranging from 20 to 50/100,000 people per year. Hong Kong

detains the highest NPC incidence. NPC is the major cause of cancer morbidity and

mortality in these endemic regions. Moderately higher incidence of NPC is reported

in some other population groups also such as Eskimos in the Arctic, Arabs in North

Africa, and few other population groups of Southeast Asia. Conversely, the esti-

mated incidence of NPC is lower than 1/100,000 people per year in most part of the

world (Chang and Adami 2006).

In areas of low to moderate risk for NPC, a bimodal age distribution is always

depicted. The first peak in incidence is observed in adolescents of each sex (10–19

years) and the second peak, higher than the first one, in the age group 50–59 years.

This relatively high frequency of NPC among young population seems to be a

characteristic feature of areas of moderate incidence of NPC.

Another important characteristic of NPC epidemiology is sex distribution. In

virtually all of the populations studied, the rates are higher among males than

females. In most populations, the male/female ratio is 2–3:1.

Histology of NPC

Arising in the epithelial lining of the nasopharynx, NPC comprises the vast majority

of nasopharyngeal cancers in both high- and low-incidence populations. The World

Health Organization (WHO) histopathological classification of NPC (Chan

et al. 2005) has been adopted by several investigators. It comprises three histolog-

ical types, (1) keratinizing squamous-cell carcinoma (type 1) and nonkeratinizing

carcinoma. The nonkeratinizing group can further be separated into differentiated

carcinoma (type 2) and undifferentiated carcinoma (type 3) group (Fig. 1).
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The proportions of the histological types of NPC appear to vary with geograph-

ical location and race. However, undifferentiated carcinoma or type 3 is the major

histopathological type of NPC. In the low-risk areas of Japan, type 1 NPC accounts

for 12 % of cases, whereas undifferentiated carcinoma or type 3 predominates in

high-risk areas and takes up 92 % of all cases.

Types 2 and 3 NPC are Epstein–Barr virus (EBV) associated and have better

prognoses than type 1; EBV infection is generally absent in type1 (Wei et al. 2011).

Etiological Factors in NPC

It is believed that a number of etiological environmental factors along with genetic/

host factors might be responsible for the causation of NPC. At least three etiological

factors are strongly suspected in NPC carcinogenesis: the ubiquitous EBV infec-

tion, genetically determined susceptibility, and associated environmental factors.

Figure 2 summarizes the main factors related to the development of nasopharyngeal

carcinoma.

Fig. 1 Histology of nasopharyngeal carcinoma. (a, b) Undifferentiated carcinoma featuring

cohesive sheet of tumor cells (asterisk) with plentiful intermixed lymphocytes (double asterisks)
(hematoxylin and eosin staining, original magnification: a �200 and b �400). (c, d) Keratinizing
squamous-cell carcinoma showing cohesive tumor cells with well-defined cell borders (hematox-

ylin and eosin, original magnification: c �200, d �400)
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EBV is a member of the large herpesvirus family and distributed ubiquitously.

It is found throughout all human populations, with a prevalence of over 90 % in

adult. Initially, the association between NPC and EBV was revealed by results of

seroepidemiological studies from different parts of the world. It was confirmed

subsequently by the demonstration of the persistence of EBV DNA and/or anti-

gens in NPC tumor cells (Frappier 2012; Fig. 3). EBV is intimately related to NPC

and elicits the formation of antibodies that are useful for diagnosis and follow-up

study. Numerous studies have reported that antibodies to EBV antigens can be

used in the early detection of NPC. Serological assays are being utilized in mass

screening of high-risk populations for NPC. The serology value of EBV was also

observed for the early detection of NPC relapse (Han et al. 2012; Chan

et al. 2013).

From the viewpoint of genetic susceptibilities, a growing number of reports have

confirmed an association between the histocompatibility leukocyte antigens (HLA)

gene polymorphism and increased risk for NPC. Simons et al. (1978) were the first

to describe the association of HLA antigens with NPC in southern Chinese and

demonstrated that HLA antigens play a role in determining both susceptibility for

NPC and survival after diagnosis. Later, several studies have supported the strong

genetic etiology of NPC (Li et al. 2009). Studies are in progress in different

laboratories to elucidate the exact location and function of these genes.

Although most NPCs are sporadic cases, the familial clustering of NPC has been

also demonstrated worldwide. Such clustering can result from shared genetic

susceptibility and/or shared environmental risk factors. The excess risk was gener-

ally four- to tenfold among individuals with a first-degree relative with NPC,

compared with those without a family history (Bei et al. 2012).

Some dietary habits are reported to be associated with the increased risk for

NPC. Salted fish and smoking have been suspected as possible etiological factors

in the development of NPC. In Asian countries, intake of salted fish and other

preserved foods is particularly high in families of lower socioeconomic status

NPCEBV
infection

Genetic alterations

Tobacco

Family history

Gene
polymorphisms

Epigenetic
alterations

Diets

Premalignants lesions

Fig. 2 Proposed causal factors of nasopharyngeal carcinoma. The interaction between host

factors, such as inherited susceptibilities, and environmental factors, including Epstein–Barr virus

(EBV), diet, and tobacco, initiates the progression from normal to premalignant disease stages.

These factors combined with genetic and epigenetic alterations lead to the development of

nasopharyngeal carcinoma (NPC)

37 DNA Methylation as a Biomarker in Nasopharyngeal Carcinoma 833



(Jia et al. 2010). Furthermore, several studies have shown that childhood exposure

and increasing duration and frequency of consumption of salt-preserved foods are

independently associated with elevated risk for NPC. In contrast, consumption of

fresh fruits and/or vegetables, especially during childhood, is associated with a

lower risk for NPC. The noticeable protective effect of fruits and vegetables may be

attributed to antioxidant effects, prevention of nitrosamine formation, and other

anticarcinogenic properties (Polesel et al. 2013). It has been also reported that

persons who have smoked cigarettes for many years have a higher risk for NPC,

particularly for the well-differentiated subtype (Xu et al. 2012).

Genetic Alterations in NPC

The viral causative, genetic, and environmental factors, either acting alone or

in combination, would lead to multiple genetic and epigenetic alterations.

The development of NPC involves accumulation of genetic changes leading to

the evolution of clonal cell population that possesses growth advantages over

other cells.

NPC exhibits numerous genetic abnormalities, namely, chromosomal deletions,

gene amplifications, and mutations. By comparative genomic hybridization (CGH)

Fig. 3 Detection of
Epstein–Barr virus by
chromogenic in situ
hybridization (CISH) for
Epstein–Barr virus-encoded
RNA (EBER) in
nasopharyngeal carcinoma.
Dark blue/black positive
staining for EBER in the

nuclei of almost all tumor

cells, whereas the normal

epithelial cells (asterisk) and
stromal lymphocytes (double
asterisk) remain negative

(original magnification,

a �100, b �400)

834 F. Ksiâa and M. Trimeche



analyses, a large number of primary NPC have been examined for a gain and loss of

genetic material in the genome, including gain at chromosomes 12p, 1q, 3q, 8q, 5p,

and 7q as well as loss at chromosomes 3p, 11q, 13q, 14q, 16q, 16p, 1p, 9q, and 22q.

Among these allelic loss, 3p and 9q detain the highest frequencies and were

detected in almost 95–100 % of primary NPC biopsies and in 75 % of precancerous

lesions (Li et al. 2006). It is well known that the 3p chromosomal arm contains

some important tumor-suppressor genes (TSGs). Thus, loss of heterozygosity

(LOH) on 3p in premalignant lesions indicates that this alteration could be an

early and critical molecular event in the carcinogenesis of NPC. Despite the

many efforts provided, the sequence in which these genetic alterations participate

in the evolution of NPC has not been established as clearly as in other cancers such

as colon cancer (Chen et al. 2012).

Besides genetic deletion and mutation, it has been identified a second mechanism,

termed epigenetic alterations, potentially responsible for NPC carcinogenesis.

Role of DNA Methylation in NPC

Epigenetic and DNA Methylation

The term epigenetic designs an inheritable change in the pattern of gene expression

without a change in DNA sequence. The methylation of DNA is an important

epigenetic modification that has physiologic effects on embryogenesis, cellular

development, differentiation, senescence, and aging. Three well definite DNA

methyltransferases (DNMTs), DNMT1, DNMT3a, and DNMT3b, are responsible

for DNA methylation. These enzymes act by adding a methyl group to the carbon

5 position of a cytosine already present in the DNA strand and therefore transform

the cytosine residues to 5-methylcytosine forms (Robertson 2005). DNA

methyltransferases use S-adenosylmethionine as the methyl donor. Approximately

3–5 % of the cytosine residues in genomic DNA are of the 5-methylcytosine forms

and are principally scattered in selected regions, called CpG islands. CpG islands of

many tissue-specific genes are methylated, except in the tissue in which they are

expressed, while unmethylated CpG islands are associated with housekeeping

genes.

Nevertheless, aberrant and/or excessive DNA methylation can lead to neoplastic

transformation. Indeed, several reports have demonstrated that hypermethylation in

particular genes, namely, in TSGs, can be one of the main driving forces in

carcinogenesis. The presence of 5-methylcytosines into the promoter region of

genes prevents transcription factors from binding, by steric hindrance, and conse-

quently reduces and even inhibits gene transcription (Fig. 4).

Several studies investigating methylation profile in various tumors have shown

that the hypermethylation of a specific gene depends on tumor type (Esteller

2002). For example, hypermethylation of p14 (ARF) and APC is most prevalent

in gastric and colon cancers, whereas that of GSTP1 is characteristic of steroid-

related tumors such as the breast, liver, and prostate. Other genes, such as

37 DNA Methylation as a Biomarker in Nasopharyngeal Carcinoma 835



p16 (INK4A) and O6-methylguanine-DNA methyltransferase (MGMT), are less

exclusive and are hypermethylated across many tumor types.

Hypermethylated Genes in NPC

In primary NPC tissues, many TSGs exhibit high frequencies of methylation.

Moreover, NPC has its own unique and specific methylation profile, slightly

different to that described for other cancers. Indeed, results from numerous inves-

tigations in NPC have shown aberrant methylation at CpG islands in a growing list

of genes, including the human Ras association domain family 1A (RASSF1A);
retinoic acid receptor β2 (RARβ2); cell cycle regulator p16 (INK4A), p15
(INK4b), and p14 (ARF) genes; the DNA repair MGMT; the apoptosis-related and

potential metastasis inhibitor (DAP-kinase); and the detoxifying (GSTP1) genes
and others. These genes belong to different pathways in cells. Epigenetic inactiva-

tion of them may affect all of the molecular pathways involved in cell immortal-

ization and transformation.

Methylation-specific PCR (MSP) was the main methodology applied to access

data about DNA methylation in the promoter genes. MSP is a powerful and

sensitive technique used to detect hypermethylation based on primer annealing

during PCR. However, such a qualitative technique is only able to detect methyl-

ation present in more than one CpG in the primer set and is susceptible to false-

positive results (Cottrell 2004).

CpG island Gene

CpG island Gene

CpG island Gene

M M M M

Promoter region

Tumor-suppressor gene can
be expressed

Tumor-suppressor genes is
inactivated by mutation or
deletion

Tumor-suppressor gene is
inactivated by DNA methylation

Unmethylated CpG Methylated CpG Mutation 

Gene expression Gene silencing

M

X

Fig. 4 A mechanism for gene silencing. Different mechanisms by which tumor-suppressor

genes could be inactivated in the tumor
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The Human Ras Association Domain Family (RASSF) Genes
RASSF1, a critical tumor-suppressor gene, has been initially isolated from the lung

tumor-suppressor locus 3p21.3. RASSF1 gene encodes more than seven isoforms,

including RASSF1A, RASSF1B, and RASSF1C, which are derived from alternative

mRNA splicing and promoter usage (Van der Weyden and Adams 2007).

RASSF1A protein is involved in the Ras signaling pathway mediating the apoptotic

effects of oncogenic Ras. RASSF1A protein structure also suggests that it may

participate in the DNA damage response (Donninger et al. 2007).

RASSF1A is commonly inactivated through its promoter methylation (Dammann

et al. 2005; Chow et al. 2004). Indeed, high frequency of promoter

hypermethylation of RASSF1A has been reported in primary NPCs and varied

from 67 % to 91 % (Fendri et al. 2009; Lo et al. 2001; Challouf et al. 2012).

These data suggest that promoter hypermethylation of RASSF1A has a critical role

in NPC carcinogenesis. Interestingly, aberrant methylation of RASSF1A correlates

with lymph node metastasis in NPC (Fendri et al. 2009).

Because of its consistently frequent promoter hypermethylation in NPC and its

correlation with clinicopathological parameters of tumor aggressiveness, RASSF1
may be a useful cancer biomarker for the identification of the aggressive NPC that

may benefit from different therapeutic modalities.

Similarly, RASSF2A, an isoform of RASSF2, has been reported to be inactivated
by its promoter methylation in 61 % of NPC and correlates with lymph node

metastasis (Zhang et al. 2007).

The Retinoic Acid Receptor b2 (RARb2) Gene
Retinoids are known to possess antiproliferative, differentiative, immunomodula-

tory, and apoptosis-inducing properties. The regulation of cell growth and differ-

entiation of normal, premalignant, and malignant cells by retinoids are thought to

result from the direct and indirect effects of retinoids on gene expression. These

effects are mediated by the nuclear receptors, including retinoic acid receptor β2
(RARβ2) located at 3p24 (Mark et al. 2006).

It has been suggested that methylation of RARβ2may block or interfere with the

retinoid signaling pathways in NPC. Studies performed in primary NPC have

reported high frequency of promoter hypermethylation for RARβ2, varying from

81 % to 88 % (Kwong et al. 2002; Fendri et al. 2009). Hypermethylation of the

RARβ2 promoter has been correlated with lymph node metastasis in NPC (Fendri

et al. 2009; Challouf et al. 2012).

The p16INK4a Gene
One of the most important pathways affected in NPC is the INK4a/ARF pathway.

The INK4a/ARF locus encodes two cell cycle regulatory proteins, p16INK4a and

p14ARF, which share an exon using different reading frames. p16INK4a and p14ARF

act through the Rb-CDK4 and p53 pathways.

p16INK4a is a cyclin-dependant protein kinase 4 (CDK4), which inhibits the

ability of CDK4 to interact with cyclin D1. Loss of p16INK4a function would be
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expected to lead to uncontrolled cell growth. In NPC, loss of p16INK4a is mainly

caused by aberrant promoter methylation, whereas deletion and mutation of this

gene locus are infrequently seen (Lo et al. 1995). CpG island promoter methylation

of p16INK4a has been reported in 22–65 % of primary NPC but not in biopsies of

normal nasopharynx (Lo et al. 1996; Ayadi et al. 2008; Challouf et al. 2012). These

data suggest that p16INK4a methylation may be a potential biomarker for NPC

diagnosis. Furthermore, Chang et al. (2003) have observed moderate methylation

rate for p16INK4a (20 %) in body fluids from NPC patients. They suggested that

p16INK4a methylation detection in body fluids may have a potential application in

noninvasive screening of NPC.

The p14ARF Gene
The main known function of p14ARF is to prevent the p53 degradation through its

binding to MDM-2 which induces cell cycle arrest. Compared to p16INK4a methyl-

ation, p14ARF promoter methylation has been observed less frequently in NPC

(18 %) (Kwong et al. 2002). It has been speculated that epigenetic inactivation of

the p14ARF gene may interfere with the p53 network in a subset of NPC tumors. Due

to its low frequency of methylation in tumors, p14ARF needs to be further tested for

a potential biomarker for NPC.

The p15 INK4B Gene
The p15 INK4B gene is also an inhibitor of cyclin-dependent kinase 4, which is an

important mediator of cell cycle control, especially in a pathway stimulated by the

transforming growth factor β (TGF β) (Hannon and Beach 1994). The p15 INK4B

gene has been reported to be inactivated by promoter hypermethylation in 21 % of

primary NPCs (Kwong et al. 2002), which implied that p15INK4B gene promoter

methylation may play a role in NPC tumorigenesis.

The Death-Associated Protein Kinase (DAP-Kinase) Gene
Death-associated protein, also known as DAP-kinase, is a Ca2+-/calmodulin-depen-

dent cytoskeletal-associated protein kinase, with an apoptosis-inducing function

(Cohen et al. 1997). DAP-kinase expression may affect apoptosis and contributes to

immortalization. It is an essential mediator involved in the IFN-γ-induced
programmed cell death in HeLa cells. DAP-kinase is also involved in tumor

necrosis factor-α (TNF-α)- and Fas-induced apoptosis (Cohen et al. 1999).
Hypermethylation of DAP-kinase promoter has been initially demonstrated in

human neoplasm-derived cell lines (Kissil et al. 1997). Subsequently, several types

of cancers including NPC have also reported a repression inDAP-kinase expression
(Kong et al. 2006; Fendri et al. 2009; Kwong et al. 2002; Challouf et al. 2012).

Accordingly, high methylation frequencies have been shown in NPC for DAP-
kinase ranging from 47 % to 88 % (Fendri et al. 2009; Challouf et al. 2012). Wong

et al. (2002) have found that hypermethylation of DAP-kinase promoter occurs in

early-stage NPC carcinogenesis. Moreover, Tong et al. (2002) have observed a

significant frequency of DAP-kinase promoter methylation (50 %) in brushing

samples from NPC patients. Taken together, these data suggest that DAP-kinase
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gene methylation may be an ideal biomarker candidate for the early detection of

NPC. Similarly, Wong et al. (2002) have found a high frequency of

hypermethylated DAP-kinase promoter in the plasma of NPC patients and

suggested thatDAP-kinasemay be one of the potentially useful genes in the clinical

monitoring of residual or recurrent disease after treatment in NPC.

The O6-Methylguanine-DNA Methyltransferase (MGMT) Gene
O6-methylguanine-DNA methyltransferase (MGMT) is an important DNA repair
with the highest activity in the liver. MGMT protects cells from DNA damage
caused by mutagenic and cytotoxic agents leading to alkylation at O6-guanine

(Pegg 1990). Loss or reduced MGMT expression due to CpG island methylation

occurs in several kinds of human cancers (Esteller et al. 1999). In NPC, aberrant

promoter methylation for MGMT has been reported with frequencies ranging from

5.5 % to 15 % in primary tumor samples (Challouf et al. 2012; Kwong et al. 2002).

Interestingly, Kwong et al. (2002) have reported that MGMT methylation may be

correlated with the aggressiveness of tumor such as the development of metastasis

(Kwong et al. 2002). However, in the study performed by Challouf et al. (2012), the

authors did not find any significant relations between theMGMTmethylation status

and clinical characteristics of NPC. These observations need, however, to be

confirmed by a larger study with more NPC patients.

The Glutathione S-Transferase P1 (GSTP1) Gene
The detoxifying glutathione S-transferase P1 (GSTP1) gene protects cells from

cytotoxic and carcinogenic agents by conjugation with glutathione (Daniel 1993).

Many tumor types including prostate cancer, breast cancers, and cholangio-

carcinomas showed GSTP1 promoter hypermethylation (Esteller et al. 1998). In

NPC, methylation of GSTP1 gene occurred less frequently in only 19 % of cases

(Challouf et al. 2012). Kwong et al. (2002) have not, however, detected methylation

of GSTP1 in primary tumor samples. Based on its low frequency of methylation in

tumor tissues, the value of GSTP1 as a potential biomarker for NPC carcinogenesis

seems to be limited.

The High-in-Normal-1 (HIN-1) Gene
High in normal-1 (HIN-1) is a putative cytokine gene located at 5q35-tel. HIN-1
plays a role in the regulation of epithelial cell proliferation, differentiation, or

morphogenesis. The expression of HIN-1 is significantly downregulated in human

breast cancer and its preinvasive lesions. Loss of HIN-1 expression is caused by

DNA methylation of the promoter region (Krop et al. 2001). Methylation of HIN-1
has been also reported in NPC. Wong et al. (2003b) found HIN-1 hypermethylation

in all NPC cell lines (100 %) and in 77 % of primary NPC. Accordingly, it seems

that transcriptional silencing of HIN-1 pathway might be involved in NPC tumor-

igenesis. Wong et al. reported also high frequency of methylation in early stages

(I and II) of NPC and suggested that methylation of HIN-1 might be an early event

in NPC development (Wong et al. 2003). Moreover, they also detected methylated

HIN-1 promoter in 46 % (12 of 26) of nasopharyngeal swabs, 19 % (5 of 26) of

37 DNA Methylation as a Biomarker in Nasopharyngeal Carcinoma 839



throat-rinsing fluids, 18 % (2 of 11) of plasmas, and 46 % (5 of 11) of buffy coats of

peripheral blood of the NPC patients, but it was not detectable in all normal

controls. The authors have suggested that detection of methylated promoter DNA

in nasopharyngeal swab, throat-rinsing fluid, and peripheral blood might be poten-

tially useful as tumor marker for early detection and for screening of NPC.

Tissue Inhibitor of Metalloproteinase-3 (TIMP-3) Gene
The TIMP family has four protein members: TIMP-1, TIMP-2, TIMP-3, and TIMP-
4. TIMP-3 is a non-soluble protein that combines with the extracellular matrix. The

function of TIMP-3 is the inhibition of tumor necrosis factor-α (TNF-α)-converting
enzymes and the induction of programmed cell death through the stable cell surface

TNF-α receptor (Mannello and Gazzanelli 2001). Reduced expression of TIMP-3
by promoter hypermethylation has been reported in several types of tumors.

Furthermore, many authors suggest that hypermethylation of TIMP-3 occurs in

the early stages and tends to accumulate with the multistep tumor progression. In

NPC, TIMP-3 is less frequently methylated. Indeed, Challouf et al. (2012) found

that in 19 % of NPC cases, the TIMP-3 gene 50 CpG islands exhibited aberrant

methylation. Contrary to other cancers, in NPC, promoter hypermethylation of

TIMP-3 is only detectable in tumor tissue and not in adjacent non-tumor tissue.

As a diagnostic biomarker, the value of TIMP-3 may be limited due to its low

frequency of methylation in NPC.

Leucyl-tRNA Synthetase 2, Mitochondrial (LARS2) Gene
Leucyl-tRNA synthetase 2, mitochondrial (LARS2) gene is located at 3p21.3. It

encodes the precursor of mitochondrial leucyl-tRNA synthetase which catalyzes the

charging of tRNALeu(UUR) with leucine, an essential step in protein synthesis.

LARS2 performs essential roles in protein synthesis within the mitochondria and

is indirectly required for mitochondrial genome maintenance. Promoter

hypermethylation of LARS2 has been found in 64 % of NPC samples and in only

12.5 % of non-tumor samples (chronic nasopharyngitis) (Zhou et al. 2009). This

data indicates that DNA methylation in the promoter region of LARS2 appears to

occur at early stages of carcinogenesis and may serve as targets for the development

of a novel screening test for cancer (Zhou et al. 2009).

The Deleted in Liver Cancer-1 (DLC-1) Gene
The deleted in liver cancer-1 (DLC-1) was first isolated from human hepatocellular

carcinoma. The DLC-1 gene, located at the human chromosome region 8p22,

behaves like a tumor-suppressor gene. DLC-1 shares high sequence similarity

with Rho family proteins which play essential roles in regulating diverse biological

functions, including cytoskeletal organization, cell adhesion, and cell cycle pro-

gression (Etienne-Manneville and Hall 2002). The DLC-1 gene has been frequently
methylated in diverse tumors and cell lines (Wong et al. 2003; Kim et al. 2003).

Methylation of the DLC-1 gene is also a common event in NPC (Peng et al. 2006;

Seng et al. 2007; Feng et al. 2013). Indeed, 80–89 % of primary NPCs have showed

methylation in DLC-1 promoter (Peng et al. 2006; Seng et al. 2007), which strongly
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suggested that hypermethylation in the DLC-1 promoter might perform an impor-

tant role in the transcriptional silencing of the gene and NPC carcinogenesis.

Moreover, based on its high frequency of methylation in tumors, DLC-1 may be a

good biomarker candidate for NPC diagnosis.

Tissue Factor Pathway Inhibitor-2 (TFPI-2) Gene
Tissue factor pathway inhibitor-2 (TFPI-2) is located on chromosome 7q22 and

functions as a protease inhibitor. TFPI-2 acts in the maintenance of the stability of

the tumor environment and inhibits the growth of neoplasms. TFPI-2 is a candidate
TSG with important roles in carcinogenesis and metastasis in human cancers.

Transcriptional silencing by promoter hypermethylation of TFPI-2 has been

observed in some human cancers including NPC (Wong et al. 2007; Wang

et al. 2010). Using methylation-specific PCR and bisulfate genomic sequencing,

Wang et al. (2010) found that TFPI-2 was aberrantly methylated in 88.6 % (62/70)

of NPC primary tumors, but not in normal nasopharyngeal epithelia. The authors

suggested that epigenetic inactivation of TFPI-2 by promoter hypermethylation is

common and can be a specific marker for the diagnosis of NPC.

The Tumor Suppressor in Lung Cancer 1 (TSLC1) Gene
The tumor suppressor in lung cancer 1 (TSLC1) is reported to be a putative TSG on

11q23. The TSLC1 gene encodes an immunoglobulin superfamily cell adhesion

molecule (IgCAM), which is a membrane protein involved in cell–cell interactions

(Masuda et al. 2002). Promoter methylation and loss of expression of the TSLC1
gene have been reported in 20–60 % of cancers from the esophagus, stomach,

pancreas, nasopharynx, breast, lung, liver, and uterine cervix, as well as meningi-

omas (Murakami 2005). Moreover, clinicopathological analyses have revealed that

the inactivation of TSLC1 is likely to be involved in the biological aggressiveness of
tumors, including invasion or metastasis (Murakami 2005). Loss of TSLC1 gene

expression by promoter hypermethylation has been also found in 34.2–68 % of

primary NPC (Hui et al. 2003; Zhou et al. 2005). No aberrant promoter methylation

was, however, found in any of the investigated normal nasopharyngeal epithelia

(Hui et al. 2003; Zhou et al. 2005). Lung et al. (2004) reported that the TSLC1
promoter region is hypermethylated in all NPC cell lines and re-expression of the

gene occurs in HONE1 cells after 5-aza-20-deoxycytidine treatment. Results from

fine deletion mapping in 11q22–23 regions and the high inactivation rate of TSLC1
gave sufficient evidence to consider TSLC1 as a potential biomarker strongly

implicated in NPC development (Lung et al. 2004; Hui et al. 2003).

The Human Disabled-2 (DAB2) Gene
Human disabled-2 (DAB2) plays an important regulatory role in cellular differen-

tiation. DAB2 functions also as a negative regulator of canonical Wnt signaling by

stabilized beta-catenin degradation complex (Hocevar et al. 2003). Downregulation

of DAB2 has been reported in several cancer types. Although some studies have

suggested that DNA methylation of DAB2 is infrequent, Tong et al. (2010) found

promoter methylation of DAB2 in 65.2 % (30/46) of primary NPC. Being high
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methylated, Tong et al. (2010) hypothesized that DAB2 might be a tumor-

suppressor gene strongly implicated in NPC carcinogenesis.

The Deleted in Lung and Esophageal Cancer 1 (DLEC1) Gene
Deleted in lung and esophageal cancer 1 (DLEC1) is located at 3p22.2. DLEC1 is

identified as a candidate tumor-suppressor gene in lung, esophageal, and renal

cancers. Downregulation by promoter methylation of DLEC1 has been reported

in various types of tumors. In NPC, hypermethylation of the promoter of DLEC1
has been observed in 71–86 % of cases (Kwong et al. 2007; Ayadi et al. 2008).

Methylation of DLEC1 promoter has been also detected in NPC cell lines and

xenografts but not in normal nasopharyngeal epithelial cells. Moreover, it has been

demonstrated that treatment of NPC cell lines with demethylating agent or histone

deacetylase inhibitor reversed the methylation and restored DLEC1 expression.

Re-expression of DLEC1 suppressed the growth and reduced the invasiveness of

NPC cells. Taken together, these data strongly suggest that silencing of DLEC1
expression by promoter hypermethylation can be a biomarker for NPC diagnosis or

prevention.

The BLU Gene
The BLU gene is a candidate tumor-suppressor gene, located at the commonly

deleted region 3p21.3. BLU gene is an E2F-regulated, stress-responsive gene (Qiu

et al. 2004). BLU gene is inactivated by both epigenetic and genetic mechanisms in

carcinomas (Qiu et al. 2004; Agathanggelou et al. 2003). In NPC, methylation-

specific PCR analysis revealed that the BLU promoter was highly methylated in

34–74 % of primary NPC (Ayadi et al. 2008; Liu et al. 2003) and in 80 % of

nasopharyngeal tumor cell lines (Agathanggelou et al. 2003) but not detected in

normal nasopharyngeal tissues. The high incidence of BLU alterations suggests that

it may be one of the critical tumor-suppressor genes on chromosome 3p21.3

involved in the development of NPC.

The Epithelial (E)-Cadherin (CDH1) Gene
Cadherins are a family of transmembrane glycoproteins, which mediates Ca2+-

dependent intercellular adhesion. Epithelial (E)-cadherin (CDH1) is an important

member of this family, which is expressed predominantly on the surface of epithe-

lial cells. The CDH1 gene acts as an invasion-/metastasis-suppressor gene (Van

Roy and Berx 2008). CDH1 has also a role in organogenesis and morphogenesis

(Takeichi 1991). In humans, the CDH1 gene is considered a tumor suppressor and is

located on chromosome 16q22.1. CDH1 is frequently inactivated by genetic alter-

ations, such as loss of heterozygosity (LOH) and mutations, and also by epigenetic

changes (Strathdee 2002). In NPC, hypermethylation of CDH1 was found in 11–79
% of patient samples (Challouf et al. 2012; Ayadi et al. 2008). It is noteworthy that

hypermethylation of CDH1 was more frequently detected in advanced stages

compared to those in early stages of NPC (Niemhom et al. 2008) and was tightly

associated with tumor invasion and lymph node metastasis (Li et al. 2004; Ayadi

et al. 2008). These data suggested that CDH1 methylation might be a useful
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biomarker to assess progression and for the identification of the aggressive NPC.

Interestingly, several studies have reported a relation between downregulation of

CDH1 expression and the presence of EBV, the principal etiological factor, in NPC
(Krishna et al. 2005; Niemhom et al. 2008). Ran et al. (2011) found high methyl-

ation frequency of CDH1 in NPC clinical specimens (65 %) and in peripheral blood

(45 %) of NPC patients and suggest the potential clinical application of CDH1 as an
early diagnostic or predictive marker.

The Stratifin (SFN/14-3-3 Sigma) Gene
The p53-regulated gene 14-3-3 sigma is a putative tumor-suppressor gene involved

in cell cycle regulation and apoptosis following DNA damage. 14-3-3 sigma
undergoes frequent epigenetic silencing in several types of cancer, including

carcinoma of the breast, prostate, and skin, suggesting that the loss of 14-3-3
sigma expression may be causally involved in tumor progression (Lodygin and

Hermeking 2005). Similarly, 14-3-3 sigma promoter methylation occurred at a

higher frequency in NPC, 84 % compared to adjacent noncancerous nasopharyn-

geal epithelial tissue. In addition, Yi et al. (2009) showed a significant correlation

between DNA methylation of the 14-3-3 sigma gene and advanced clinical stage,

lymph node involvement, and distant metastasis in NPC.

Summary and Future Perspectives

Aberrant methylation of tumor-related genes is a common event in NPC.Methylation

of genes occurs not only in advanced tumor stages, but it is a frequent and early event.

Moreover, the frequency of aberrant promoter methylation increases during the

progression from precancerous lesion to NPC. Promoter methylation of different

kinds of tumor-suppressor genes including RASSF1A, RARbβ-2, p16, or DAP-kinase
has been demonstrated in body fluids from patients with NPC. Therefore, epigenetic

changes in preneoplastic or early neoplastic stages may serve as indicator or “bio-

marker” for screening of individuals with an increased risk for NPC.

Potential Application to Prognosis and Other Diseases or
Conditions

It was demonstrated that re-expression of tumor-suppressor genes that are epige-

netically silenced is possible by using demethylating and histone-modifying agents.

In the next years, this might be a possible therapeutic approach, but the used

therapeutic agents that influence DNA hypermethylation are toxic and lead to

genome-wide alteration of the methylation pattern with the possibility of activating

oncogenes or imprinted genes. Another possible aspect of chemotherapy might be

to modulate the epigenetically involved pathways by using small molecules that are

more specific. But further investigations in clinical trials are needed to prove and

integrate epigenetic pathway-modulating agents.
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Summary Points

• Nasopharyngeal carcinoma (NPC) is a highly invasive and metastatic malignant

tumor with remarkable geographic distribution.

• The undifferentiated carcinoma is the major histopathological type of NPC.

• A number of etiological environmental factors, especially the Epstein–Barr

virus, along with genetic/host factors might be responsible for the causation

of NPC.

• NPC exhibits numerous genetic abnormalities, namely, chromosomal deletions,

gene amplifications, and mutations.

• The methylation of DNA is an important epigenetic modification in NPC

mediated by three well definite DNA methyltransferases (DNMT), DNMT1,

DNMT3a, and DMNT3b.

• NPCs have shown aberrant methylation at CpG islands in a growing list of

genes, those belonging to different pathways in cells.

• Promoter methylation of different kinds of tumor-suppressor genes including

RASSF1A, p16, and DAP-kinase has been demonstrated in body fluids from

patients with NPC and then may serve as biomarker for screening of individuals

with an increased risk for NPC.
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Abstract

Nasopharyngeal carcinoma is often diagnosed only after the disease has reached

late stages and the prognosis is poor. However, when detected early, the disease

is highly survivable. This review surveys molecular biomarker studies that aim

to identify early, presymptomatic disease, to predict response to treatment, to

indicate prognosis, to identify tumor stage, and to monitor disease progression.

Blood transcriptomic studies represent a new frontier in the molecular diagnos-

tics of nasopharyngeal carcinoma.
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Key Facts

Key Facts of Nasopharyngeal Carcinoma (NPC)

• NPC is a cancer arising in the nasopharyngeal epithelial lining, where the back

of the nose meets the throat.

• NPC is a carcinoma predominantly found in southern China, Southeast Asia, and

North Africa.

• Southern China has the highest incidence of NPC worldwide; in Hong Kong, for

example, NPC affects approximately 20–30 per 100,000 men and 15–20 per

100,000 women.

• NPC is caused by a number of factors including EBV infection, genetic suscep-

tibility, ethnic background, and environmental carcinogens.

• The diagnosis of NPC is usually done by computed tomography (CT), magnetic

resonance imaging (MRI), and nasopharyngoscopy.

• Symptoms of NPC are nonspecific, and most NPC cases present at late stages,

limiting the patient’s chance for full recovery.

• Survival rates are high, between 80 % and 95 %, if NPC is detected in the early

stages (stages I and II).

• The standard treatment options for NPC are radiotherapy, chemotherapy, and

surgery.

Key Facts of Epstein-Barr Virus (EBV)

• Epstein-Barr virus (EBV), a virus from the herpes family, is also known as

human herpesvirus 4 (HHV-4).

• EBV is divided into two major types, EBV type 1 and EBV type 2. Both subtypes

have different EBNA-3 genes and differ in their transformation capabilities and

reactivation abilities.

• EBV is associated with several diseases and cancers, such as Hodgkin’s lym-

phoma, Burkitt’s lymphoma, nasopharyngeal carcinoma, and conditions associ-

ated with human immunodeficiency virus (HIV).

• EBV is able to affect a number of different cell types (viral tropism) such as

B-cells, epithelial cells, T-cells, and smooth muscle cells.

• Most people become infected with EBV and gain adaptive immunity. EBV

infects B-cells in the immune system, and once EBV infection is brought

under control, it will be present in an individual’s B-cells for life.

• EBV has two independent systems for replicating their genomes. The first

system employs an active or “lytic” DNA replication system similar to other

viruses in the herpesvirus family. The second system is EBV’s own system of

replication that operates during latent stages of infection to allow circular EBV

genomes to be duplicated during cell division.
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Key Facts of the Sentinel Principle®

• The Sentinel Principle® was developed by the cofounder and Chief Scientist of

GeneNews Limited, Professor C.C. Liew.

• The Sentinel Principle® aims to identify biomarkers of body state using blood

transcriptome.

• A biomarker is a measurable molecular, biochemical, or cellular characteristic

that indicates the presence or state of a disease.

• Biomarkers are also used to predict the risk of an individual having a specific

disease, predict the outcome of a disease, monitor the effects of treatments or

disease recurrence, and provide information on accidental exposure to a poten-

tial environmental hazard.

• As blood circulates in the body, there are interactions between blood cells and

the body’s cells. Subtle changes in blood RNA reflect a disease or injury

anywhere in the body. Disease-specific blood RNA biomarkers can be developed

by measuring and identifying these subtle changes (Fig. 1).

• Blood RNA biomarkers can be a convenient, minimally invasive

alternative to tissue biopsy for determining the diagnosis and prognosis of

diseases.

Fig. 1 The Sentinel Principle®. Many factors, including injury or disease, cause subtle changes

in gene expression in the blood. The Sentinel Principle® uses the basis that these changes can

reflect the body’s current state of health to identify blood RNA biomarkers
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Definitions of Words and Terms

Transcriptome A collection of all RNA/transcript molecules (mRNA, rRNA,

tRNA, noncoding RNA) in a given cell. RNA molecules are called transcripts

because they are transcribed from DNA that contains the instructions to perform

a particular function.

Pharmacogenomics Many genes affect a person’s response to a drug, due to

genetic variations. Pharmacogenomics is a branch of science that studies the entire

genetic makeup of a person and how it may affect drug response.

CpG Site A section of DNA where a cytosine (C) nucleotide occurs next to a

guanine (G) nucleotide, separated by one phosphate (p) in the linear DNA

sequence.

DNA Methylation The process of adding a methyl group to the cytosine or

adenine DNA nucleotides, usually occurring at CpG sites. DNA methylation alters

gene expression without changing the genetic sequence.

Polymorphism The occurrence of two or more different types or characteristics in

organisms of the same species. The differences are caused by a sequence variant

that is present in a particular population.

Apoptosis Programmed cell death.

Prognosis The predicted likelihood of a patient’s recovery from a disease.

Oncogene A gene that promotes uncontrolled cell growth, which may develop into

cancer.

Tumor Suppressor Gene (TSG) A tumor suppressor gene is the opposite of an

oncogene. It is a cell growth regulating gene. In its normal form, a TSG inhibits the

growth of tumors. However, when mutated, cells grow uncontrolled and may

progress to cancer.

Genome-Wide Association Study (GWAS) A study that rapidly scans markers

across the complete genome of a large population of people to find common genetic

variations associated with a particular disease or trait.

Angiogenesis The process of creating new blood vessels. The formation of new

tissues requires angiogenesis.
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Sentinel Principle® A novel approach, first proposed by Professor C. C. Liew, to

identify biomarkers using blood. The Sentinel Principle® is based on the scientific

observation that circulating blood reflects, in a detectable way, what is occurring

throughout the body.

Introduction

Nasopharyngeal carcinoma (NPC) is a cancer arising in the nasopharyngeal epi-

thelial lining, where the back of the nose meets the throat. NPC is a major

carcinoma in southern China (e.g., in Guangdong and Hong Kong), Southeast

Asia, and North Africa. The highest incidence worldwide occurs in southeast

China; in Hong Kong, for example, NPC affects approximately 20–30 per

100,000 men and 15–20 per 100,000 women (Ferlay et al. 2010). In Malaysia,

NPC is the third most common cancer in men (after colon cancer and lung cancer),

with an incidence of per 100,000 in Chinese males in Malaysia (National Cancer

Registry 2006).

NPC is closely associated with the Epstein-Barr virus (EBV), which infects

epithelial cells of the nasopharynx. EBV is a herpesvirus that is transmitted by

saliva and carried by 90 % of the population worldwide (Wei and Sham 2005).

Genetic susceptibility, ethnic background, and environmental carcinogens are

known to play important roles in the etiology of NPC. Consumption of salted fish

containing nitrosamines is also a well-established etiological factor for NPC in

adults (Chang and Adami 2006).

Because the nasopharynx is difficult to access and because early NPC has

minimal or nonspecific symptoms, NPC diagnosis is often only carried out when

the disease has reached late stages. The symptoms of NPC include neck mass, nasal

and aural dysfunction, and headaches. The usual metastatic sites are the bone

and lung.

Primary NPC is very sensitive to radiotherapy and chemotherapy. Earlier

stages I and II NPC are readily treated, and patients have excellent survival rates

of 80–95 % with radiotherapy alone (Caponigro et al. 2010). Patients with NPC

at stages III and IV have reported 3-year survival rates of 70–80 % with

chemoradiotherapy (Wee et al. 2005; Al-Sarraf et al. 1998). Relapse, however, is

common, and the prognosis for recurrent disease is poor, with a median survival

time of less than 1 year (Caponigro et al. 2010). Diagnosis of NPC is by computed

tomography (CT), magnetic resonance imaging (MRI) scan of the head and neck,

and nasopharyngoscopy to locate the primary tumor. A biopsy of enlarged lymph

nodes or the primary tumor is then performed to confirm the diagnosis. There

are three types of NPC: undifferentiated carcinoma, keratinizing squamous cell

carcinoma, and nonkeratinizing differentiated carcinoma.

Biomarkers for early stage NPC would provide a useful adjunct to current

diagnostic methods. Such biomarkers could help improve the prognosis for patients

with NPC by providing early disease detection and treatment guidance. A conve-

nient, cost-effective screening technology for the disease would benefit the
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population at risk for developing NPC and stimulate NPC prevention awareness,

especially in high-risk areas, such as in southern China, Southeast Asia, and North

Africa. Advances in genetics, genomics, proteomics, and bioinformatics have led to

the identification of many potential biomarkers for NPC in recent years. In this

chapter we review biomarkers for NPC, with particular emphasis on the use of the

whole blood transcriptome.

DNA Biomarkers

More than 90 % of the world’s adult population is infected with EBV (Wee

et al. 2005; Maeda et al. 2009). In most cases, the virus remains latent in lympho-

cytes; however, once active, EBV may lead to EBV-related diseases such as

nasopharyngeal cancer, Hodgkin’s disease, and certain lymphomas. EBV DNA

can be detected in tissues from tumors of most patients with NPC. EBV DNA from

NPC tumors can also be detected in patient plasma and serum, which enables the

use of EBV DNA as a potential diagnostic biomarker.

Quantitative plasma EBV DNA, detected using polymerase chain reaction

(PCR), is a relatively inexpensive, noninvasive, and convenient test and has long

been accepted as a prognostic marker for NPC. EBV DNA is currently used for

tumor growth staging, prediction of prognosis, and posttreatment monitoring. More

recently, EBV DNA has been assessed as a screening tool for NPC (Chan

et al. 2013; Lo et al. 1999; Le et al. 2005, 2013).

Highly significant differences have been found when EBV DNA levels are

measured in NPC and non-NPC groups. Using a real-time PCR, Lo and colleagues

found EBV DNA in the plasma of 96 % of NPC patients and only 7 % of healthy

controls (Lo et al. 1999). EBV DNA concentration can also be linearly correlated

with NPC tumor load, providing information on disease staging (Lo et al. 1999).

Primer/probe sets used for real-time quantitative PCR are commonly from the

BamHI-W region, which occurs 8–11 times in the EBV genome (Lo et al. 1999;

Le et al. 2013). Other single-copy EBV genes used include Epstein-Barr nuclear

antigen-1 (EBNA-1), latent membrane protein 2 (LMP2), and DNA polymerase

alpha catalytic subunit A (POL1) (Le et al. 2005). Different laboratories, however,

have not been able to reproduce similar sensitivity and specificity values for the

quantitative plasma/serum EBV DNA test. One possible reason for this failure is

that DNA may be liberated during blood clotting, suggesting that important infor-

mation may be lost if serum DNA is used (Lo et al. 1999). EBV DNA can also be

detected in other EBV-linked diseases, reducing the specificity to NPC of the EBV

DNA test.

Many studies have also investigated single nucleotide polymorphisms (SNPs) as

inherited susceptibility biomarkers for NPC. An SNP, the most common type of

genetic variation, is a DNA sequence variation of a single nucleotide. Although

most SNPs are common and harmless, some SNPs are located within a gene or a

gene’s regulatory region, which may cause gene expression to be affected, leading

to disease.
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Three recent genome-wide association studies (GWASs) have investigated

genetic polymorphisms and NPC risk (Bei et al. 2010; Tse et al. 2009; Ng

et al. 2009). All of these studies report that genes associated with NPC are located

within the major histocompatibility complex (MHC) region on chromosome 6p21.

This region includes human leukocyte antigen (HLA) genes, many of which are

immune-related genes that differentiate foreign, possibly harmful peptides from the

body’s own peptides. A number of investigators since the 1970s have suggested that

HLA genes, which are categorized into class I, class II, and class III, are associated

with the etiology of NPC. The largest GWAS-NPC study to date, reported by Bei

and colleagues, used more than 400,000 autosomal SNPs in 1,583 NPC cases and

1,894 controls in the discovery phase (Bei et al. 2010). All of the subjects were of

southern Chinese descent, from China and Singapore. The study identified seven

SNPs that were significant: rs2860580, rs2894207, and rs28421666, corresponding

to the HLA-A, HLA-B/C, and HLA-DQ/DR loci on chromosome 6p21; rs9510787

and rs1572072, corresponding to the TNFRSF19 locus; rs6774494 (MDS1-EVI1);

and rs1412829 (CDNK2A/2B) (Bei et al. 2010). The HLA-A*1101 allele was

found to have a strong association with a reduced risk for NPC, as reported in

other studies (Bei et al. 2010; Tse et al. 2009; Hildesheim et al. 2002). Both

TNFRSF19 and MDS1-EVI1 are linked to pathways involved in EBV-related

NPC tumorigenesis (Bei et al. 2010). The CDKN2A/CDKN2B gene cluster is

deleted in about 40 % of primary NPC tumors, which suggests that these genes

may function as tumor suppressor genes for NPC (Bei et al. 2010).

A much smaller GWAS carried out in Taiwan confirmed previous findings on

the association of HLA genes with NPC (Tse et al. 2009). This study also reported

an association with NPC of two additional genes, gamma-aminobutyric acid B

receptor 1 (GABBR1) and HLA complex group 9 (HCG9). Another recent small

GWAS from Malaysia (111 NPC cases and 260 controls, all of Chinese descent)

reported an association between integrin alpha 9 (ITGA9) and NPC

(Ng et al. 2009). Of note, Bei and colleagues in the large study reported above

did not observe any association with NPC within the ITGA9 locus (Bei et al. 2010).

Consumption of salted fish containing nitrosamines is one of the factors identi-

fied in the etiology of NPC (Chang and Adami 2006). A study by Tiwawech

et al. (2006) suggests that polymorphisms of the nitrosamine metabolizing gene,

human cytochrome P450 2A6 (CYP2A6), may serve as molecular biomarkers for

NPC in high-risk populations whose diet is high in salted fish. CYP2A6 is also

known to play a role in the metabolism of nicotine in tobacco smoke (Tiwawech

et al. 2006). Six genotypes of the CYP2A6 were identified to have significantly

different frequencies in NPC patients as compared with healthy controls (Tiwawech

et al. 2006). These results suggest that CYP2A6 polymorphisms may be associated

with NPC susceptibility. An increased risk of NPC was also reported in association

with a variant form of another cytochrome P450 gene, cytochrome P450, family

2, subfamily E, polypeptide 1 (CYP2E1) (Hildesheim et al. 1995, 1997). Similar to

CYP2A6, CYP2E1 is also a nitrosamine metabolizing gene.

A major problem with GWAS is the lack of studies with a large enough sample

size for adequate power. GWAS of the same disease or disorder frequently shows
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inconsistent results, most likely because of small sample sizes of less than a

thousand. In addition, GWAS in NPC often do not involve non-Chinese subjects.

In order to overcome these problems, pooled or joint studies are usually required.

Methylation (Epigenetics)

DNA methylation is an epigenetic alteration that does not involve the changes of

the nucleotide sequence characteristic of genetic mutation. In DNA methylation, a

methyl group is added to the cytosine or adenine DNA nucleotides by enzymatic

transfer, stably altering gene expression in cells. DNA methylation occurs either as

hypermethylation (an increase in methylation of cytosine or adenine nucleotides in

DNA relative to their normal counterparts) or hypomethylation (a decrease in

methylation of cytosine or adenine nucleotides in DNA relative to their normal

counterparts). Methylation often occurs at the CpG island site, so named because it

is a short region of high guanine-cytosine (G-C) content and is usually not meth-

ylated. The transfer of the methyl group in DNA methylation is performed by DNA

methyltransferases. In mammals, DNA methyltransferases mainly target CpG sites,

but DNA methylation can still occur at other parts of the DNA (Robertson 2005).

DNA methylation of certain genes and sites has been linked to carcinogenesis and

to nonmalignant diseases, such as Beckwith-Wiedemann syndrome, Angelman

syndrome, and fragile X syndrome (Ambinder et al. 1999).

A CpG island site on a tumor suppressor gene (TSG) that is usually

hypomethylated can become hypermethylated and will silence this TSG, thereby

preventing transcription of the gene and promoting tumor growth and cancer.

Conversely, a usually hypermethylated repeat-rich heterochromatin can become

hypomethylated, leading to genomic instability, a characteristic that is often

observed in tumor cells (Ambinder et al. 1999). For example, a frequent genomic

instability in tumors involves the rearrangement of the large block of

pericentromeric heterochromatin on chromosome 1 (Ambinder et al. 1999). In

both instances, hypermethylation and hypomethylation may lead to the onset of

cancer.

In NPC, CpG island site methylation is known to promote tumorigenesis by

inducing the silencing of TSGs and EBV immunodominant antigens, such as

EBNA2, EBNA3A, EBNA3B, and EBNA3c, and also suppressing the oncoprotein

LMP1 (latent membrane protein 1), which is involved in EBV latency (Laird 2003).

Kwong and colleagues analyzed abnormal promoter hypermethylation in CpG sites of

eight known cancer-related genes: Ras association domain family 1A (RASSF1A),

retinoic acid receptor β-2 (RARβ2), death-associated protein kinase (DAP-kinase),

cyclin-dependent kinase inhibitor 2A (CDKN2A/p16), cyclin-dependent kinase

inhibitor 2B (CDKN2B/p15), product of CDKN2A beta transcript (ARF/p14),

O6-methylguanine-DNA methyltransferase (MGMT), and glutathione S-transferase

pi 1 (GSTP1) (Kwong et al. 2002). Some of the genes had promoter hypermethylation

in high proportions of NPC samples, including 84 % of RASSF1A, 80 % of RARβ2,
76 % of DAP-kinase, and 46 % of p16 (Kwong et al. 2002). None of the CpG sites of
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these genes were methylated in the controls. Epigenetic changes caused by DNA

methylationmay influence their related cellular pathways, including the Ras signaling

pathway, the retinoid signaling pathway, the metastasis-related process, cell cycle,

p53 network, and DNA repair in NPC (Kwong et al. 2002). This finding suggests that

these genes may be involved in NPC tumorigenesis and that they could possibly be

used as targets for NPC biomarkers. Methylation of some of these genes is also linked

to other cancers, such as RASSF1A in lung and breast cancers and the tumor

suppressor CDKN2A/p16 in melanoma and pancreatic adenocarcinoma (Dammann

et al. 2001; Agathanggelou et al. 2001; Kamb et al. 1994; Caldas et al. 1994).

Epigenetic alterations other than DNA methylation that may be linked to cancer

include histone modification and chromatin remodeling. The silencing in NPC cells

of the osteoprotegerin (OPG) gene, a member of the tumor necrosis factor receptor

(TNFR) superfamily, was proven to be caused by both DNA methylation and

histone modifications (Lu et al. 2009). Epigenetic alterations such as these often

silence tumor suppressor genes, leading to tumor development.

It is possible to compare amounts of DNA methylation with absolute reference

points, such as completely unmethylated or completely methylated DNA (Robert-

son 2005). Such DNA methylation profiling of particular regions, such as CpG

sites, can identify useful molecular biomarkers for NPC. DNA methylation tests

have been used to screen for diseases. These include the blood-based DNA screen-

ing test for colorectal cancer ColoVantage, which detects methylated septin

9 (SEPT9), and the methylation analysis of the promoter region of the small nuclear

ribonucleoprotein polypeptide N gene (SNRPN) for Angelman syndrome (Quest

2013; White et al. 2006). There is as yet no known DNA methylation test for NPC.

MicroRNAs

MicroRNAs (miRNAs) are a class of short (20–22 nucleotides), noncoding

ribonucleic acids (RNAs). miRNAs form imperfect pairing with messenger RNAs

(mRNAs), affecting the regulation of their expression. miRNAs play important

roles in many biological processes posttranscriptionally, including cell develop-

ment, differentiation, proliferation, and apoptosis (Ambros 2004). Approximately

50 % of miRNAs are located in cancer-associated genome regions and have been

linked to the onset of cancer and reported as potential cancer biomarkers (Calin and

Croce 2006; Iorio et al. 2005; Murakami et al. 2006).

The location of miRNAs is found to affect function. miRNAs in sections of

chromosomes that are deleted in cancers usually function as tumor suppressors,

whereas those in genomic regions amplified in cancers function as oncogenes and

block apoptosis (Calin and Croce 2006). In NPC tissues, miRNAs are expressed

differently than they are expressed in normal epithelial tissue and function as

oncogenes to promote an aggressive tumor phenotype. The miRNA mir-29c targets
mRNAs that are usually translated into proteins linked to cell migration and

metastasis (Sengupta et al. 2008). mir-29c has been found to be downregulated in

NPC, leading to an increase in those proteins that may cause NPC cells to
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proliferate and spread (Sengupta et al. 2008). Other potential miRNA biomarkers

for NPC include miR-17-92 cluster, miR-155, miR-301, miR-219, miR-34 family,

miR-143, and miR-145 (Calin and Croce 2006; Chen et al. 2009). These miRNAs

were reported either to downregulate TSGs or to cause an overexpression of

oncogenes, which will lead to low apoptosis, high tumor cell proliferation, and

even metastasis. A recent study reported that a signature of five miRNAs (miRNAs

not disclosed) is able to stratify the scores of an individual’s risk of NPC and to

provide prognostic information (Liu et al. 2012). However, the clinical utility of the

signature remains unclear, as miRNA biomarkers for NPC have not yet been

introduced onto the market.

miRNA biomarkers have been reported for a number of diseases, including lung

cancer, and for several clinical applications, such as to identify the primary origin of

cancers with uncertain or unknown origins (Rosetta Genomics 2013).

Proteins

Advances in proteomics using surface-enhanced laser desorption and ionization-

time-of-flight mass spectrometry (SELDI-TOF-MS), also known as protein chip

profiling, allow for high-throughput and rapid analysis of a large number of proteins

in a single study. Protein expression reflects the current biological state of the body;

thus, proteins have been intensively studied as a potential source of diagnostic

biomarkers. An increased understanding of the structure and function of the pro-

teins involved in pathogenesis will also help develop potential disease treatments.

Potential protein biomarkers for the diagnosis and posttreatment surveillance of

NPC include annexin A1, stathmin, amyloid A, fibronectin, Mac-2 Bp, PAI-1,

ceruloplasmin, cytokeratin 19 (CK19), Erb3-binding protein (EBP1), and Rho

GDP dissociation inhibitor beta (Rho-GDI-2) (Wu et al. 2005; Doustjalali

et al. 2006; Li et al. 2008; Cho et al. 2004). Some proteins, however, such as

stathmin and annexin A1, are not specific to NPC, which limits their utility as

biomarkers. Currently, many putative protein biomarkers for NPC have been

reported only by single laboratories, and studies have not been repeated.

NPC patients have higher levels of serum EBV antibodies than do healthy

individuals, and circulating EBV antibodies are currently used as NPC tumor

markers. Immunoglobulin A (IgA) serology for the EBV viral capsid antigen

(VCA) is measured by enzyme-linked immunosorbent assay (ELISA) (Chan

et al. 2013; Cho et al. 2004). The sensitivity of the IgA-VCA test is 89 %, but the

test has a high false-positive rate of more than 50 % (Tsang et al. 2004). A recent

study found that plasma EBV DNA analysis was more sensitive than IgA-VCA

analysis in detecting early NPC (Chan et al. 2013). Thus, it may be beneficial to

combine several tests for NPC screening. Based on a multi-analyte profiling study

using Luminex’s xMAP Technology, Gu and colleagues found that IgA and

immunoglobulin G (IgG) antibodies against the protein gp78 (tumor autocrine

motility factor receptor) have the ability to differentiate NPC from healthy controls

(Gu et al. 2009). A SELDI-TOF-MS study, with a sample size of 168 patients, also
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identified a protein diagnostic pattern consisting of four peaks that is able to

distinguish NPC from non-NPC, with a sensitivity and specificity of more than

90 % (Wei et al. 2008).

Messenger RNA (mRNA)

Transcriptomics, or gene expression profiling, studies all transcripts in a particular

cell at a particular time. Recent advances in microarray technologies, RNA-seq,

high-throughput real-time PCR, and bioinformatics have provided researchers with

the opportunity to measure the expression levels of large numbers of genes,

simultaneously. Unlike genetic DNA testing, which involves both coding and

noncoding materials (which may introduce false information into the results),

mRNA markers involve mainly a protein-coding material and are not affected by

noncoding “noise.” mRNA biomarkers are dynamic, providing information as to

the current state of the health and disease of the body, rather than being limited to

indicating a predisposition for inherited disease. Today, most mRNA biomarkers

are obtained from biopsy tissue, although the use of blood is becoming increasingly

common.

Fendri et al. reported the potential use as a prognostic NPC biomarker of B-cell

leukemia/lymphoma 2 (BCL2) mRNA, isolated from NPC tissues (Fendri

et al. 2010). The BCL2 family of proteins are key regulators that control apoptosis.

BCL2 is a proto-oncogene that prevents cell death leading to carcinogenesis

(Katsumata et al. 1992). A few studies have also suggested that increased BCL2

and BCL2-like 12 (BCL2L12) mRNA levels may be able to predict treatment

response in several cancers, including lung cancer and breast cancer (Fendri

et al. 2011; Reed 2003; Thomodaki and Scorilas 2006).

Another study reported that high expression levels of matrix metalloproteinase

9 (MMP9) mRNA may be an unfavorable prognostic factor for patients with NPC

(Liu et al. 2010). The authors suggest that MMP9 degrades the extracellular matrix,

inducing angiogenesis and enhancing local cell invasion and metastasis (Liu

et al. 2010). The overall survival time of NPC patients is inversely correlated to

MMP9 expression values (Liu et al. 2010). Overexpression of MMP9 has also been

linked to other invasive and metastatic cancers, including breast cancer, colorectal

cancer, and gastric carcinoma (Provatopoulou et al. 2009; Bendaraf et al. 2010;

Zhao et al. 2008). Other mRNA biomarkers for NPC that have been reported

include latent membrane protein LMP1, EBV latent membrane protein LMP2A,

and EBV oncogene BARF1 (Kong et al. 2010; Stevens et al. 2006).

Blood Transcriptome

Blood circulates throughout the entire body, and bioinformation regarding the

current state of health or disease of an organism is conveyed in the blood through

interactions between circulating blood cells and the body’s cells, tissues, and organs.
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According to the Sentinel Principle®, blood cells act as “sentinels” that can indicate

the status of health or disease anywhere in the body (Liew 1999). Furthermore, since

blood samples can be obtained readily and with little discomfort to patients,

biomarkers derived from blood RNA provide an alternative to tissue biopsy for

the diagnosis and prognosis of disease.

Thus, the gene expression pattern of the blood cells is a valuable resource for

biomarker identification and pharmacogenomics. With the completion of the full

human genome sequence, many groups have utilized whole genome information

and technologies developed to profile the whole blood transcriptome. Expression

profiling in peripheral blood cells is able to assess environmental exposures or

evaluate the host response to different forms of environmental exposures (Lampe

et al. 2004). Peripheral blood cells display disease-specific gene expression signa-

tures that could be correlated to clinically relevant patient subgroups, for example,

response to treatment and prognosis in hematologic malignancies (Ebert and Golub

2004). Blood mRNA expression profiles can also identify a variety of

non-hematologic disorders, such as heart failure (Van Buren et al. 2011), cancer

(Marshall et al. 2010; Osman et al. 2006; Liong et al. 2012; Twine et al. 2003; Baine

et al. 2011), inflammatory bowel disease (Burakoff et al. 2010, 2011), psychiatric

disorders (Tsuang et al. 2005; Glatt et al. 2005, 2011; Kong et al. 2012), and

autoimmune diseases (Maas et al. 2002; Aune et al. 2003). In these studies, blood

cells are not necessarily involved in pathogenesis but rather signal disease changes.

The Sentinel Principle® approach has been applied in NPC. In 2012, Zaatar

et al. reported the first study to develop a blood transcriptomic pharmacogenomics

approach to guide treatment for NPC (Zaatar et al. 2012). The methodology of the

study is summarized in Fig. 2. In this study, RNA isolated from peripheral whole

blood samples was used to identify a blood-based gene expression signature that

differentiated NPC from other medical conditions and from healthy controls, as

well as to identify a biomarker signature that correlates with NPC patient response

to treatment. A blood-based gene expression signature for early stage cancer could

form the basis of a clinically useful blood test for the early diagnosis and screening

of NPC. Treatment regimens can also be planned as the gene expression signature

distinguishes NPC patients who are more likely to experience complete response to

treatment from those who can expect partial response to treatment.

In the study, Affymetrix U133 Plus 2.0 GeneChip oligonucleotide arrays

(Affymetrix, California, USA) were used to analyze 66 NPC samples and 33 healthy

controls. Another 447 expression profiles of samples with other cancers and dis-

eases were included to ensure that the gene signature obtained was specific to NPC

alone. These included bladder cancer, breast cancer, prostate cancer, Crohn’s

disease, cardiovascular disease, and several other cancers and diseases. Using a

multivariate logistic regression analysis, 121 candidates of gene combinations that

were able to differentiate NPC samples from controls and other diseases were

shortlisted. Only the most discriminative gene combinations were retained.

The final gene panel identified was able to distinguish NPC from non-NPC and

consisted of three primary genes – low-density lipoprotein receptor adaptor protein

1 (LDLRAP1), PHD finger protein 20 (PHF20), and cisplatin resistant-associated
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overexpressed protein (LUC7L3, also known as CROP) – and their associated

suppressor genes, enhancer of zeste homologue 1 (Drosophila) (EZH1),

interferon-induced protein 35 (IFI35), and ubiquinol-cytochrome c reductase

hinge protein (UQCRH). The cluster diagram in Fig. 3 is based on a combination

of these three primary genes with three secondary suppressor genes and shows that,

to a large extent, the NPC samples stand apart from the controls, which are

dispersed throughout the group of samples with other diseases (Zaatar

et al. 2012). This final gene panel was tested using a quantitative real-time PCR,

and it has been confirmed that the panel maintained a high level of discrimination

between NPC and controls with a 95 % confidence interval for an ROC AUC of

0.75–0.93.

Follow-up information 1–3 years posttreatment was obtained for 28 of the NPC

cases and was used in the analysis to predict treatment response. CT scan was used

Fig. 2 The methodology of developing blood transcriptome nasopharyngeal carcinoma
biomarkers based on the Sentinel Principle®. RNA was isolated from whole blood. Microarray

gene profiling data was analyzed to identify candidate genes that distinguish NPC from controls.

This was followed by qPCR validation of microarray data. When an algorithm was created, the

model was optimized by testing on new independent RNA samples
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Fig. 3 ROCs of probes that contribute to differentiation of nasopharyngeal carcinoma from
other conditions. Combination of six genes with three genes appearing most frequently in all

top-performing combinations: LDLRAP1, PHF20, and LUC7L3. The additional three secondary

genes, EZH1, IFI35, and UQCRH, have little NPC discrimination (ROC AUC, 0.51–0.77) but help

suppress confounding factors. ROC AUC for each gene is listed in the table. Dendrogram of the

six-gene combination showing control samples dispersed throughout the “other” sample group

with a separate cluster consisting mainly of NPC samples on the right. The heat map and clustering

are based on results of twofold cross validation iterated 1,000 times
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to classify these samples into a complete response to treatment, in which no

evidence of disease was present after treatment, and partial response to treatment,

in which there was residual disease or metastasis. Gene pairs identified had ROC

AUCs of up to 0.94. The most frequent genes in an analysis of the best-performing

6-gene combinations were forkhead box P1 (FOXP1), EGF-like module-containing

mucin-like hormone receptor-like 2 (EMR2), syntaxin 16 (STX16), and N-acetylglu-
cosamine-1-phosphate transferase (GNPTAB) (Fig. 4; Zaatar et al. 2012).

In these results, the performance of single gene pair, FOXP1-STX16, could be

further enhanced with other gene combinations. As shown in Fig. 5, the segregation

of complete response and partial response samples was better when three pairs of

genes were used together (Fig. 5b) than when one pair of genes was used (Fig. 5a).

When three 3-pair genes were used (Fig. 5c), only one complete response was found

in the cluster of partial response samples. However, the improvement in segregating

complete response and partial response samples was limited, although 18 genes

were employed.

The relationship among the biomarkers was studied and plotted onto a network

(Fig. 6). All the biomarkers but one (IFI35) were found to be related to cell
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Fig. 4 Box-and-whisker median plot, hierarchical clustering results, and ROC of complete
response (CR) and partial response (PR) samples. The box-and-whisker median (error bars,

95 % CI for medians) plot for distribution of complete response (CR) and partial response (PR) for
pair FOXP1 and STX16, showing good differentiation between the groups. The dendrogram

represents the hierarchical clustering results of pre-intervention NPC samples. The boxes directly

below the dendrogram represent samples that show complete response (CR) to treatment and

partial response (PR) to treatment, denoted in light grey and black, respectively. We found two

major clusters in the samples; the cluster on the right consists of 8 of 13 (62 %) PR samples (black),
and the cluster on the left consists of 14 of 15 (93 %) CR samples (light grey). The dot plot, heat
map, and clustering are based on results of threefold cross validation iterated 1,000 times. The

AUC for the single pair equation is 0.89, with a standard error of 0.067
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functions, mainly apoptosis and cell growth. Notably, LUC7L3 and LDLRAP1

interact with BCL2, which plays an important role in promoting apoptosis and

inhibiting cell growth (Thalasila et al. 2003; Feinman et al. 1999; Vaux

et al. 1988). Conversely, PHF20 is a negative regulator of apoptosis and interacts

with tumor necrosis factor (TNF) to promote cell growth (Vincenz and Dixit

1996). It is possible that the apoptosis pathway governed by these three primary

genes, LDLRAP1, PHF20, and LUC7L3, could be dysregulated in NPC patients,

resulting in expression patterns that are different from those of control and

non-NPC disease samples. The other secondary genes EZH1, IFI35, and

UQCRH are housekeeping genes. It is interesting that UQCRH, which is respon-

sible for releasing cytochrome c from mitochondria, enhances the apoptosis

pathway, whereas EZH1 is a general transcription factor promoting apoptosis

(Okazaki et al. 1998; Ezhkova et al. 2011). IFI35, also known as IFP35, is an

interferon-inducible protein that is involved in protein degradation mediated by

proteasome (Chen et al. 2000).

The candidate genes in this study were also located in the B-cell receptor (BCR)

and epidermal growth factor receptor 1 (EGFR1) pathways. The BCR pathway

responds to specific antigens and is important for antibody production and immune

responses (Kurosaki et al. 2010). Changes in the expression of genes in this

pathway may cause alterations in signal transmission within the cell, which can

result in changes in B-cell production, cell growth, and cell division. EBV repli-

cates in B-cells and epithelial cells and reportedly contributes to NPC tumorigen-

esis. The finding of gene expression pathways in the BCR pathway of NPC could

improve our understanding of NPC treatment response as well as EBV replication

and NPC tumor formation.

Fig. 5 Hierarchical
clustering results using
single gene-pair
combination (A), one 3-pair
gene combination (B), and
three 3-pair gene
combinations (C). Complete

(C) and partial (P) response
samples were shown on top of

each clustering result. The

distance was calculated using

Euclidean, and the clustering

method used was UPGMA

average linkage
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The blood-based gene signature identified in this study may be used to indicate

the presence of cancer at presymptomatic, earlier stages, when NPC can be treated

with less toxicity and long-term patient survival can be improved. The study also

reported genes that are able to distinguish NPC patients more likely to attain

complete response to radiation and chemotherapy regiments from patients who

can only expect partial response to treatment. Treatment regimens can thus be

tailored accordingly. Information on response to treatment may also encourage

patient compliance in the presence of treatment side effects.

Potential Applications to Prognosis, Other Diseases, or
Conditions

NPC is most often diagnosed only when the disease has reached late stages and the

prognosis is poor. However, when detected early, NPC is highly sensitive to

radiation and chemotherapy, and stages I and II of NPC can be treated with high

survival rates. Thus, the goal of many NPC molecular biomarker studies is to

identify early, presymptomatic disease. Biomarkers have also been reported to

predict response to treatment, to indicate prognosis, to identify tumor stage, and

to monitor disease progression. Biomarker studies may also help to shed light on the

pathogenesis of NPC. The findings of NPC biomarker studies may also find

application in other head and neck cancers.

The development of optimal NPC biomarkers for clinical use is an important

goal. NPC is a complex disease, and the integration of many different platforms and

types of studies (such as transcriptomics, proteomics, and bioinformatics) would

help us better understand the disease, find and validate optimal biomarkers for NPC,

and also develop targeted therapies. A blood-based biomarker test for NPC would

be extremely useful as a simple, noninvasive, cost-effective test that would improve

screening compliance, reduce NPC, and save lives.

Summary Points

• Molecular biomarkers for the early detection of NPC are important because the

disease is not easily diagnosed, although it is readily treated, with high survival

rates, if found early.

• This chapter reviews biomarkers for NPC including DNA biomarkers, methyl-

ation biomarkers, microRNA biomarkers, protein biomarkers, mRNA bio-

markers, and blood transcriptomic biomarkers.

�

Fig. 6 A gene network illustrating three primary genes, LDLRAP1, PHF20, and LUC7L3,
three secondary genes, and other major genes, such as BCL2 and TNF, which interact with
the biomarkers. The major cellular aspect of the network is related to apoptosis and cell growth

(shown in diamond rectangles)
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• Molecular biomarkers can be used in the diagnosis of NPC, prognosis of NPC,

and management of NPC using chemotherapy or other therapies.

• Biomarkers reported for NPC include quantitative EBV DNA (DNA), CYP2A6

(DNA), Cpg site methylation (methylation), mir-29c (miRNA), annexin A1

(protein), EBV antibodies (protein), BCL2 (mRNA), MMP9 (mRNA), and a

six-gene panel consisting of LDLRAP1, PHF20, LUC7L3, EZH1, IFI35, and

UQCRH (mRNA).

• Zaatar et al. was the first to report a whole blood transcriptomic study for the

discrimination of NPC from controls and other diseases, as well as for the

prediction of treatment response in NPC (Zaatar et al. 2012).

• The six genes reported by Zaatar et al. are involved in cellular function, mainly

in apoptosis and cell growth; the genes are also involved in BCR and EGFR1

pathways, giving us a better understanding of NPC tumor formation and treat-

ment response (Zaatar et al. 2012).

• A noninvasive blood-based test for NPC would have clinical potential for early

diagnosis and screening of NPC, encourage patients to follow treatment sched-

ules, and help doctors plan patient treatments.
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Abstract

Cancer of the nasopharynx is an epithelial cancer developed in the retro-nasal

area in the nasal cavity. Nasopharyngeal carcinoma (NPC) is prevalent in the

endemic regions including Southern China and Southeast Asia. The primary

tumor of NPC is small and usually causes no symptoms. Patients often

present with bilateral glands enlargement and local/regional lymph node

metastasis leading to poor prognosis and local control rate. Therefore, there

is a desperate need to develop early diagnosis method to improve the treat-

ment outcome. Detection of EBV-derived biomarkers in tissues and EBV

DNA in the peripheral blood of NPC patients opens up the possibility to

monitor the disease using molecular markers with high sensitivity. Among

the biomarkers in tissue, in situ hybridization for EBER remains to be the

most efficient and reliable way because EBER is the most abundantly

expressed viral transcript. In addition to diagnosis value, EBER, EBNA1,

and LMP1 levels in tissue after radiation therapy could serve as biomarkers

to evaluate response to radiotherapy. In light of the detection of EBV DNA in

plasma, serum, nasal brush, and saliva, EBV DNA is particularly useful for

periodic monitoring of NPC patients. A systematic review has revealed that

circulating EBV DNA could be applied as noninvasive diagnostic biomarker

for NPC. Moreover, the close association of circulating EBV DNA with the

clinical outcomes of treatment provided new tool to predict the treatment

outcome. Nevertheless, circulating EBV DNA was not detectable in all the

undifferentiated NPC patients, and EBV latent infection was not associated

with WHO-1 NPC, which limits the utility of EBV DNA. Further studies are

warranted to identify complementary biomarkers originating from the human

cancer cells to overcome the limitation of EBV-based biomarkers in NPC

screening and monitoring treatment outcome.

List of Abbreviations

CT Computerized Tomography

EA Early Antigen

EBER Epstein–Barr-Encoded RNA

EBNA Epstein–Barr Nuclear Antigen

EBV Epstein–Barr Virus

IARC International Agency for Research on Cancer

IM Infectious Mononucleosis

LMP Latent Membrane Protein

MHC Major Histocompatibility Complex

MRI Magnetic Resonance Imaging

NPC Nasopharyngeal Carcinoma

VCA Viral Capsid Antigen

WHO World Health Organization
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Key Facts

Key Facts of NPC

High incidence occurs in Southeastern Asia including Southeastern China,

Thailand, Malaysia, and Indonesia.

It is predominant in male patients.

Most symptoms of NPC are vague and nonspecific at the early stages.

By the time of diagnosis, the patients are usually at the advanced stages.

Radiotherapy is recommended for the mainstay treatment regime as the cancer cells

demonstrated high sensitivity to radiation.

Cisplatin-based concurrent chemoradiotherapy is recommended for advanced disease.

NPC in the endemic areas is characterized by its consistent association with

the EBV.

Key Facts of EBV

It is a double-stranded DNA virus and was first identified in Burkitt’s lymphoma

cells in 1964.

It belongs to the herpes family and is one of the most common viruses in human.

EBV is capable of selecting two different lifestyles including latent replication and

lytic replication.

Since it exerts causal roles in human malignancies, it is classified as group I

carcinogen.

The closed association between EBV and NPC was observed, and EBV could serve

as a biomarker for diagnosis and monitoring of NPC.

In addition to NPC, EBV was associated with a wide variety of human malignancies

such as Hodgkin’s disease, non-Hodgkin’s lymphoma, and gastric adenocarcinoma.

Definition of Words and Terms

NPC NPC is an epithelial cancer occurring in the retro-nasal area in the nasal

cavity, which is predominant in male patients and prevalent in Southeastern Asia.

EBV EBV is a double-stranded DNA virus and belongs to the herpes family,

which exerts causal roles in human malignancies such as NPC, Hodgkin’s disease,

non-Hodgkin’s lymphoma, and gastric adenocarcinoma.

Lifestyles of EBV EBV is capable of selecting two different lifestyles including

latent replication or lytic replication, and induction of lytic form of EBV infection

results in destruction of malignancies with latently infected EBV.
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Latent phase of EBV The EBV genomic DNA presents as a closed circular

plasmid and is replicated only once during S phase. Viral DNA maintenance

requires oriP cis element, EBNA1 protein, and chromosomal initiation factors.

Lytic phase of EBV Lytic phase is a viral productive cycle in which multiple

rounds of replication occur. Two key EBV immediate early lytic genes, BZLF1 and

BRLF1, activate lytic replication.

Epstein–Barr-encoded RNA They are noncoding RNA transcripts which

exhibited the highest abundance among viral transcripts; thus, they represent the

most efficient and reliable method to detect EBV in biopsy samples.

Epstein–Barr nuclear antigen 1 It is a DNA-binding protein and acts as tran-

scription activator to enhance EBV gene expression. It is essential for maintaining

EBV genome in host cells by protecting the virus from being recognized by the

immune system.

Latent membrane protein 1 It is an integral membrane protein associated with

advanced and metastatic disease. It contributes to aggressive phenotype in NPC and

is a promising therapeutic target for NPC treatment.

Introduction

Cancer of the nasopharynx is an epithelial cancer developed in the retro-nasal area

in the nasal cavity. It was first documented and reported by Regaud and Schmincke

separately in 1921 (Regaud 1921; Schmincke 1921). Nasopharyngeal carcinoma

(NPC) is frequently confined at the mucosal lining of the fossa of Rosenmuller

(pharyngeal recess), posteromedial to the medial crura of the Eustachian tube

opening in the nasopharynx (Sham et al. 1990). Due to the small volume and

peculiar anatomical structure of nasal cavity (with curved surface), comprehensive

inspection of the nasal epithelium by visual means to locate the primary tumor is

difficult (Loh et al. 1991). The tumor could spread in different directions (e.g.,

submucosally) making it difficult to be detected by endoscopy. NPC is highly

proliferative and infiltrating and could result in the obstruction of larynx and

pharynx. Due to the close proximity of nasopharynx to the skull base, skull base

erosion with intracranial extension and/or involvement of the cranial nerve is also

common (Roh 2004). NPC is also known as lymphoepithelioma as the primary

tumor is infiltrated with abundant leukocyte (majority T lymphocytes). The infil-

trating lymphocytes could be found in together with other immune cells such as

eosinophils, dendritic cells, and macrophages at the periphery or inside the tumor

mass (Jayasurya et al. 2000). It is suspected that the infiltrating immune cells

interact with the cancer cells intimately allowing the tumor to escape from immune

evasion (Yip et al. 2009). The primary tumor is small and usually causes no

symptoms. Patients often present with bilateral glands enlargement and local/
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regional lymph node metastasis. Other symptoms include cranial nerve palsies,

diplopia, headache, hearing loss, numbness, otitis media, and trismus (Wei and

Sham 2005). If the tumor mass is large, it will lead to epistaxis, nasal obstruction,

and discharge. Most symptoms are vague and nonspecific at the early stages. By the

time of diagnosis, the patients are usually at the advanced stages leading to poor

prognosis and local control rate. Hence, there is a desperate need to develop early

diagnosis method to improve the treatment outcome.

Clinical Inspection and Radiation Treatment
of Undifferentiated NPC

Endoscopy and endoscopic biopsy is the routine procedure for NPC screening

(Sham et al. 1989). Computerized tomography (CT) scans and magnetic resonance

imaging (MRI) of the skull base will also be used to localize the extent of tumor in

the head and neck regions (Brennan 2006). For histological assessment, biopsy is

collected at the suspicious site with aid of fiber optic nasopharyngoscope and local

anesthesia. Routine and frequent monitoring of the nasopharynx with endoscopic

examination is useful to monitor the disease. However, due to the workload and

expenses, continuous monitoring of the high-risk group is practically difficult. For

histological presentation, cancer cells will have an increase in nuclear size with

prominent nucleoli (Pathmanathan et al. 1995). In addition, loss of nuclear polarity

and an increased in nuclei to cytoplasm ratio are commonly observed in the

epithelial layers (Pathmanathan et al. 1995). For severe dysplasia, the biopsy is

characterized with hypercellularity and an increased thickness of the mucosal

epithelium, with the preexisting epithelial cells replaced by abnormal cells through-

out most of the epithelium (Pathmanathan et al. 1995). For undifferentiated NPC,

radiotherapy is recommended for the mainstay treatment regime as the cancer cells

demonstrate high sensitivity to radiation with over 90 % locoregional control rate

(Lee et al. 2012). Concurrent chemoradiotherapy (radiation treatment together with

the use of chemotherapeutic agents such as cisplatin and fluorouracil) is

recommended for advanced disease as the chemotherapeutic agents could control

the distant metastasis (Lu et al. 2009; Wee et al. 2005).

The use of Molecular Markers in NPC Diagnosis

NPC in the endemic areas is characterized by its consistent association with the

human herpesvirus 4, Epstein–Barr virus (EBV). In 1970, zur Hausen

et al. observed that EBV virus DNA was harbored in the biopsies collected from

the NPC patients but was absent in other tumor cells. At that point, the host cells of

EBV remained controversial as it could possibly be derived from the anaplastic

cells or from the lymphoid tissues (zur Hausen et al. 1970). Later, the presence of

EBV in the tumor cells was confirmed, and many attempts have been made

to employ EBV as a form of molecular marker in NPC detection. EBV is a
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double-stranded DNA virus, and the genome was protected within the toroid-

shaped protein core and a lipid envelope with virus-encoded glycoprotein spikes

(Young and Rickinson 2004). According to the International Agency for Research

on Cancer (IARC), EBV is classified as group I carcinogen affirming that EBV has

a causal role in human malignancies. The virus was first identified in Burkitt’s

lymphoma cells in 1964 using electronic microscope and is now known to be

associated with other human malignancies including Hodgkin’s disease,

non-Hodgkin’s lymphoma, infectious mononucleosis (IM), lymphoepithelioma-like

carcinoma, oral leukoplakia and chronic interstitial pneumonitis in AIDS patients,

posttransplant lymphoproliferative disease, gastric adenocarcinoma, as well as

nasopharyngeal carcinoma.

To date, it is recognized that the virus was present in virtually all the WHO-2 and

WHO-3 NPC cells (Sam et al. 1993). For WHO-1 keratinizing NPC, the causal role

of EBV remains unresolved as the virus could only be found in a few numbers of

patients. In undifferentiated NPC, the carcinogenic role of EBV in the cancer

development is much more established. In the epithelial cells, EBV undergoes

two phases of life cycle: the latent infection phase and lytic infection phase. At

lytic phase, the virus will express specific proteins including early antigen and viral

capsid antigen. The immune response of the host cells will induce elevated antibody

titers. In latent infection phase, the EBV will express different proteins including

Epstein–Barr nuclear antigens (EBNAs), membrane proteins (LMP1, LMP2A, and

LMP2B), and nonpolyadenylated nuclear RNAs (EBERs) in their host cells (Fig. 1)

(Kieff 1996). In NPC cells, expressions of EBER, EBNA1, LMP2A, and LMP2B

are predominant (Raab-Traub 2002). Rowe et al. characterized the latency phase by

Fig. 1 The association of EBVwith WHO-2 andWHO-3 NPC. EBVwas present in virtually all the

WHO-2 andWHO-3NPCcells. EBVundergoes two phases of life cycle: the latent infection phase and

lytic infection phase. At lytic phase, the virus will express specific proteins including early antigen and

viral capsid antigen. In latent infection phase, the EBV will express different proteins including

Epstein–Barr nuclear antigens, LMP1, LMP2A and LMP2B, and nonpolyadenylated nuclear RNAs
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the expression patterns of gene products derived from the viral genome (Rowe

et al. 1987). For NPC, expression of EBNA1, LMP1, LMP2, EBER, BARTs, and

BARF1 in the neoplastic cells was considered as type II latency (Rowe et al. 1987;

Fåhraeus et al. 1988; Shibata and Weiss 1992; Gulley and Tang 2008). EBER,

EBNA1, LMP1, EBV DNA, and EBV antigens could serve as biomarkers for the

diagnosis and prognosis of NPC (Table 1).

Epstein–Barr-Encoded RNA (EBER) 1 and 2 (GenBank Accession
Numbers AB065135 and AB065136)

To locate the EBV genome in the biopsy samples, in situ hybridization for EBER

remains to be the most efficient and reliable way because EBERs are the most

abundantly expressed viral transcripts in the WHO-3 NPC cells and Asian/Chinese

ethnicity (Table 2) (Shi et al. 2002). EBERs are thought to be noncoding RNA

transcripts (do not code for any protein) as they are nonpolyadenylated (Gulley and

Tang 2008). At present, no protein product of EBER is discovered, and the

functions of EBER remain unclear. In NPC cells, EBER is transcribed by RNA

polymerase III. EBER expression is tumor specific. EBER signals could be detected

in the nucleus of the carcinoma cells and are absent in the adjacent normal surface

epithelium or the benign stromal cells (Gulley 2001). It is estimated that there are

about 1 million copies of EBER transcripts in the nuclei of the latently infected cell

(Clemens 1993; Gulley 2001). EBERs are considered as RNA markers for the

latently infected cells and are stable in paraffin-embedded tissue sections (Fan

et al. 2006). EBER could be detected in all the EBV-associated malignancies except

oral hairy leukoplakia (Gilligan et al. 1990). The majority of nasopharyngeal

carcinoma patients initially present with enlarged lymph nodes containing metastatic

undifferentiated carcinoma of unknown primary. At this circumstance, detection of

EBER expression will be useful in identifying the squamous cell-positive lymph node

with the squamous cell originating from the NPC (Gulley 2001). As EBER is used as

Table 1 EBV-related biomarkers in NPC

Type Detection method

Source of

samples

EBER Noncoding

RNA

In situ hybridization Tissue

EBNA1 Protein Immunohistochemical staining Tissue

LMP1 Protein Immunohistochemical staining Tissue

EBV DNA DNA qPCR Tissue, blood,

saliva

Antibody against EBV

antigen

Protein ELISA Blood

EBER, EBNA1, LMP1, EBV DNA, and EBV antigens could serve as biomarkers for the diagnosis

and prognosis of NPC. EBER, Epstein–Barr-encoded RNA; EBNA1, Epstein–Barr nuclear anti-

gen 1; and LMP1, latent membrane protein 1
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an indication of NPC cells, in situ hybridization of EBER has been used to monitor

NPC patients prospectively after external radiotherapy and is used as a marker for

monitoring treatment efficacy (Nicholls et al. 1996). Generally, patients with EBER-

positive NPC had a better survival rate after radiation treatment as EBV-positive NPC

had a good response rate to radiotherapy (Table 3) (Yip et al. 2006). However, at

present, the underlying mechanisms remain poorly understood.

Table 2 Comparison of diagnostic values of EBV-related biomarkers in NPC

Abundance

Mode of

expression Samples

Comparison with

other biomarkers

EBER 1 million copies

per cell

Tumor

specific

Paraffin-

embedded tissue

The most efficient

and reliable way

EBNA1 Not determined Tumor

specific

Paraffin-

embedded tissue

High sensitivity

and specificity

LMP1 Not determined Tumor

specific

Paraffin-

embedded tissue

Low sensitivity

EBV DNA 6,200 copies/mL

plasma

Tumor

specific

Plasma, serum,

nasal brush,

saliva

High sensitivity

and specificity

Antibody

against EBV

antigen

Not determined Not

specific to

NPC

Blood Low sensitivity

and specificity

EBERs were the most efficient and reliable biomarkers in tissue due to their highest abundance.

The diagnosis value of circulating EBV DNA as a noninvasive biomarker for NPC has been

demonstrated by a systematic review. EBER, Epstein–Barr-encoded RNA; EBNA1, Epstein–Barr

nuclear antigen 1; and LMP1, latent membrane protein 1

Table 3 Prognostic values of EBV-related biomarkers in NPC

Prognostic values Samples

EBER Patients with EBER-positive NPC had a better

survival rate after radiation treatment

Paraffin-embedded

tissue

EBNA1 High EBNA1 expression in the nasal swab obtained

from NPC patients after radiation therapy is a

prognostic factor for early and local recurrence

Paraffin-embedded

tissue

LMP1 Detection of LMP1 expression in the nasopharyngeal

biopsies obtained from postradiation treatment

patients could also be regarded as an indicator of

early local recurrence

Paraffin-embedded

tissue

EBV DNA The circulating EBV DNA level is a prognostic

factor for NPC patients subjected to radiotherapy and

is closely associated with the progression-free and

overall survival

Plasma, serum,

saliva

Antibody

against EBV

antigen

Measuring the changes in antibody level is only

useful in a subset of patients with recurrence or

metastases after radiotherapy

Blood

Given the detection of EBV DNA in plasma, serum, and saliva, EBV DNA is particularly useful

for periodic monitoring of NPC patients. EBER, Epstein–Barr-encoded RNA; EBNA1,

Epstein–Barr nuclear antigen 1; and LMP1, latent membrane protein 1
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EBNA1 (Epstein–Barr Nuclear Antigen 1, GenBank Accession
Number CAD53427)

EBNA1 is a DNA-binding protein and is expressed in all the EBV-associated cancers

(Levitskaya et al. 1995; Westhoff Smith and Sugden 2013). It is also expressed in all

the EBV-infected NPC cells (Gulley 2001). EBNA1 functions as transcription

activator in enhancing EBV gene expression and is essential in maintaining the

latently infected status and EBV genome in the host cells (Table 4) (Westhoff

Smith and Sugden 2013). The expression level of EBNA1 is closely correlated

with the tumor burden (Kottaridis et al. 1996). In addition, EBNA1 expression is

essential for the persistent infection of EBV in the host cells as it could prevent the

presentation of viral antigen on major histocompatibility complex (MHC) class I

molecules and protect the virus from being recognized by the immune cells such as

cytotoxic T lymphocyte (Levitskaya et al. 1995). Immunohistochemical staining for

EBNA1 protein could be used in screening biopsies obtained from the nasal cavity

and regional metastatic lymph node (Table 2). The EBNA transcript could be used as

a molecular marker in screening the nasopharyngeal swabs obtained from the NPC

patients. Together with the transcript of another EBV gene, LMP1, a sensitivity of

91.4 % (64/70) and a specificity of 98.3 % (348/354) could be reached (Hao

et al. 2004). High EBNA1 expression in the nasal swab obtained from NPC patients

after radiation therapy is a prognostic factor for early and local recurrence (Table 3)

(Hao et al. 2004). EBNA staining is also useful in detecting the cancer cells from the

fine-needle aspirate of the regional metastatic lymph node using exfoliative cytologic

analysis (Chan and Huang 1990).

Latent Membrane Protein 1 (GenBank Accession Number
X58140)

LMP1 is characterized by its transforming properties in the cell lines model (Wang

et al. 1985; Kaye et al. 1993). Inhibiting LMP1 expression can trigger cell cycle

arrest in NPC cells and could enhance the susceptibility to chemotherapeutic agent

Table 4 Biological functions of EBV-related biomarkers in NPC

Biological functions Mechanisms

EBER No protein product of EBER is discovered, and the

functions of EBER remain unclear

Unclear

EBNA1 EBNA1 functions in enhancing EBV gene expression and is

essential in maintaining the latently infected status and

EBV genome in the host cells

Functions as

transcription

activator

LMP1 LMP1-expressing NPC cells are phenotypically aggressive Regulates cell cycle

and apoptosis

Targeting LMP1 expression is a promising therapeutic strategy for NPC treatment as expression

inhibition of LMP1 could increase the radiation sensitivity of the EBV-infected cells. EBER,

Epstein–Barr-encoded RNA; EBNA1, Epstein–Barr nuclear antigen 1; and LMP1, latent mem-

brane protein 1
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(Mei et al. 2007). Structurally, LMP1 is a constitutively active homologue of TNFR

CD40 receptor. Thus, it will have similar functions in the expressing cells leading to

the activation of antiapoptotic genes (Dawson et al. 2012). LMP1-expressing NPC

cells are phenotypically aggressive (Table 4) (Busson et al. 2004). Statistical

evidence suggested that expression of LMP1 is closely linked to the advanced

disease (Zhao et al. 2012). Cases with LMP1 expression exhibited higher cumula-

tive metastatic rates than those without LMP1 expression (Zhao et al. 2012).

However, in terms of diagnostic value, LMP1 is not sensitive in comparison with

other EBV markers (Table 2). LMP1 is expressed in 50–80 % NPC samples (Zhao

et al. 2012). In comparison with EBNA1, LMP1 is less sensitive in detecting the

cancer cells in the nasal swabs (Hao et al. 2004). Samples without LMP1 staining

may still have strong EBER expression suggesting that LMP1 is not expressed

universally in all the EBV-infected cells (Gulley 2001). Targeting LMP1 expres-

sion however is a promising therapeutic strategy for NPC treatment as expression

inhibition of LMP1 could increase the radiation sensitivity of the EBV-infected

cells (Abdulkarim et al. 2003). Detection of LMP1 expression in the nasopharyn-

geal biopsies obtained from postradiation treatment patients could also be regarded

as an indicator of early local recurrence (Table 3) (Hao et al. 2004).

EBV DNA and Viral Load

EBV is a DNA virus (genome size: 173-kb DNA), and the DNA is detected in the

nucleus of all the undifferentiated NPC cells (Gulley 2001). The use of in situ

hybridization in localizing the tumor cells in the biopsy is not recommended as

ERER will offer better sensitivity as a matter of fact that EBER has a higher copy

number in the NPC cells (Gulley 2001). EBV DNA could be detected in the

peripheral blood of NPC patients with high sensitivity and specificity (Chan and

Lo 2002). In a study measuring the plasma EBV DNA concentration, high circu-

lating EBV DNA concentration was detected in patients with primary NPC (6,200

copies/mL), local recurrent NPC (9,200 copies/mL), and distant metastatic NPC

(2,050 copies/mL) (Shao et al. 2004a). Circulating EBV DNA may be useful in

continuous monitoring of the high-risk group for the development of sporadic

disease (Chan et al. 2013). In the NPC tissues, the EBV DNA level is positively

correlated with the ERER1-positivie cells and the staging of the tumor patients

suggesting that it is correlated with the tumor load (Shao et al. 2004b). Han

et al. performed a systematic review on the diagnostic value of circulating EBV

DNA in NPC diagnosis. A total of 1,492 NPC and 2,641 controls are used in

generating the pooled diagnostic value. The pooled sensitivity and specificity

were 0.73 (0.71–0.75) and 0.89 (0.88–0.90) (Table 2). Plasma EBV DNA, in

general, had a better detection sensitivity and specificity in comparison with the

serum EBV DNA (Han et al. 2012).

The circulating EBV DNA level is a prognostic factor for NPC patients

subjected to radiotherapy and is closely associated with the progression-free and

overall survival (Table 3) (Chan et al. 2002). Plasma EBV DNA will rise during the
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first week post-radiotherapy. The increase is suggested to be caused by the release

of EBV DNA from the radiation-induced chronic cell death (Lo et al. 2000).

Afterwards, the circulating EBV DNA level will drop significantly with a median

half-life of 3.8 days (Lo et al. 2000). In locally recurrent NPC patients treated with

nasopharyngectomy (in which the tumor is removed by surgical means immedi-

ately), the half-life of circulating EBV is much shorter (i.e., 139 min) after the

removal of tumor (To et al. 2003). After 1 week post-radiotherapy, plasma DNA

will become undetectable in all the NPC patients (Shao et al. 2004a). It is suggested

that the circulating EBV DNA level is an indicator of residual tumor load of the

NPC patients (Chan et al. 2002). EBV will shed its virion from the oral mucosa into

the saliva of the host (Gulley 2001). It was discovered that EBV DNA could also be

detected in the saliva of 80 % primary NPC patients before treatment (Pow

et al. 2011). Saliva EBV DNA level was higher in advanced NPC patients, and

the level dropped significantly after treatment suggesting that saliva EBV DNA is a

candidate indicator of tumor burden (Pow et al. 2011).

Antibody Against EBV Antigen

Peptide-based anti-EBV antibody ELISA has been recommended for use in NPC

detection and monitoring the treatment efficacy (Zeng 1985). This is because

persistent high anti-EBV antibody against the EBV lytic phase protein is present

in the NPC patients (Chien et al. 2001). It is suggested that reactivation of EBV

replication at the mucosal layer of head and neck region precedes the development

of NPC leading to the production of antibody responses by the hosts’ immune

system (Henle and Henle 1976). A broad spectrum of anti-EBV antibody is

suggested to be useful for NPC detection. Examples included anti-early antigen

(EA) IgA, antiviral capsid antigen (VCA) IgA, anti-EBNA1 IgA, and EBV DNase-

specific neutralizing antibody. However, the detection sensitivity is highly varying

with different antibody titers, and the detection rate could range from 20 % to

100 % (Chang et al. 2013). One major problem of using ELISA is that the antibody

could also be detected in normal individuals and non-NPC tumors, including liver,

brain, lung, and bone metastases (Table 2) (Shao et al. 2004a). For anti-VCA IgA,

anti-EBNA1 IgA, and EBV DNase-specific neutralizing antibody, it could also be

detected in 18 % normal individuals (Pickard et al. 2004). About 50 % of the

unaffected high-risk individuals from families in which two or more individuals

were affected with NPC had high anti-EBV antibody titer (Pickard et al. 2004). In a

continuous follow-up and surveillance program with 1,318 volunteers involved in

anti-VCA IgA and circulating EBV DNA screening, combination of the two

markers could only identify three patients with NPC at the beginning of the

program, among which only one patient was serology positive (Chan et al. 2013).

EBV antibody titer in combination with other EBV markers could offer a better

performance than being used alone (Adham et al. 2013). For monitoring the patients

after radiotherapy, the EBV serology has limited value because of the fact that it

will remain high in particular patients and in the group with clinical remission

39 Biomarkers in Nasopharyngeal Carcinoma and Ionizing Radiation 885



(Shao et al. 2004a). The use of EBV serology may have some value in confirming

the clinical remission after radiotherapy (de Vathaire et al. 1988). Measuring the

changes in antibody level is only useful in a subset of patients with recurrence or

metastases after radiotherapy (Table 3) (Shimakage et al. 1987).

Conclusion

Detection of EBV-derived biomarkers in tissues and EBV DNA in the peripheral

blood of NPC patients opens up the possibility to monitor the disease using molecular

markers with high sensitivity (Liu et al. 2011). For periodic monitoring of NPC

patients, EBV DNA is particularly useful as it could be done on different samples

(such as plasma, serum, nasal brush, and saliva) obtained by noninvasive means. The

samples could be collected from the patients periodically for continuous monitoring

of the pathophysiological changes (Yang et al. 2006). The close association of

circulating EBV DNA with the clinical outcomes of treatment provided new tool to

predict the treatment outcome. However, the utility of EBVDNA has its limitation as

the circulating DNA is not detectable in all the undifferentiated NPC patients in the

endemic area (Shotelersuk et al. 2000). In addition, for WHO-1 NPC, which is not

associated with EBV latent infection, the use of ERER staining and EBV DNA is not

applicable. At present, most of the biomarkers examined for NPC diagnosis are

derived from the EBV virus, and little is known about the suitability using somatic

biomarkers originating from the cancer cell. Further studies are warranted to identify

complementary biomarkers to overcome the limitation of EBV-based biomarkers in

NPC screening and monitoring treatment outcome.

Potential Application to Prognosis, Other Diseases, or Conditions

Besides NPC, EBV was also associated with Burkitt’s lymphoma and Hodgkin’s

lymphoma (Table 5) (Kutok and Wang 2006). EBV infection played a crucial role

in the development of Burkitt’s lymphoma. EBNA1 regulated the cell growth by

Table 5 The association of EBV with Burkitt’s lymphoma and Hodgkin’s lymphoma

Diagnosis Functional roles

Burkitt’s

lymphoma

EBV infection was only

found in 15–30 % cases

EBNA1 regulated the cell growth by inhibiting

apoptosis

Hodgkin’s

lymphoma

EBV infection was only

found in about 40 % cases

LMP1 activated NFκB expression, resulting in the

accumulation of genetic events that contribute to

the initiation and progression of Hodgkin’s

lymphoma

In light of that EBV infection was only found in 15–30 % Burkitt’s lymphoma cases and

approximately 40 % of Hodgkin’s lymphoma cases, EBV could not serve as a satisfactory

diagnostic biomarker in these diseases. EBNA1, Epstein–Barr nuclear antigen 1; LMP1, latent

membrane protein 1
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inhibiting apoptosis in Burkitt’s lymphoma cells. When EBV infected Hodgkin’s

lymphoma, EBER, EBNA1, LMP1, and LMP2A were expressed. LMP1 activated

NFκB expression, resulting in the accumulation of genetic events that contribute to

the initiation and progression of Hodgkin’s lymphoma. In light of that EBV

infection was only found in 15–30 % Burkitt’s lymphoma cases and approximately

40 % of Hodgkin’s lymphoma cases, EBV could not serve as a satisfactory

diagnostic biomarker in these diseases.

Summary points

• EBER, EBNA1, and LMP1 can be applied for diagnosis of NPC and evaluation

of the treatment effects of radiotherapy.

• EBERs were the most efficient and reliable biomarkers in tissue due to their

highest abundance.

• The combination of EBNA1 and LMP1 resulted in an elevated sensitivity and

specificity in screening the nasopharyngeal swabs obtained from the NPC patients.

• Given the detection of EBV DNA in plasma, serum, nasal brush, and saliva,

EBV DNA is particularly useful for periodic monitoring of NPC patients.

• The diagnosis value of circulating EBV DNA as a noninvasive biomarker for

NPC has been demonstrated by a systematic review.

• The circulating EBV DNA level is a prognostic factor for NPC patients

subjected to radiotherapy and is closely associated with the progression-free

and overall survival.

• Circulating EBV DNA is not applicable for all the NPC patients; therefore,

biomarkers originating from the human cancer cells are required to circumvent

the limitation of EBV-based biomarkers in NPC screening and treatment out-

come monitoring.
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Abstract

Laryngeal cancer represents the second most common type of head and neck

cancer, with approximately 12,000 new laryngeal squamous cell carcinoma

cases being yearly diagnosed only in the USA. Despite the fact that the survival

rates of laryngeal cancer patients have improved, owing to the more effective

treatment than in the past decades, the prognosis of patients with metastatic

laryngeal cancer remains poor, even for those treated with both radiotherapy and

chemotherapy. Therefore, the relapse rates of laryngeal cancer patients are still

very high, compared to patients suffering from other types of cancer. Laryngeal

cancer is often diagnosed at an advanced stage, mostly due to the fact that this

cancer causes nonspecific symptoms and hence to a delayed start of treatment

after the true onset of the disease. To date, several genes have been studied for

their diagnostic and/or prognostic potential in laryngeal cancer. Moreover,

quantification of RNA or protein products of some genes could be used for the

monitoring of laryngeal cancer treatment efficacy. As tumor biomarkers are

considered as very important in the personalized medicine era that has just

emerged, this chapter summarizes the current knowledge regarding molecular

biomarkers in this disease.

List of Abbreviations

ARCON Accelerated Radiotherapy with Carbogen (98 % O2, 2 % CO2) and

Nicotinamide

CA9 Carbonic Anhydrase IX

CCNA2 Cyclin A2

CCNB1 Cyclin B1

CCND1 Cyclin D1

CCND3 Cyclin D3

CCNE1 Cyclin E1

CDH1 Cadherin 1, Type 1

CDK4 Cyclin-Dependent Kinase 4

CDKN1A Cyclin-Dependent Kinase Inhibitor 1A

CDKN1B Cyclin-Dependent Kinase Inhibitor 1B

CDKN2A Cyclin-Dependent Kinase Inhibitor 2A

CDKN2B Cyclin-Dependent Kinase Inhibitor 2B

COX2 Cyclooxygenase 2

CST3 Cystatin C

CSTA Cystatin A

CSTB Cystatin B

CTSB Cathepsin B

CTSD Cathepsin D

DDC L-DOPA Decarboxylase

DFS Disease-Free Survival

ECAD E-cadherin

892 C.K. Kontos et al.



EGFR Epidermal Growth Factor Receptor

ELISA Enzyme-Linked Immunosorbent Assay

FFPE Formalin Fixed, Paraffin Embedded

FLT1 fms-Related Tyrosine Kinase 1

FLT4 fms-Related Tyrosine Kinase 4

HOTAIR HOX Transcript Antisense RNA

HOXC Homeobox C

IHC Immunohistochemistry

KDR Kinase Insert Domain Receptor

KLK11 Kallikrein-Related Peptidase 11

lncRNA Long Noncoding RNA

LSCC Laryngeal Squamous Cell Carcinoma

MFS Metastasis-Free Survival

miRNA microRNA

MKI67 Marker of Proliferation Ki-67

OPN Osteopontin

OS Overall Survival

PARK7 Parkinson Protein 7

PCNA Proliferating Cell Nuclear Antigen

PFS Progression-Free Survival

PGF Placental Growth Factor

PTEN Phosphatase and tensin homolog

PTGS2 Prostaglandin-Endoperoxide Synthase 2

qRT-PCR Quantitative Real-Time Polymerase Chain Reaction

rRNA Ribosomal RNA

SPP1 Secreted Phosphoprotein 1

TERT Telomerase Reverse Transcriptase

TNM Tumor Extent, Nodes, and Metastases

TP53 Tumor Protein p53

VEGF Vascular Endothelial Growth Factor

VEGFA Vascular Endothelial Growth Factor A

VEGFB Vascular Endothelial Growth Factor B

VEGFC Vascular Endothelial Growth Factor C

VEGFD Vascular Endothelial Growth Factor D

VEGFR1 Vascular Endothelial Growth Factor Receptor 1

VEGFR3 Vascular Endothelial Growth Factor Receptor 3

Key Facts of Laryngeal Cancer

• The larynx is a part of the throat, extends from the tip of the epiglottis to the

inferior border of the cricoid cartilage, and comprises the supraglottis, glottis,

and subglottis.
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• Laryngeal squamous cell carcinoma is the most common malignancy of the head

and neck region and can arise in any part of the larynx.

• The most common symptoms of laryngeal cancer include hoarseness, a lump in

the neck (because of enlarged lymph nodes), ear pain, and difficulty in

swallowing.

• Laryngeal tumors may spread by direct extension to adjacent tissues and by

metastasis to the regional cervical lymph nodes or, even more distantly (e.g., to

the lung), through the blood and lymph vessels.

• Second primary tumors are additional primary malignant neoplasms that are

distinctly separate from the index tumor; they can be diagnosed either at the

same time or up to 6 months after the initial diagnosis.

• There are different types of treatment for laryngeal cancer patients, the most

common being radiation therapy, surgery, and chemotherapy.

• Recurrent laryngeal cancer is a cancer that has relapsed after it has been treated.

Laryngeal cancer recurrence is most likely to occur in the first 3 years after

treatment for primary laryngeal cancer, in the larynx or in other parts of

the body.

Definitions of Words and Terms

Supraglottis The upper part of the larynx above the vocal cords, including the

epiglottis.

Glottis The middle part of the larynx containing the vocal cords.

Laryngeal Squamous Cell Carcinoma An uncontrolled growth of abnormal

reserve cells that replaced injured or damaged cells in laryngeal epithelia.

Locoregional Restricted to a localized area of the body.

Histological Grade A measure of loss of differentiation occurring in cancer cells,

based on the similarity of the tumor to the tissue of origin.

TNM Staging System The most detailed classification of tumors, comprising the

tumor extent, the nodal status, and the presence (or absence) of distant metastases.

Radiotherapy Treatment with irradiation of the malignant tumor.

Disease-Free Survival The time interval after primary treatment for a cancer

ending with the disappearance of cancer signs and symptoms, until diagnosis of

tumor recurrence (locoregional or systemic), last contact with the patient, or end of

follow-up.
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Metastasis-Free Survival The time interval after primary treatment for a cancer

ending with the disappearance of cancer signs and symptoms until the detection of

distant metastases originating from the initial tumor, last contact with the patient, or

end of follow-up.

Overall Survival The time interval after primary treatment for a cancer until

patient’s death from the specific disease, last contact with the patient, or end of

follow-up.

Introduction

Head and neck carcinomas constitute the sixth most commonly diagnosed cancer

worldwide, and the vast majority of them belong in the category of squamous cell

carcinoma (SCC) (Chin et al. 2006). This type of carcinoma originates from

squamous cells lining the moist, mucosal surfaces inside the mouth, the nose, and

the throat. Head and neck SCC holds a remarkable position among causes leading to

death. SCC can arise in the nasal cavity, paranasal sinuses, nasopharynx,

hypolarynx, larynx, trachea, oral cavity, oropharynx, salivary glands, and ears

(Argiris et al. 2008). The second most common type of head and neck cancer is

laryngeal cancer. New cases of laryngeal cancer diagnosed in the USA every year

are estimated at 12,000. The incidence of laryngeal cancer is much higher in men

than in women, especially for those found between 60 and 70 years old (Ferlay

et al. 2010). Among the causative risk factors of this malignancy, tobacco use and

alcohol consumption are considered to be heavily involved in the carcinogenesis of

the larynx (Argiris et al. 2008).

The implication of a wide gamut of molecules in laryngeal cancer and their

fundamental role in this malignancy has been widely investigated, so far (Table 1).

Dysregulation of the expression of several genes is associated with many hallmarks

of cancer, including uncontrolled cell proliferation, defective apoptosis, attenuation

or complete loss of cell differentiation, epithelial–mesenchymal transition, metas-

tasis, and angiogenesis. Moreover, the potential of such molecules as molecular

biomarkers for prognosis or monitoring of treatment efficacy in laryngeal cancer

patients has already been demonstrated. Specific molecular biomarkers are of high

importance in the personalized medicine era that has just emerged (Table 2).

Therefore, immunohistochemical detection and/or mRNA expression profiling of

promising molecular biomarkers will contribute to the generation of novel screen-

ing tests with high sensitivity and specificity, as well as tailor-made therapies

against laryngeal cancer. Furthermore, selective targeting of interactions between

specific molecules participating in key biochemical pathways could dramatically

impede tumor progression and, hence, elongate the survival of laryngeal cancer

patients.
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Table 1 Molecular biomarkers of laryngeal cancer and their functions.

Gene symbol

(and aliases) Name Function

BAX BCL2-associated X protein Promotion of apoptosis

BCL2 B-cell lymphoma 2 Inhibition of apoptosis

BCL2L1

(BCLX)

BCL2-like 1 Promotion or inhibition of apoptosis

(depending on the protein isoform)

BCL2L12 BCL2-like 12 Promotion or inhibition of apoptosis

(depending on the protein isoform)

CA9 Carbonic anhydrase IX Catalysis of the reversible hydration of

carbon dioxide

CCNA2 Cyclin A2 Cell cycle control

CCNB1 Cyclin B1

CCND1 Cyclin D1

CCND3 Cyclin D3

CCNE1 Cyclin E1

CD44 CD44 molecule Regulation of cell–cell and cell–matrix

interactions

CDH1 (ECAD) E-cadherin Ca2+-dependent cell–cell adhesion

CDK4 Cyclin-dependent kinase 4 Promotion of the cell cycle

CDKN1A (p21,

CIP1, WAF1)

Cyclin-dependent kinase

inhibitor 1A

Inhibition of the enzymatic activity of

cyclin-dependent kinases

CDKN1B (p27,

KIP1)

Cyclin-dependent kinase

inhibitor 1B

CDKN2A (p21,

p16, p14,

INK4A, ARF)

Cyclin-dependent kinase

inhibitor 2A

CDKN2B (p15

and INK4B)

Cyclin-dependent kinase

inhibitor 2B

CSTA Cystatin A (stefin A) Inhibition of the activity of cathepsins

CTSB Cathepsin B Lysosomal cysteine and aspartyl

proteases of lysosomesCTSD Cathepsin D

DDC L-DOPA decarboxylase Catalysis of the synthesis of dopamine

and serotonin

EGFR Epidermal growth factor

receptor

Receptor tyrosine kinase activity

(multiple functions)

ERBB2 (HER2) v-erb-b2 avian erythroblastic

leukemia viral oncogene

homologue 2

ERBB3 (HER3) v-erb-b2 avian erythroblastic

leukemia viral oncogene

homologue 3

ERBB4 (HER4) v-erb-b2 avian erythroblastic

leukemia viral oncogene

homologue 4

(continued)
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Tumor Protein p53 (TP53)

The tumor protein p53 (TP53) gene encodes a tumor-suppressor protein regulating

the expression of many genes in response to diverse cellular stresses, thus having

multiple functions, including the induction of cell cycle arrest, apoptosis, senes-

cence, and DNA repair (Fig. 1). Although several studies during the last two

decades have sought to shed light on the potential associations of p53 expression

with distinct tumor clinicopathological features and its putative prognostic value in

LSCC, established prognostic factors, results are still inconclusive, mostly due to

variations in the selection of LSCC patients included in each study. Moreover, there

Table 1 (continued)

Gene symbol

(and aliases) Name Function

FLT1

(VEGFR1)

fms-related tyrosine kinase 1 Receptor tyrosine kinase activity

(angiogenesis)

FLT4

(VEGFR3)

fms-related tyrosine kinase 1

HOTAIR HOX transcript antisense

RNA

Retargeting of chromatin-remodeling

complexes

KLK11 Kallikrein-related peptidase

11

Trypsin-like serine protease

miR-155 microRNA-155 Posttranscriptional regulation of protein-

coding gene expressionmiR-455-5p microRNA-455-5p

miR-196a microRNA-196a

MKI67 Marker of proliferation Ki-67 Participation in rRNA synthesis and

cellular proliferation

PARK7 (DJ1) Parkinson protein 7 Peptidase C56 family member

PCNA Proliferating cell nuclear

antigen

Cofactor of DNA polymerase delta

PTGS2 (COX2) Prostaglandin-endoperoxide

synthase 2

Catalysis of the biosynthesis of

prostaglandin

SPP1 (OPN) Secreted phosphoprotein 1 Cell adhesion molecule and cytokine

TERT Telomerase reverse

transcriptase

Protein component of telomerase

(a ribonucleoprotein polymerase that

maintains telomere ends)

TP53 Tumor suppressor protein p53 Cell cycle arrest, induction of apoptosis,

senescence, DNA repair

VEGFA Vascular endothelial growth

factor A

Angiogenesis

VEGFC Vascular endothelial growth

factor C

This table exhibits the gene symbols, names, and function of the molecules that could serve as

molecular biomarkers on laryngeal cancer, as presented in this chapter. Gene symbols are listed

alphabetically
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has been much controversy about the ability of p53 to predict radiotherapy failure

and locoregional recurrence of the tumor.

p53 overexpression is, most likely, unrelated to the biological aggressiveness of

laryngeal tumors. Hence, no significant associations have been found between p53

expression status and tumor extent, histological grade, nodal status, or clinical stage

of LSCC patients (Dolcetti et al. 1992; Jin et al. 1998; Nadal et al. 1995; Narayana

et al. 1998). It has been suggested that aberrant p53 expression is an early event in

the process of laryngeal carcinogenesis leading finally to LSCC (Dolcetti

et al. 1992; Tomasino et al. 1994), or that it may also play its own role in the

early steps of the malignant transformation of the laryngeal mucosa. However, it

seems that p53 immunopositivity is not associated with further progression of the

disease (Nadal et al. 1995). Regarding the prognostic power of immunohisto-

chemically assessed p53 expression, a number of studies converge at its signifi-

cance regarding both disease-free survival (DFS) (Hirvikoski et al. 1997; Jin

et al. 1998; Narayana et al. 2000; Nathan et al. 2000) and overall survival

(OS) (Hirvikoski et al. 1997; Osman et al. 2002) of LSCC patients, treated either

with curative radiotherapy (at an early stage) or with surgical resection of the tumor

(at an advanced stage). Nonetheless, there is a discrepancy among these studies, as

the study of Hirvikoski et al. is the only one to suggest a favorable prognostic role

for p53 overexpression in LSCC (Hirvikoski et al. 1997). Furthermore, the utility of

intense p53 immunostaining as a prognostic indicator has been questioned, as

several other scientific works demonstrated that p53 expression is not predictive

of tumor recurrence or radiotherapy failure in LSCC (Kokoska et al. 1996; Nadal

et al. 1995; Narayana et al. 1998; Tan and Ogden 1997; Tomasino et al. 1994). In

more detail, nuclear accumulation of p53 could not predict tumor recurrence in

patients with early-stage glottic LSCC treated with radiotherapy (Kokoska

et al. 1996; Narayana et al. 1998) nor in patients with other types of LSCC

(Ogawa et al. 2003; Tan and Ogden 1997). Besides that, p53 overexpression failed

to predict the DFS and OS of advanced-stage LSCC patients who underwent radical

surgical resection of their tumors (Nadal et al. 1995; Tomasino et al. 1994). Taking

all the aforementioned data into consideration, it seems that large meta-analyses of

Fig. 1 Schematic representation of the p53 structure. The p53 protein comprises three functional

domains, namely, an N-terminal activation domain, a DNA-binding domain (DBD), and a

C-terminal domain. The N-terminal domain includes a transactivation subdomain (TAD) and a

proline-rich region. The central DBD binds specific DNA sequences and constitutes a hot spot

mutation region. The C-terminal includes a region that performs a regulatory function (Reg

domain) containing residues that undergo posttranslational modifications including phosphoryla-

tion and acetylation, as well as a tetramerization domain (TET) facilitating the oligomerization

of p53
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LSCC patient data are needed to determine the prognostic importance of p53 for

specific subgroups of patients undergoing specific treatments.

Cyclins, Cyclin-Dependent Kinases, and Their Inhibitors

Cyclins belong to a highly conserved family, whose members control the progres-

sion of cells through the cell cycle by forming complexes with and activating

cyclin-dependent kinases. Their protein levels are characterized by a dramatic

periodicity through the cell cycle (Fig. 2). The cyclins that have mostly been studied

in LSCC are cyclin A2 (CCNA2; in the past, known as cyclin A), cyclin B1

(CCNB1), cyclin D1 (CCND1), cyclin D3 (CCND3), and cyclin E1 (CCNE1; in

the past, known as cyclin E).

CCNB1, CCND1, and CCNE1 expression was significantly associated with the

tumor site, tumor extent, and clinical stage. In particular, CCNB1, CCND1, and

CCNE1 overexpression was more common among tumors of the supraglottic

larynx, of high extent (T3 or T4), and advanced clinical stage (III or IV) (Dong

et al. 2000, 2001, 2002; Pignataro et al. 1998). CCND1 and CCNE1 immunopo-

sitivity was also related to the presence of metastases in patients’ regional lymph

nodes (Dong et al. 2000, 2001; Pignataro et al. 1998). Moreover, high cyclin E

expression was more frequently observed in poorly differentiated LSCC than in

well- or moderately differentiated malignant neoplasms (Dong et al. 2000). In

addition to CCND1 protein overexpression, mRNA overexpression of this gene

was noticed in a considerable percentage of LSCC specimens and was significantly

associated with advanced local invasion and stage IV carcinomas. In many cases,

elevated CCND1 mRNA levels could be attributed to CCND1 gene amplification,

which was related to positive nodal status, as well (Jares et al. 1994).

The prognostic value of cyclins in LSCC has been well documented so far.

CCNA2 overexpression, detected by immunohistochemistry (IHC), was associated

with locoregional recurrence, as patients with CCNA2-positive laryngeal tumors

Fig. 2 Schematic

representation of some CDKs

involved in cell cycle

progression
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were at a 40 % risk of locoregional relapse within a 5-year period from LSCC

diagnosis, whereas patients with CCNA2-negative LSCC had an 18 % risk of

locoregional recurrence. Strong CCNA2 immunostaining was also an unfavorable

prognosticator of DFS and OS in LSCC patients treated with surgery and postop-

erative radiotherapy (Saarilahti et al. 2003). Furthermore, high CCNB1 immuno-

reactivity was an unfavorable – albeit not independent – prognostic factor in LSCC

(Dong et al. 2002). The most important indicators of poor prognosis, in terms of

both DFS and OS, were CCND1 and CCNE1 immunopositivities (Dong et al. 2000,

2001; Pignataro et al. 1998; Pruneri et al. 1999). Besides these cyclins, CCND3
overexpression and CCND1 gene amplification were demonstrated to constitute

independent predictors of high death risk in this malignancy (Bellacosa et al. 1996;

Pruneri et al. 2005).

Co-staining of LSCC tissue specimens with anti-CCND1 and anti-CCND3 was

an evenmore powerful prognosis predictor. Hence, patients with CCND1+/CCND3+

tumors were more prone to succumbing than the rest of patients, whereas patients

with CCND1-/CCND3- LSCC exhibited the most prolonged survival. CCND1-/

CCND3+ or CCND1+/CCND3- had an intermediate prognosis (Pruneri

et al. 2005). Moreover, immunohistochemical assessment of CCND1 and its enzy-

matic partner, CDK4, revealed that co-overexpression of CCND1 and CDK4 was a

strong prognostic factor of poor patient outcome (Dong et al. 2001). Combined

CCND1 and CDK4 immunopositivities as well as CCNE1 overexpression retained

their unfavorable prognostic value also in the subgroup of early-stage (I or II) LSCC

cases (Dong et al. 2000, 2001). Therefore, it is evident that evaluation of expression

of cyclins could assist the clinical management of LSCC patients by selecting

patients with poor prognosis and/or those who should be treated with more aggres-

sive therapies.

The enzymatic activity of activated cyclin-dependent kinases can be blocked by

specific inhibitors, usually during the G1 phase of the cell cycle or in response to

signals originating from the environment or from damaged DNA. The most prom-

inent examples of such inhibitory molecules are cyclin-dependent kinase inhibitor

1A (CDKN1A; also known as p21, CIP1, and WAF1), cyclin-dependent kinase

inhibitor 1B (CDKN1B; also known as p27 and KIP1), cyclin-dependent kinase

inhibitor 2A (CDKN2A; also known as p21, p16, p14, INK4A, and ARF), and

cyclin-dependent kinase inhibitor 2B (CDKN2B; also known as p15 and INK4B).

Significant associations were noticed between the immunohistochemically

detected expression of both CDKN1A and CDKN1B genes and clinicopathological

features of malignant laryngeal tumors. Low CDKN1A expression was associated

with poor tumor differentiation and positive nodal status of LSCC patients, while

weak CDKN1B expression was related to high tumor extent and advanced clinical

stage (Pruneri et al. 1999). In accordance with these findings, LSCC patients with

CDKN1A-positive tumors had better OS rates than those with CDKN1A-negative

tumors (Chernock et al. 2013). CDKN1B immunopositivity constitutes another

independent favorable prognosticator in LSCC, predicting longer DFS and OS

intervals (Pruneri et al. 1999). On the contrary, patients with CDKN1B-negative

laryngeal tumors that were simultaneously CCND3 positive (CDKN1B-/CCND3+)
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had a very poor prognosis, with regard to both DFS and OS (Pruneri et al. 1999).

Similarly, in basaloid LSCC (a rare and aggressive variant of laryngeal cancer),

negative CDKN1B immunostaining was linked to high tumor aggressiveness and

predicted poor patient outcome (Salerno et al. 2006). Furthermore, genomic dele-

tions of CDKN2A and/or CDKN2B were associated with worse progression-free

survival (PFS) and OS of LSCC patients (Swellam et al. 2008). In summary, loss of

expression of each aforementioned cyclin-dependent kinase inhibitor is an adverse

prognostic factor in LSCC.

Marker of Proliferation Ki-67 (MKI67)

Marker of proliferation Ki-67 (MKI67) is a nuclear protein, associated with ribo-

somal RNA (rRNA) synthesis and cellular proliferation. Intense nuclear MKI67

staining was related to poor histologic differentiation. Although MKI67 expression

was not an independent prognosticator, malignant laryngeal tumors with high

MKI67 expression recurred locoregionally more frequently when treated with

split-course radiotherapy than when treated with a continuous course of therapy,

while the presence of a planned split did not influence the frequency of locoregional

recurrences when MKI67 expression was lower (Saarilahti et al. 2003). Another

study demonstrated that MKI67 protein levels are higher in laryngeal tumors

accompanied by metastases in the regional lymph nodes than in the LSCC of

node-negative patients (Franchi et al. 1996). Furthermore, strong MKI67 expres-

sion is a reliable predictor of the existence of occult neck metastases in LSCC

(Franchi et al. 1996; Liu et al. 2003). Thus, immunohistochemical detection of

MKI67 could distinguish patients who are more likely to benefit from elective neck

dissection.

Proliferating Cell Nuclear Antigen (PCNA)

Proliferating cell nuclear antigen (PCNA) is a cofactor of DNA polymerase delta,

localized in the cell nucleus. Quantification of PCNA expression (PCNA index) on

histological sections from paraffin-embedded biopsies by using monoclonal anti-

bodies reveals the rate of tumor cell proliferation. In LSCC, the PCNA index is

associated with histological grade, lymphatic and vascular invasion, depth of tumor

margins, neck metastasis, and locoregional recurrence (Sarac et al. 1998). Laryn-

geal tumors having metastasized in the regional lymph nodes present higher PCNA

levels than tumors of the node-negative patients (Franchi et al. 1996). Additionally,

the PCNA index values of patients with occult metastasis were significantly higher

than those of patient without metastases (Sarac et al. 1998). In accordance with

these findings, it has been suggested that PCNA immunostaining in preoperative

biopsies could be used for the prediction of occult neck metastases (Franchi

et al. 1996; Liu et al. 2003; Sarac et al. 1998). PCNA expression possesses also

an important prognostic value, as it is related to patients’ DFS (Dong et al. 2000;
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Sarac et al. 1998) and OS (Dong et al. 2000). Furthermore, T1N0M0 glottic cancer

patients with low intratumoral PCNA expression should receive treatment regimens

other than radiotherapy (Munck-Wikland et al. 1993). Interestingly, patients with

malignant laryngeal neoplasms overexpressing both PCNA and CCNE1 had the

poorest prognosis, when compared to all other LSCC cases (Dong et al. 2000).

Therefore, it is evident that immunohistochemical determination of PCNA expres-

sion in LSCC could assist in the decision-making for treatment and assessment of

prognosis.

BCL2 Family Members

BCL2 family members are key regulators of apoptosis. They are distinguished into

antiapoptotic (e.g., BCL2) and proapoptotic members (e.g., BAX), while some

BCL2 family genes are considered as double-edged swords (e.g., BCLX,
BCL2L12) as they encode both antiapoptotic and proapoptotic isoforms. Immuno-

histochemical examination of LSCC specimens revealed that BCL2 protein expres-

sion is associated with the supraglottic location of the tumor, positive regional

lymph nodes, and advanced clinical stage of the disease (Pruneri et al. 1998). On the

other hand, data regarding the clinical value of BCL2 protein overexpression as a

predictor of tumor resistance to radiotherapy – the therapy of choice against early-

stage laryngeal tumors – are contradictory. In more detail, two previous studies

have shown that high BCL2 protein levels, either alone (Condon et al. 2002) or

combined with BCLXL immunopositivity, and loss of BAX expression (Nix

et al. 2005) predict radiotherapy failure in LSCC, therefore also suggesting that

radioresistance is due to the inhibition of apoptosis; still, Ogawa et al. argued that

BCL2 protein expression assessed by IHC does not have any predictive value,

despite its strong association with recurrent LSCC treated by radiotherapy (Ogawa

et al. 2003). Furthermore, BCL2L12 mRNA expression, quantified with the use of

SYBR Green-based, quantitative real-time polymerase chain reaction (qRT-PCR),

was shown to be lower in laryngeal tumors of advanced TNM stage than in early-

stage malignant neoplasms of the larynx (Geomela et al. 2013).

Epidermal Growth Factor Receptor (EGFR) Family Members

The epidermal growth factor receptor (EGFR) is a transmembrane receptor with

tyrosine kinase activity, regulating the activation of several important signaling

pathways (Fig. 3). Using IHC, EGFR was shown to be overexpressed in LSCC,

compared to normal mucosa (Maurizi et al. 1992; Scambia et al. 1991), and to

diagnose second primary tumors; thus, EGFR expression could be used to identify

LSCC patients with an increased risk of locoregional recurrence (Farhadieh

et al. 2009). Moreover, EGFR levels were higher in poorly differentiated laryngeal

tumors than in well- or moderately differentiated malignant neoplasms (Maurizi

et al. 1992; Scambia et al. 1991). Regarding its prognostic significance in LSCC,
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Cox univariate regression analysis demonstrated that EGFR expression, used as a

continuous variable, was associated with the risk of regional metastatic recurrence.

As a consequence, a positive EGFR status at the time of diagnosis is indicative of

high patient susceptibility to neck node metastases and could be exploited for better

decision regarding LSCC patient treatment (Almadori et al. 1999). A positive

EGFR expression status (�20 fmol/mg of protein) predicts a short-term relapse

and poor OS, independently of other important clinicopathological parameters,

such as the depth of tumor invasion, involvement of regional lymph nodes, histo-

logical grade, tumor site, and patient age (Maurizi et al. 1992, 1996b). According to

Pivot et al., EGFR determination seems to be a very strong prognosticator espe-

cially for LSCC patients treated by induction chemotherapy followed by exclusive

radiotherapy (Pivot et al. 2005).

The prognostic significance of EGFR expression can be strengthened by the

co-assessment of the expression of the rest of EGFR family members, namely,

ERBB2 (HER2), ERBB3 (HER3), and ERBB4 (HER4). In more detail, among the

patients bearing laryngeal tumors strongly expressing EGFR, those with tumors

co-expressing ERBB2, ERBB3, and ERBB4 are at lower risk of regional relapse and

death than those with tumors displaying a negative ERBB2/ERBB3/ERBB4 expression

status (Almadori et al. 2010). Moreover, ERBB2 expression, assessed by IHC, was

shown to constitute an independent predictor of locoregional recurrence in

laryngopharyngeal cancer patients treated with chemoradiotherapy (Ganly et al. 2007).

Besides its emerging prognostic value, EGFR expression could be regarded as a

predictive biomarker for the selection of patients who would benefit from acceler-

ated radiotherapy with carbogen (98 % O2; 2 % CO2) and nicotinamide (ARCON),

a treatment strategy with which high locoregional control rates are achieved, in
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particular for oropharynx and larynx tumors presenting low EGFR expression

(Nijkamp et al. 2013).

Vascular Endothelial Growth Factor (VEGF) Subfamily Members
and Their Receptors

The members of the vascular endothelial growth factor (VEGF) subfamily –

namely, VEGFA, VEGFB, VEGFC, VEGFD, and placental growth factor

(PGF) – constitute pivotal angiogenic effectors produced by tumor and stromal

cells. Some small isoforms of the VEGF subfamily members are secreted proteins

and act as diffusible agents, whereas the larger ones remain cell associated. They

act by binding their receptors such as FLT1, KDR, and FLT4, which subsequently

dimerize and become activated through transphosphorylation to promote angiogen-

esis. The formation of new blood vessels, which supports tumor growth and is

considered to be a hallmark of tumor progression, is active in localized LSCC

(Pentheroudakis et al. 2012). In fact, soluble VEGFA levels measured in serum

using a commercially available enzyme-linked immunosorbent assay (ELISA)

were significantly higher in patients with advanced laryngeal carcinoma than in

healthy controls (Teknos et al. 2002). Total VEGFA expression was shown to be

significantly related to tumor size, histological grade, and nodal status of LSCC

patients (Sullu et al. 2010).

Regarding the prognostic significance of VEGFA, its elevated pretreatment

levels in patient serum tended to indicate a more aggressive disease phenotype

and a worse outcome (Teknos et al. 2002). Moreover, quantification of VEGFA and

FLT1 (VEGFR1) mRNA levels using qRT-PCR revealed an association of enhanced

transcription of both genes with high tumor extent (T3 and T4) as well as their

unfavorable independent prognostic value with regard to DFS (Pentheroudakis

et al. 2012). High VEGFC expression detected by IHC is also an independent

predictive factor of cervical lymph node relapse and short DFS in laryngopharyngeal

carcinoma patients with negative regional lymph nodes at the time of surgery

(Hinojar-Gutierrez et al. 2007). In addition, VEGFA immunopositivity was associ-

ated with high histological grade (Pentheroudakis et al. 2012) and predicted poor OS,

independently of patient age, gender, and tumor extent (Parikh et al. 2007), similarly

to high VEGFC and FLT1 mRNA expression. FLT4 (VEGFR3) is another unfavor-

able prognosticator of OS, though not independent of the classical clinicopathological

parameters of LSCC (Pentheroudakis et al. 2012).

Secreted Phosphoprotein 1 (SPP1) and Its Receptor (CD44v6)

Secreted phosphoprotein 1 (SPP1), also known as osteopontin (OPN), is a highly

acidic Ca2+-binding glycosylated phosphoprotein that can function either as

a cell adhesion molecule or as cytokine, binding to its receptor, CD44v6.
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SPP1 expression does not differ between hyperplastic and normal laryngeal tissue

specimens (Staibano et al. 2007), but is significantly elevated in LSCC samples, in

comparison with its expression in matched normal laryngeal mucosa carcinomas,

both at the mRNA (Celetti et al. 2005) and protein levels (Celetti et al. 2005;

Staibano et al. 2007). SPP1 seems to be linked to the progression of LSCC, as its

protein levels increase in parallel with the loss of differentiation of the

cancerous laryngeal tissue. SPP1 expression, detected using IHC on tissue

microarrays, is also higher in patients with positive lymph nodes than in those without

any metastases (Lu et al. 2011). Besides its association with the histological grade and

the positive nodal status of LSCC patients (Celetti et al. 2005), SPP1 immunopo-

sitivity is also related to the degree of dysplasia (Staibano et al. 2007), tumor invasion,

and presence of distant metastases (Celetti et al. 2005). In accordance with all these

findings, high SPP1 expression predicts poor DFS (Staibano et al. 2007).

The CD44v6 is a protein isoform of CD44, a cell surface glycoprotein that is

implicated in the regulation of cell–cell and cell–matrix interactions, cell migration,

tumor growth, and progression. Immunohistochemical detection of CD44v6

expression in formalin-fixed, paraffin-embedded LSCC biopsies showed that a

positive CD44v6 status is associated with severe tumor invasion and positive

regional lymph nodes. Additionally, it has been suggested that strong CD44v6

immunostaining in negative surgical margins could predict short DFS interval in

LSCC patients (Staibano et al. 2007; Zhao et al. 2008). The predictive role of total

CD44 expression with regard to locoregional recurrence has recently been

highlighted by another study, in which mRNA and protein expression of this gene

correlated with the probability of recurrence after radiotherapy for early-stage

LSCC patients (de Jong et al. 2010).

Cathepsins and Their Endogenous Inhibitors

Cathepsins B (CTSB) and D (CTSD) are lysosomal cysteine and aspartyl proteases,

respectively, distributed in almost all mammalian cells. They become activated at

the low pH found in lysosomes and are heavily involved in mammalian cellular

turnover. The activity of cathepsins is regulated by endogenous inhibitors, namely,

cystatin A (stefin A, CSTA), cystatin B (stefin A, CSTB), and cystatin C (CST3).

CSTA protein expression has been proposed as a potential diagnostic biomarker of

laryngeal cancer. Immunohistochemical staining of laryngeal cancerous tissue

specimens demonstrated that CSTA protein expression was inversely associated

with lymphatic metastasis, LSCC recurrence, and patients’ survival rate

(Li et al. 2011). Lymph node metastasis in the region of the neck was also

associated with CTSD protein levels (Maurizi et al. 1996a). Moreover, CSTA

upregulation along with CTSB downregulation impeded in vitro the migration,

invasion, and proliferation of laryngeal cancer cells. However, CTSB expression –

evaluated using IHC – does not possess prognostic value in LSCC (Li et al. 2011).

On the other hand, CTSD expression, determined using a solid-phase two-site
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immunoradiometric assay, is an independent factor for reliable prediction of short

metastasis-free survival (MFS) interval and poor OS (Maurizi et al. 1996a).

E-Cadherin (ECAD; Cadherin 1, Type 1; CDH1)

E-cadherin (ECAD; officially known as cadherin 1, type 1; CDH1) is a Ca2+-

dependent cell–cell adhesion glycoprotein and the mostly studied member of the

cadherin superfamily. Loss of E-cadherin function or expression accounts for defec-

tive cellular adhesion (Fig. 4) and increased cell motility and proliferation and is

heavily implicated in cancer progression, invasion, and metastasis. As might be

expected, E-cadherin constitutes a marker of epithelial–mesenchymal transition, a

process leading to the acquisition of stemness by epithelial tumor cells of the head and

neck (Zhang et al. 2012). Diminished E-cadherin immunopositivity in supraglottic

LSCC is associated with poor differentiation of the tumor cells and high tumor extent

as well as with the presence of nodal metastases. Most importantly, loss of E-cadherin

expression is an independent predictor of the presence of nodal metastases in

supraglottic LSCC patients (Rodrigo et al. 2002). Hence, IHC-based determination

of E-cadherin expression could be applied for the identification of LSCC patients with

clinically negative lymph nodes who are at considerable risk for occult metastases and

who might benefit from prophylactic lymphadenectomy in the neck region (Franchi

et al. 1996; Rodrigo et al. 2002).
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Prostaglandin-Endoperoxide Synthase 2 (PTGS2)

Prostaglandin-endoperoxide synthase 2 (PTGS2), also known as cyclooxygenase

2 (COX2), is one the two isozymes that catalyze the biosynthesis of prostaglandin.

PTGS2 regulates angiogenesis in endothelial cells and acts both as a dioxygenase

and as a peroxidase. Its expression is triggered by EGFR signaling in normal human

keratinocytes as well as in squamous carcinoma cells. The PTGS2 protein is

overexpressed in less aggressive, low-grade LSCC specimens, whereas its expres-

sion is downregulated or even lost in tumors with poor differentiation, as shown by

means of IHC and Western blot (Ranelletti et al. 2001). In pretreatment laryngeal

biopsies from early-stage LSCC patients who were next subjected to single-

modality radiotherapy, intense PTGS2 immunostaining was more frequent among

tumors that proved to be radioresistant than among radiosensitive ones. The accu-

racy of prediction of radiotherapy failure in LSCC patients was 67 % (Nix

et al. 2004). Moreover, loss of PTGS2 expression seems to constitute an unfavor-

able prognosticator in this malignancy, as it predicts a significantly higher risk for

relapse and death, independently from other prognostic clinicopathological factors

(Ranelletti et al. 2001). On the contrary, IHC conducted on pretreatment biopsies of

patients with early-stage glottic cancer treated by radiotherapy demonstrated that

PTGS2 overexpression was associated with poor OS and an increased risk of

developing second primary tumors during the early follow-up period (Sackett

et al. 2008).

Carbonic Anhydrase IX (CA9)

Carbonic anhydrase IX (CA9) is a transmembrane zinc metalloenzyme catalyzing

the reversible hydration of carbon dioxide. It participates in various biological

processes, including respiration, calcification, acid–base balance, and bone resorp-

tion, and may also be involved in cell proliferation and transformation. IHC for

CA9 performed on formalin-fixed, paraffin-embedded (FFPE) samples obtained

before any treatment from glottic LSCC patients who were subsequently treated

with radiotherapy showed that CA9 overexpression predicts an increased risk for

locoregional recurrence (Schrijvers et al. 2008). Nevertheless, a very recent study

showed clearly that CA9 does not possess any prognostic significance in early-stage

glottic LSCC patients who are treated with radiotherapy (Douglas et al. 2013). On

the other hand, patients with advanced LSCC showing a perinecrotic

CA9-immunostaining pattern had a significantly worse locoregional control as

well as poor MFS and OS, in contrast with those bearing tumors with a diffuse

CA9 pattern. Besides that, the same patients did not benefit from ARCON treat-

ment, whereas MFS intervals of ARCON-treated patients with low intratumoral

CA9 expression were prolonged (Rademakers et al. 2013). Therefore, further

studies are needed for the better determination of the prognostic potential of this

hypoxia factor in LSCC.
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Parkinson Protein 7 (PARK7)

Parkinson protein 7 (PARK7; also known as DJ1), a member of the peptidase C56

family of proteins, is another potential biomarker in glottic and supraglottic LSCC.

PARK7 overexpression, assessed by IHC, is more frequent in glottic and

supraglottic LSCC than in its adjacent noncancerous counterparts. Furthermore,

PARK7 immunopositivity was associated with the histopathologically assessed

primary tumor extent and the postsurgically defined TNM stage of malignant

glottic and supraglottic tumors (Zhu et al. 2010, 2012). In supraglottic LSCC,

high PARK7 staining intensity was also associated with the presence of nodal

metastases. This significant association could be attributed to the fact that

PARK7 downregulates phosphatase and tensin homolog (PTEN), thus inducing

laryngeal cancer cell proliferation and invasiveness (Zhu et al. 2012). More impor-

tantly, high PARK7 protein expression predicted poor outcome in glottic and

supraglottic LSCC, independently of clinicopathological parameters (Zhu

et al. 2010, 2012).

Telomerase Reverse Transcriptase (TERT)

Telomerase reverse transcriptase (TERT) is the protein component of telomerase, a

ribonucleoprotein polymerase that preserves telomere ends by addition of the

telomere repeat TTAGGG. This immortalizing enzyme, which also consists of an

RNA component serving as a template for the telomere repeat, is heavily implicated

in carcinogenesis. It has been proposed that TERT mRNA quantification using

qRT-PCR could be applied for the molecular reevaluation of the safety margin

for conservational laryngeal surgery. High TERT mRNA level at the laryngeal

tumor edge is a significant unfavorable prognosticator in LSCC, predicting poor

patient outcome (Eissa et al. 2005). Additionally, LSCC patients bearing tumors

with high telomerase activity were shown to have significantly lower DFS rates

than those having tumors with low telomerase activity (Swellam et al. 2008).

Hence, quantification of TERT mRNA expression and determination of telomerase

activity in LSCC might assist in better assessment of prognosis and subsequent

classification of patients for treatment.

L-DOPA Decarboxylase (DDC)

L-DOPA decarboxylase (DDC) is a pyridoxal-phosphate-dependent enzyme cata-

lyzing the synthesis of dopamine and serotonin. Analysis of DDC mRNA expres-

sion in primary LSCC specimens and adjacent noncancerous laryngeal tissues using

qRT-PCR uncovered its significant prevalence in the malignant tumors of the

larynx (Geomela et al. 2012; Patsis et al. 2012a). Moreover, receiver operating

characteristic analysis showed that DDC mRNA expression possesses a significant
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diagnostic potential and suggested its further evaluation in larger cohorts of

samples (Patsis et al. 2012a). DDC mRNA levels are inversely associated

with progression of LSCC, as tumors of early TNM stage display higher DDC
mRNA expression than advanced-stage tumors (Geomela et al. 2012; Patsis

et al. 2012a). DDC mRNA positivity has recently been described as a novel

molecular prognostic biomarker in LSCC, predicting longer DFS and OS (Patsis

et al. 2012a).

Kallikrein-Related Peptidase 11 (KLK11)

Kallikrein-related peptidase 11 (KLK11) is a trypsin-like serine protease belonging

to the family of the tissue kallikrein and kallikrein-related peptidases. KLK11
mRNA expression, as assessed by qRT-PCR, was significantly lower in laryngeal

cancerous specimens of primary or recurrent origin, in comparison with their

nonmalignant counterparts. Furthermore, TNM stage I and II carcinomas of the

larynx were more frequently KLK11 positive, in contrast with TNM stage III or IV

tumors. Patients bearing KLK11-positive laryngeal tumors had higher OS proba-

bilities than those with KLK11-negative malignant neoplasms. Therefore, KLK11
appears to be a promising diagnostic and/or independent prognostic biomarker in

LSCC (Patsis et al. 2012b).

microRNAs (miRNAs)

microRNAs (miRNAs) are small noncoding RNA molecules of approximately

19–25 nucleotides that posttranscriptionally regulate protein-coding gene expres-

sion. miRNAs usually – albeit not exclusively – bind to the 30 untranslated region of
target mRNAs, leading to mRNA degradation and/or translational repression

(Ambros 2004). In addition to the fact that these small regulatory RNAs are heavily

involved in carcinogenesis, they constitute emerging biomarkers in cancer as they

are stable RNA molecules than can be accurately quantified in FFPE samples and

blood plasma of patients, as well.

To date, there are only a few studies investigating the diagnostic, prognostic, and

predictive potential of miRNAs in LSCC. Using high-throughput qRT-PCR, Ayaz

et al. have recently discovered a panel of 26 miRNAs that are differentially

expressed (fold change >2) in the plasma of LSCC patients, compared to the

control cohort. Out of these 26 RNA molecules, 16 miRNAs were significantly

upregulated and 10 miRNAs were significantly downregulated in the plasma of

LSCC patients. Interestingly, the same study demonstrated that 17 miRNAs are

present exclusively in the patients’ plasma (Ayaz et al. 2013). Therefore, this

LSCC-specific signature of miRNAs detected in plasma could serve as noninvasive

biomarkers for this malignancy. Furthermore, three miRNAs – namely, miR-155

(Zhao et al. 2013), miR-455-5p, and miR-196a (Saito et al. 2013) – were found to
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be aberrantly expressed in LSCC tissues. Overexpression of these three miRNAs

appeared to be associated with the progression of the disease. In more detail,

miR-455-5p and miR-196a levels were higher in dysplasias than in normal tissues

or benign tumors of the larynx and even higher in LSCC. Besides that, miR-196a

and miR-155 expression was more elevated in T3 and T4 tumors than in low

invasion LSCC (T1 and T2 for miR-196a, only T2 for miR-155) (Saito

et al. 2013; Zhao et al. 2013). miR-155 overexpression was also associated with

histological grade, being more profound in high-grade LSCC (Zhao et al. 2013).

Several miRNAs among those which are differentially expressed in LSCC patients

could be combined in multiparametric panels of biomarkers with diagnostic

purposes.

HOX Transcript Antisense RNA (HOTAIR)

HOX transcript antisense RNA (HOTAIR) is a long noncoding RNA (lncRNA)

generated by a gene located in the homeobox C (HOXC) gene cluster on chromo-

some 12 and is co-expressed with HOXC genes. HOTAIR interacts with both

polycomb repressive complex 2 and lysine-specific demethylase 1 to retarget

chromatin-remodeling complexes. This intergenic lncRNA is heavily implicated

in human malignancies and its clinical significance in solid tumors has just

emerged. HOTAIR expression has recently been linked to the progression and

prognosis of LSCC. HOTAIR levels were significantly elevated in LSCC tissue

specimens compared to their adjacent noncancerous counterparts, as shown using

qRT-PCR. Furthermore,HOTAIR overexpression was observed in laryngeal tumors

with poor histological differentiation or, to a large extent, in tumors resected from

patients with positive regional lymph nodes and/or those at an advanced clinical

stage. Thus, high HOTAIR expression was shown to constitute an independent

indicator of unfavorable prognosis in LSCC (Li et al. 2013).

Conclusion

The clinical value of the aforementioned molecules as putative diagnostic, prog-

nostic, and treatment-response biomarkers in laryngeal cancer has been widely

investigated during the last two decades. The elucidation of the biochemical

pathways involved in laryngeal carcinogenesis, tumor progression, and metastasis,

taking also into account the heterogeneity of laryngeal tumors, would absolutely

assist the discovery of novel candidate biomarkers in laryngeal cancer. Moreover,

some of the molecular biomarkers presented in this chapter may also have prog-

nostic value in specific laryngeal cancer subtypes. The frequently observed

dysregulation of protein and/or mRNA expression in malignant laryngeal tumors

compared to benign tumors, dysplasias, or normal specimens originating from the

larynx implies that some of these potential biomarkers merit further validation in

independent and larger cohorts of laryngeal cancer patients.
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Summary Points

• The tumor protein p53 has been extensively studied so far as a potential

molecular biomarker in LSCC. Although the TP53 gene is overexpressed in

malignant laryngeal tumors, this overexpression does not seem to be associated

with important clinicopathological features. Moreover, data about the potential

prognostic significance of immunohistochemically detected p53 expression in

laryngeal cancer are conflicting.

• High protein expression levels of several cyclins, a group of important cell cycle

regulators which determine the activity of cyclin-dependent kinases, predict

short-term relapse and poor overall survival in LSCC. On the other hand,

expression of major cyclin-dependent kinase inhibitors is a favorable prognos-

ticator in this malignancy.

• Marker of proliferation Ki-67 could serve as a biomarker for the selection of

these LSCC patients who are more likely to benefit from elective neck dissec-

tion, as its expression constitutes a reliable predictor of the existence of occult

neck metastases.

• PCNA expression is associated with tumor histological grade, lymphatic and

vascular invasion, depth of tumor margins, neck metastasis, and locoregional

recurrence of laryngeal cancer. Its assessment in preoperative biopsies could be

applied for the prediction of occult neck metastases.

• Co-expression of the antiapoptotic BCL2 and BCLXL proteins along with

reduced expression of the proapoptotic BAX protein predicts radiotherapy

failure in LSCC and suggests that inhibition of apoptosis accounts for

radioresistance.

• EGFR expression appears a very reliable prognosticator, especially for LSCC

patients treated by induction chemotherapy followed by exclusive radiotherapy.

The prognostic value of EGFR expression can be strengthened by immunohis-

tochemical co-assessment of the expression of ERBB2 (HER2), ERBB3

(HER3), and ERBB4 (HER4).

• The quantification of VEGFA and FLT1 (VEGFR1) mRNA expression levels

using qRT-PCR uncovered the unfavorable prognostic value of these two key

players of angiogenesis, with regard to the DFS of laryngeal cancer patients.

This prognostic significance is independent from the prognostic factors that are

currently used in clinical practice.

• The expression of cathepsin D, quantified using a solid-phase two-site

immunoradiometric assay, is a strong independent predictor of short MFS

interval and poor OS.

• Positive immunostaining against E-cadherin could be used for the selection of

those LSCC patients with clinically negative lymph nodes who are at risk for

occult metastases and who might benefit from prophylactic lymphadenectomy in

the neck region.

• Noncoding RNAs, including miRNAs (e.g., miR-155, miR-455-5p, and

miR-196a) and lncRNAs (e.g., HOTAIR), are emerging biomarkers in laryngeal

cancer. miRNAs that are differentially expressed in LSCC patients could be
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exploited by multiparametric panels of biomarkers for the early detection of

laryngeal cancer. Furthermore, HOTAIR expression has recently been linked to

the progression and prognosis of this malignancy.
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Abstract

The main cause of treatment failure and death in laryngeal squamous cell

carcinoma is metastasis to the regional lymph nodes. The current clinical staging

criteria fail to differentiate patients with occult metastasis from patients without

metastasis. Identifying molecular markers of the disease might improve our

understanding of the molecular mechanisms underlying the pathogenesis and

development of laryngeal carcinoma and may help improve clinical staging and

treatment.

Emerging studies show BMI1 has an important function as a biomarker of

cancer stem cells (CSCs), which are cells with self-renewal characteristics and

capable of initiation, progression, invasion, metastasis, tumor recurrence, and

resistance to chemotherapy and radiotherapy. There are increasing studies that

consider the role of CSCs in head and neck cancers and the potential result of this

knowledge on clinical-surgical outcome. A promising intracellular marker of
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CSCs in head and neck cancer is the oncoprotein BMI1, with specific data about

its prognostic value based on the specific location. More precisely, the nuclear

expression of BMI1 in patients with laryngeal carcinoma seems to correlate with

lymph node metastasis.

List of Abbreviations

BMI1 B-Cell-Specific moloney Murine Leukemia Virus Integration site 1

BTRC Beta-Transducin Repeat Containing

cBMI1 Cytoplasmatic B-Cell-Specific Moloney Murine Leukemia Virus

Integration Site 1

CSCs Cancer Stem Cells

EMT Epithelial-Mesenchymal Transition

HTH Helix-Turn-Helix

LSCC Laryngeal Squamous Cell Carcinoma

nBMI1 Nuclear B-Cell-Specific Moloney Murine Leukemia Virus Integration

Site 1

PcG Polycomb Group

PRC1 Polycomb-Repressive Complex 1

PRC2 Polycomb-Repressive Complex 2

PSC Posterior Sex Control

RF Ring Finger

TERT Telomerase Reverse Transcriptase

Key Facts

(A) The prognosis for laryngeal squamous cell carcinoma (LSCC) has not shown

any improvement in the last 30 years because of inadequate prognostic

stratification.

(B) In LSCC, the evidence seems to indicate that BMI1 overexpression correlates

with a greater capacity of cell proliferation and tumor progression, and more

importantly, BMI1 suppresses the sensitivity of laryngeal tumor cells to radio-

therapy with negative prognostic significance.

(C) The high expression of BMI1 in laryngeal tumors seems to correlate

more prominently with a poor prognosis because of higher capacity of metas-

tasis (locoregional and distant) and resistance to radiochemotherapy

treatments.

(D) The expression of nuclear BMI1 (nBMI1) (immunohistochemical determina-

tion) correlates significantly with the pN status of the primary tumors, while

the high cytoplasmatic BMI1 (cBMI1) expression correlates significantly with

distant metastasis.

(E) The expression of BMI1 in patients with laryngeal carcinoma seems to be a

potential marker of tumor aggressiveness.
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Definition of Words and Terms

Laryngeal Cancer Tumors of the larynx are common in southern Europe. The

crucial factor in laryngeal carcinogenesis is tobacco, often associated with alcohol

abuse. Even some occupational exposures appear to be indicted in the appearance

of these tumors. Despite some early signs, a large number of laryngeal tumors, in

particular supraglottic, are diagnosed at a relatively advanced stage of disease. The

evaluation of the extension is based on the endoscopic evaluation and on diagnostic

imaging quality sections. There are multiple surgical techniques that allow partial

and radical excision of adapting to all kinds of local extension. The endoscopic

laser surgery has gained a place in the treatment of laryngeal tumors. The transcu-

taneous radiotherapy is an alternative for tumors very limited and vegetating; its

place in the treatment of more advanced forms has evolved with the emergence of

new methods and techniques with the combination of chemotherapy, especially in

laryngeal preservation strategies. Healing depends on the location and extent of the

tumor and the general condition of health. Overall, the 5-year survival from

diagnosis is approximately 60 %, ranging between 90 % and 95 % in patients

with limited tumors, and it is 19 % in patients with metastatic disease.

Cancer Stem Cells Many studies in recent years have shown that some forms of

cancer are characterized by the presence of specific cells with stem-like properties,

also called cancer stem cells (CSCs). These cells are considered the cells “that start”

the tumor, and they probably are responsible for the recurrence of the tumor. CSCs

have the ability to self-renew, the potential to give rise to one or more cell types

within the tumor, and the ability to drive, in a continuous manner, the proliferation

of malignant cells. Many studies have described the tumorigenic potential of CSCs

with formulation of the cancer stem cell (CSC) hypothesis, according to which, to

support the tumor growth and cause relapses, it would be a restricted cell

population.

Introduction

BMI1 (B-cell-specific Moloney murine leukemia virus integration site 1) is a

member of polycomb-repressive complex 1 (PRC1), which maintains chromatin

silencing (Gil et al. 2005). Emerging studies show BMI1 has an important

function as a biomarker of cancer stem cells (CSCs), which are tumor cells

responsible for the origin, progression, metastasis, and cancer resistance to che-

motherapy and radiotherapy (Trapasso and Allegra 2012). The main characteris-

tics of CSCs are the ability of self-renewal, duplication, differentiation,

tumorigenesis, and influence on cell homeostatic control (tumoral and

peritumoral – creation of the “niche” and maintaining the so-called side popula-

tion); they would determine the biological behavior of the tumor, propensity to
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relapse/recurrence, and metastasis (Allegra et al. 2013). Moreover, CSCs would

possess transmembrane transporters involved in resistance to chemotherapy

(by transporting the chemotherapy out of the cell and preventing the therapeutic

action), and they have developed repair mechanisms for oxidative stress with

ineffectiveness of radian treatments (Allegra et al. 2006).

The early identification of the pool of CSCs by the use of specific markers may

constitute as an effective method for early detection, and the identification of

antigenic markers revealing metastatic ability and resistance to chemoradiotherapy

could be useful for the prognostic framework (Allegra et al. 2012a, b).

Increasing evidence suggests that the polycomb group (PcG) proteins play a

major role in the initiation, progression, and recurrence of cancer. The PcG proteins

are chromatin modifiers involved in the maintenance of embryonic and adult stem

cells and cancer formation (Valk-Lingbeek et al. 2004). PcG proteins are

multimeric transcriptional repressor complexes including polycomb-repressive

complex 1 (PRC1) and polycomb-repressive complex 2 (PRC2). PcG proteins

can occupy the promoters of developmental regulators, and silencing of these

genes confers stemness in a PcG-dependent manner (Gil et al. 2005). In addition,

deregulation of PcG gene expression leads to cell proliferation and tumor progres-

sion (Satijn and Otte 1999).

BMI1 (B-Cell-Specific Moloney Murine Leukemia Virus
Integration Site 1)

The BMI1 gene, a member of the PcG proteins, was first isolated as an oncogene

that cooperates with c-myc in the oncogenesis of murine lymphomas (Haupt

et al. 1991). BMI1 was shown to be necessary to maintain normal and leukemic

hematopoietic stem cells and was essential in the lineage specification and

multipotency of hematopoietic stem and progenitor cells (Lessar and Sauvageau

2003). It functions as a transcriptional repressor through chromatin modification

and plays a role in axial patterning, cell cycle regulation, hematopoiesis, and

senescence (Jacobs et al. 1999a, b).

Through chromatin and histone modifications, BMI1 controls the cell cycle and

self-renewal of tissue stem cells: it influences the central tumor suppressors Rb

and p53 by suppressing the INK4a locus, which encodes the tumor suppressors p16

and p14ARF (Pardal et al. 2005; Itahana et al. 2003) (Fig. 1).

BMI1 is an intracellular oncoprotein with an N-terminal ring-finger

(RF) domain, required for the activation of telomerase reverse transcriptase

(TERT) transcription and immortalization of epithelial cells; a functional recogni-

tion motif for the F box protein BTRC (beta-transducin repeat containing), which

regulates ubiquitination and proteasome-mediated degradation of various proteins;

a C-terminal HTH (helix-turn-helix) domain, also required for the activation of

TERT transcription and immortalization of epithelial cells; two highly conserved

BMI1-binding motifs, which were required for BMI1-mediated CDKN2A promoter
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regulation; and a domain of homology to Drosophila posterior sex control (PSC)

(Meng et al. 2010; Sahasrabuddhe et al. 2011).

Principal functions of BMI1 are as follows:

1. Senescence regulator, involved in maintaining the transcriptionally repressive

state of genes

2. Essential role for the generation of self-renewing adult hematopoietic stem cells

and in the maintenance and expansion of immature granule cell precursors

3. Incorporates DMAP1 in polycomb gene silencing

4. Cooperates with FOXG1 to maintain neural stem cell self-renewal (Fasano

et al. 2009)

5. Necessary for optimal proliferation of CD8-positive T cells (Heffner and Fearon

2007)

6. Activating NFKappaB through stimulation of IKappaB phosphorylation

BMI1 has important connections with the transcription factor c-myc, which

affects cell proliferation and apoptosis: both BMI1 and c-myc are capable of

Bmi1

INK4a / ARF

P19ARFP161INKa

Locus

p53Rb

Tumor suppression

Senescence apoptosis

Symmetric divisions

Activation cell
cycle

s

Proliferative
stimuli

G2

G1

M

Tumorigenesis and
maintenance

inactivation

a  transcript from Exon a β transcript from Exon β

Fig. 1 Schematic

representation of the

consequences of BMI1

dysregulation for cell cycle

activation and tumorigenesis

(From Allegra E, Trapasso S,

Pisani D, Puzzo L. The Role

of BMI1 as a Biomarker of

Cancer Stem Cells in Head

and Neck Cancer: A Review.

Oncology. 2014;86:199–205,

with permission)
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immortalizing certain cells in vitro, and these factors converge on the same

pathways as c-myc signaling can influence BMI1 activity and vice versa

(Sahasrabuddhe et al. 2011). C-myc is also assumed to participate in oral carcino-

genesis, and downregulation of c-myc mRNA has even been associated with poor

prognosis (H€ayry et al. 2010).

BMI1 also cooperates with Snail, a zinc-finger transcription factor essential for

epithelial-mesenchymal transition (EMT) because it downregulates the expression

of cell adhesion and basement membrane proteins, most importantly cadherins

(Kang et al. 2007). Snail expression in the invasive tumor front seems to correlate

with lymph node metastases and with the clinicopathological tumor stage (Koehn

et al. 2008).

BMI1 is regulated by TWIST1 in a direct manner, with functional

interdependence, and it is involved in promoting EMT and in the tumor-initiating

capability of head and neck cancer cells (Yang et al. 2010a).

Thus, BMI1 plays an essential role in maintaining the self-renewal of normal and

malignant stem cells (Liu et al. 2006). Meanwhile, aberrant BMI1 expression has been

associated with many solid malignancies (Lu et al. 2012; Saeki et al. 2009; Yang

et al. 2010b; Qin et al. 2009; Song et al. 2006; Vrzalikova et al. 2008). Chen

et al. reported a higher expression of BMI1 in laryngeal carcinomas (Chen

et al. 2011b). As already mentioned, BMI1 has also been reported to be overexpressed

in cell immortalization and in EMT of cancer cells (Wu and Yang 2011).

Currently, researchers continue to study, but with conflicting results at times, the

biological characterization of the oncoprotein BMI1, with others, as a marker of

CSCs; however, there are still certain data about their clinical applicability (Allegra

et al. 2014).

Clinical Studies and Potential Applications to Prognosis

Currently, there are few studies about the expression of oncoprotein BMI1 in head

and neck cancer.

The prognosis for laryngeal squamous cell carcinoma (LSCC) has not shown

any improvement in the last 30 years because of inadequate prognostic stratifica-

tion. In LSCC, the evidence seems to indicate that BMI1 overexpression correlates

with a greater capacity of cell proliferation and tumor progression, and more

importantly, BMI1 suppresses the sensitivity of laryngeal tumor cells to radiother-

apy with negative prognostic significance (Allegra et al. 2014). Chen et al. have

confirmed with other studies that BMI1 correlates with laryngeal carcinoma and

with the maintenance of the proliferative capacity of laryngeal CSCs (Chen

et al. 2011a). The high expression of BMI1 in laryngeal tumors seems to correlate

more prominently with a poor prognosis because of higher capacity of metastasis

(locoregional and distant) and resistance to radiochemotherapy treatments (Allegra

et al. 2014).

926 E. Allegra and S. Trapasso



In fact, lymph node metastasis represents the most adverse clinical prognostic

factor; it decreases the overall survival approximately 50 %. Actually, neck treat-

ment, performed considering primary tumor localization and T and N classification,

has improved regional control and time even if clinical determination of lymph

node metastasis made by palpation and CT and MRI imaging reveals a sensitivity

ranging 38–78 % for occult metastatic lymph node (Sten et al. 1991; Yucel

et al. 1997) and the probability of metastatic lymph nodes in patients classified as

N0 ranging 7–37 % (Kirchner and Carter 2004). Immunohistochemical and molec-

ular prognostic markers should be useful to identify at diagnosis patients with

occult metastasis to improve the modality of treatment (Almadori et al. 2005).

The metastatic potential identified by BMI1 has been recognized in previous

studies, with significant results for clinical outcome; in fact, in laryngeal cancers,

it was demonstrated that BMI1 expression, in the absence of p16 expression, seems

to characterize a subset of patients with a high risk of developing lymph node

metastasis. More precisely, the expression of nuclear BMI1 (nBMI1) (immunohis-

tochemical determination) correlates significantly with the pN status of the primary

tumors, while high cytoplasmatic BMI1 (cBMI1) expression correlates signifi-

cantly with distant metastasis (Allegra et al. 2012b, 2013). The expression of

BMI1 in patients with laryngeal carcinoma seems to be a potential marker of

tumor aggressiveness (Allegra et al. 2014). A high nBMI1 expression may detect

lymph node metastasis at diagnosis and can be useful in a subset of patients with to

decide on neck treatment (Fig. 2).

However, further and larger studies are needed to confirm these results.

Fig. 2 The 3-year specific

survival in the cohort of

patients expressing negative

or low level of nBMI

compared to patients with

high expression of nBMI

( p = 0.058) (From Allegra E,

Puzzo L, Zuccalà V,
Trapasso S, Vasquez E,

Garozzo A, Caltabiano

R. Nuclear BMI1 expression

in laryngeal carcinoma

correlates with lymph node

pathological status. World J

Surg Oncol 2012;10:206,

with permission)
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Summary Points

1. BMI1 (B-cell-specific Moloney murine leukemia virus integration site 1) is a

member of polycomb-repressive complex 1 (PRC1), which maintains chromatin

silencing.

2. BMI1 functions as a transcriptional repressor through chromatin modification

and plays a role in axial patterning, cell cycle regulation, hematopoiesis, and

senescence.

3. BMI1 has an important function as a biomarker of cancer stem cells (CSCs),

which are cells with self-renewal characteristics and capable of initiation,

progression, invasion, metastasis, tumor recurrence, and resistance to chemo-

therapy and radiotherapy.

4. BMI1 plays an essential role in maintaining the self-renewal of normal and

malignant stem cells. Meanwhile, aberrant BMI1 expression has been associated

with many solid malignancies.

5. The high expression of BMI1 in laryngeal tumors seems to correlate more

prominently with a poor prognosis because of higher capacity of metastasis

(locoregional and distant) and resistance to radiochemotherapy treatments.

6. The expression of nuclear BMI1 (nBMI1) (immunohistochemical determina-

tion) correlates significantly with the pN status of the primary tumors.

7. High cytoplasmatic BMI1 (cBMI1) expression (immunohistochemical determi-

nation) correlates significantly with distant metastasis.

8. The expression of BMI1 in patients with laryngeal carcinoma seems to be a

potential marker of tumor aggressiveness.
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Abstract

In the past two decades, scientific advances have yielded new insights into the

genetic and biological features of acute leukemia. Despite these advances, the

mortality rate of patients with acute leukemia is still high. Over the same time

period, flow cytometric immunophenotyping has become a major tool in current

clinical practice for the diagnosis and classification of acute leukemia and the

detection of residual leukemic cells after chemotherapy. However, the identifi-

cation of patients with a high risk of relapse following therapy through the

detection of leukemic minimal residual disease (MRD) remains a major chal-

lenge since it is difficult to identify small numbers of residual leukemic blasts in

a background of nonmalignant regenerating bone marrow cells. The detection of
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leukemic blasts rests on the identification of characteristic immunophenotypic

aberrancies by flow cytometry that allow discrimination from normal hemato-

poietic cells. Unfortunately, the immunophenotype of leukemic blasts often

closely resembles their normal counterparts in regenerating bone marrows

after cytotoxic chemotherapy which makes definitive assessment of leukemic

MRD difficult. Emerging molecular analyses such as mRNA profiling by DNA

microarray and proteomic analysis by mass spectrometry have been employed to

identify new biomarkers of leukemic MRD. Despite these advanced methods,

few new biomarkers of leukemic blasts are available clinically which hinders the

assessment of leukemic MRD. One way to overcome this barrier is to develop

new molecular probes and to discover new biomarkers, which can be used in

flow cytometric analysis to distinguish leukemia cells from their normal

counterparts.

List of Abbreviations

AML Acute Myeloid Leukemia

B-ALL B-Cell Acute Lymphoblastic Leukemia

FISH Fluorescence In Situ Hybridization

FLT3-ITD FMS-Like Tyrosine Kinase 3-Internal Tandem Duplication

MRD Minimal Residual Disease

NPM1 Nucleophosmin 1

PCR Polymerase Chain Reaction

PTK-7 Protein Tyrosine Kinase-7

SELEX Systematic Evolution of Ligands by Exponential Enrichment

T-ALL T-Cell Acute Lymphoblastic Leukemia

Key Facts of Acute Leukemia

• Acute leukemia is a disease of immature hematopoietic cells such as myeloblasts

and lymphoblasts.

• Acute leukemia typically presents with decreased numbers of mature blood

elements (e.g., anemia, thrombocytopenia, leukopenia, or pancytopenia).

• Bone marrow examination is the usual method for determining the degree of

leukemic involvement and the affected cell lineage (e.g., myeloblastic, lympho-

blastic, monocytic, promyelocytic, etc.).

• The bone marrow evaluation may include a bone marrow biopsy requiring

decalcification and fixation prior to examination, a bone marrow biopsy “touch

preparation,” a bone marrow aspirate with smear preparation, or, more typically,

a combination of the three methods.

• Bone marrow examination typically shows increased bone marrow cellularity

with increased numbers of leukemic blasts.
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• Leukemic blasts may be present in the blood, but are not always present or a

necessity for diagnosis.

• With rare exception, the diagnosis of acute leukemia requires the presence of

20 % or greater leukemic blasts in the bone marrow or blood.

• Proper identification of the leukemic subtype and prognostic factors guides a

selection of the appropriate treatment regimen and is essential to determine the

likelihood of remission/relapse.

• Adjunct studies, including evaluation of surface and cytoplasmic antigens via

flow cytometry, immunohistochemistry, and cytochemistry and evaluation for

recurrent chromosomal translocations/abnormalities via cytogenetic karyotyping

and FISH, are often necessary to precisely identify the leukemic subtype.

• Acute leukemia treatment consists of chemotherapy and potential bone marrow

stem cell transplant depending on the leukemic subtype, prognostic factors, and

clinical status.

Definitions of Words and Terms

Aptamer Aptamers are target-specific single-stranded RNA or DNA fragments

produced from repetitive binding, extraction, and amplification of what is initially a

randomly generated pool of RNA or DNA fragments. In contrast to an antigen-

specific antibody, aptamers do not require a living source/laboratory animal to

generate the antigen-specific product and can be used to identify an unknown target

molecule in a significantly more rapid time frame (1–2 weeks).

Cluster analysis Amethod of data analysis where data with similarities in selected

data subsets is grouped or clustered, optimally resulting in greater separation

between the data clusters than between individual data points for a given value.

Flow cytometry A high-throughput, high-sensitivity laser-based method for sorting

and evaluating cellular physical properties via light scatter and immunophenotypes

via the binding of antigen-specific antibodies conjugated to fluorochromes.

Immunophenotyping Immunophenotyping is the identification of the cytoplas-

mic and surface antigens (i.e., phenotype) of a target, typically a cell, through the

binding of antigen-specific antibodies that are typically conjugated to a secondary

molecule, which exhibit different traits (e.g., color change, fluorescence, radioac-

tivity, etc.) depending on the detection method.

Minimal residual disease (MRD) The presence of rare residual or persistent

leukemic blasts, historically stated as <5 %, during or following the conclusion

of a chemotherapeutic regimen. The residual leukemic blasts are presumed to be the

source of relapsed and chemoresistant leukemia following therapy.
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Introduction

Acute leukemia is a group of heterogeneous hematologic malignancies arising from

hematopoietic stem cells, which typically presents with decreased numbers of

mature blood elements (e.g., anemia, thrombocytopenia, leukopenia, or pancyto-

penia) (O’Donnell et al. 2012). Historically, acute leukemia has been classified into

the major categories of acute myeloid leukemia (AML), B-cell acute lymphoblastic

leukemia (B-ALL), and T-cell acute lymphoblastic leukemia (T-ALL) according to

the FAB (French-American-British) system that was based on morphology and

cytochemistry. With few exceptions, such as the favorable survival of acute

promyelocytic leukemia (APL), we have not yet succeeded in translating our

scientific discoveries into more effective treatments for the majority of patients

with acute myeloid leukemia (AML). Most patients will die from their disease.

While therapeutic intensification, improved supportive care, and bone marrow

transplantation have led to gradual improvements of outcome in children and

younger adults with AML, the overall survival rate of AML approaches 50 %

(Middeke et al. 2012). In older individuals (>55–60 years) and in patients with

therapy-related AML or AML with a prior myelodysplastic syndrome, which often

possess unfavorable cytogenetic features (e.g., complex karyotypes, partial dele-

tions, or loss of chromosome 5 and/or 7), the outlook is more dismal with overall

survival rates of 10–15 % (Estey 2013). In acute lymphoblastic leukemia (ALL),

the majority of which are of B-cell lineage and afford a better prognosis compared

to T-ALL, a complete remission rate of 80–85 % can be achieved with contempo-

rary intensive therapy (Khaled et al. 2012; Mathisen et al. 2013).

The Advantage of Immunophenotyping and Common
Biomarkers Used for Clinical Flow Cytometry

During the 1990s, flow cytometry became widely used in clinical laboratories for

immunophenotyping leukocytes. The majority of the biomarkers expressed by

leukemic cells were measured by three or four color flow cytometry, although a

few lineage biomarkers could also be determined by immunohistochemical or

cytochemical techniques. There is a general misconception that there are many

leukemia-specific antibodies or biomarkers available for detecting leukemic blasts

by immunophenotyping. In fact, the surface biomarkers currently used for

phenotyping AML are adopted from the advancement of immunology research in

the last several decades, and thus they are not specific to leukemic cells. Table 1 lists

common markers used in the majority of clinical flow cytometry laboratories, and

most, if not all, of the listed antigens were discovered more than two decades ago. At

the time of a new leukemia diagnosis, leukemic cells (i.e., blasts) are identified by

their sheer number, and thesemarkers are applied in daily clinical practice to classify

leukemia into myeloid or lymphoid lineages. However, when very few leukemic

cells remain in regenerating bone marrow after chemotherapy, the detection sensi-

tivity of flow cytometric immunophenotyping may vary significantly.
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In 1997, the US-Canadian Consensus Recommendations on the
Immunophenotypic Analysis of Hematologic Neoplasia by Flow Cytometry: Data
Analysis and Interpretation was published in order to establish criteria for flow

cytometric analysis in the diagnosis and/or classification of malignant hematolog-

ical disorders (Borowitz et al. 1997). The publication has served as a general

guideline for clinical laboratories for more than a decade and emphasizes that the

leukemic cell phenotype should be described based on the physical characteristics

Table 1 Common markers used in the majority of clinical flow cytometry laboratories

Antigens Normal cellular expression

CD1a Subsets of thymic T cells and Langerhans cells

CD2 Thymic immature T cells and mature T cells

CD3 Thymic immature T cells and mature T cells

CD4 Subsets of mature and immature T cells

CD5 Thymic immature T cells and mature T cells

CD7 Subsets of mature and immature T cells

CD8 Subsets of mature and immature T cells

CD9 Immature B cells

CD10 Immature B cells, germinal center B cells, and subsets of granulocytes

CD11b Monocytes and subsets of granulocytes

CD11c Monocytes, subsets of granulocytes, and T cells

CD13 Early CD34-positive bone marrow precursors and subsets of granulocytes

and monocytes

CD14 Mature monocytes

CD15 Granulocytes in all maturational stages and early immature monocytes

CD16 Mature granulocytes and NK cells

CD19 Mature and immature B cells and plasma cells, but it is often lost in

myeloma cells

CD20 Mature B cells

CD22 Mature and immature B cells and basophils

CD23 Subsets of mature B cells

CD33 Early CD34-postive bone marrow precursors, granulocytes, and monocytes

CD34 Early precursors of B, T, and myeloid lineages

CD38 Immature B, T, or myeloid precursors and subsets of mature B or T cells,

granulocytes, and monocytes

CD45 All type of normal leukocytes, but it may be lost in B-ALL or myeloma cells

CD56 T/NK and NK cells including subsets of large granular lymphocytes

CD57 T/NK and NK cells including subsets of large granular lymphocytes

CD64 Mature and immature monocytes and immature granulocytes

CD71 Nucleated red cells of all maturational stages

CD117 Early precursors of granulocytic or erythroid lineages

CD123 Plasmacytoid dendritic cells and basophils

HLA-DR Early myeloid precursors and mature and immature monocytes and B cells

Glycophorin A Red cells and late stages of nucleated red cells during maturation
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of the cell (size, cytoplasmic complexity) as determined by light scatter character-

istics as well as the presence and intensity of expression of various antigens. Upon

completion, an interpretation can then be rendered based on the overall phenotypic

pattern seen. The necessity of evaluating both antigenic presence and expression

intensity is due to two factors: (1) leukemic cells may express the same antigens as

normal bone marrow cells, but at different levels; and (2) the absence of leukemia-

specific biomarkers. The 2006 Bethesda International Consensus Recommenda-

tions on the Immunophenotypic Analysis of Hematolymphoid Neoplasia further

provided the guidelines for flow cytometry immunophenotyping, including indica-

tion, reagent or panel selection, and training and education of laboratory profes-

sionals (Davis et al. 2007; Greig et al. 2007; Wood et al. 2007).

In 2001, the WHO classification of acute leukemia was introduced, which

required that the diagnosis of both adult and pediatric acute leukemia must be

based on a combination of morphologic examination, immunophenotypic analysis

by flow cytometry, and cytogenetic karyotyping or molecular analysis of

prognostically relevant genetic abnormalities. The inclusion of the final criterion

was based on the knowledge that the morphologic and immunophenotypic features

used previously cannot reliably predict patient outcome or the complex molecular

abnormalities underlying these neoplastic processes. However, flow cytometry is

still one of the preferred platforms for clinical testing of AML because of the

following advantages as compared to molecular assays: (1) It allows for the

selection of very small subsets of neoplastic cells (<0.01 %) from background

normal cells if adequate biomarkers are available. (2) In the majority of clinical

laboratories in Western countries, it can simultaneously evaluate four or more

biomarker signals. (3) With adequate biomarkers, flow cytometry-based

immunophenotyping assays have significantly less false-positive results than

molecular assays. Due to unnecessary treatment and the associated comorbidity/

mortality, false-positive results are much more detrimental than false-negative

results during the evaluation for residual disease following acute leukemia therapy.

Using Immunophenotyping for Detection of MRD in Acute
Leukemia

The detection of MRD in acute leukemia plays an important role in the evaluation

of therapy efficacy and identification of early relapse. Currently, identifying

patients with MRD who remain at a high risk for relapse following therapy remains

a major challenge (Paietta 2012). Due to the difficulty of distinguishing between

leukemic blasts and normal recovering blasts, the post-therapy evaluation of remis-

sion in acute leukemia has traditionally permitted the presence of 5 % or less

leukemic blasts in the bone marrow, and this cutoff value is still used in daily

clinical practice. Therefore, more sensitive techniques are required to detect post-

therapy malignant cells in lower frequencies, and both molecular methods (e.g.,

PCR, fluorescence in situ hybridization, FISH) and flow cytometric analysis have

been employed. If the leukemic cells have chromosomal abnormalities that can be
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monitored via FISH, the detection sensitivity is approximately 1–2 % leukemic

cells. The detection of MRD by PCR techniques is relatively sensitive (sensitivity:

10�4 to 10�6) for lymphoid-associated (B- or T-cell) leukemias; however, it

requires knowledge of the patient-specific clonal junctional region sequences of

rearranged immunoglobulin or T-cell receptor genes by DNA sequencing (van der

Velden et al. 2003). Overall, analysis via molecular methods is useful in less than

30 % of patients with AML. In fact, many AML and some ALL blasts are

karyotypically normal and/or do not express leukemic fusion transcripts or other

traceable molecular markers identifiable by most molecular methods. Other

methods which may identify an abnormality, such as mRNA-DNA microarray

studies, are applicable in specimens containing almost exclusively tumor cells,

but the DNA microarray-based profiling technique does not function well for

detection of residual leukemia in post-therapy specimens with low tumor burden

and thus cannot detect MRD. Therefore, immunophenotypic analysis of leukemic

cells by flow cytometry still has a pivotal role to play in the diagnosis and

classification of acute leukemia before therapy and detection of MRD after therapy.

In addition, the turnaround time of immunophenotyping by flow cytometry (2–3 h)

is significantly shorter than that of many molecular methods requiring DNA

extraction, PCR amplification, and final separation of PCR products (days).

Phenotypical Identification of Leukemic Cells Is Based
on Aberrant Antigen Expression and/or Aberrant Patterns
of Antigen Expression

Due to the lack of specific biomarkers, much of the knowledge regarding leukemic

immunophenotypes has developed from the study of normal hematopoietic cells and

their immunophenotypic patterns. By comparison with the immunophenotypes of

normal hematopoietic cells, the leukemic cells can immunophenotypically be deter-

mined even when mixed in with their normal counterparts. In this way, the antigens

expressed by both leukemic and normal cells may still be used for detection:

1. Immunophenotype of B cells in human bone marrow: The B-cell maturation

process occurs in the bone marrow, and B cells can be subdivided into at least

three subgroups. (1) The earliest immature B-cell precursors express CD34 and

CD19, bright levels of CD10 and CD38, and dim intensity CD45 and CD22

without CD20. (2) While still immature, the second group of B-cell precursors

loses expression CD34 and maintains expression of CD10 while gradually

gaining expression of CD20. This is accompanied by a simultaneous increase

in expression of CD19, CD22, and CD45 (Fig. 1a, b). (3) The third group of B

cells represents naı̈ve B cells with mature B-cell expression levels of CD20 and

CD45. At the same time, the expression of CD10 and CD38 is decreased

compared to the immature B-cell precursors, such that the naı̈ve B cells are

CD10 negative. The naı̈ve B cells may regain expression of CD10 when they

migrate into germinal centers under the stimulation of antigens.
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2. Immunophenotype of T cells in human thymus: Unlike B-cell maturation, the

very early stem cells of the T-cell lineage are thought to originate in bone

marrow before migrating into thymus, and they are not detectable in bone

marrow samples by routine clinical flow cytometry immunophenotyping. Clin-

ically, the majority of T-ALL originate from the thymus, and therefore under-

standing the immunophenotypic changes during thymic T-cell maturation is

essential for immunophenotyping T-ALL. The earliest T-cell precursors are

few in number even in nonneoplastic thymus, and they are best characterized

by their expression of CD34, PTK7, and dim CD1a (Fig. 2a, b). At this stage, the

T-cell precursors do not express surface CD3, CD4, or CD8. As these immature
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Fig. 1 Antigen expression patterns of normal B cells during maturation and an example of
detecting B-ALLMRD by comparing patterns of antigen expression. Panels a and b show the

phenotypic changes of precursor B cells during their normal maturation. The nonmalignant B-cell

precursors are separated according to CD34, CD10, and CD20 expression into the early stage

(purple), mid stage (navy), and naı̈ve B-cell (blue) maturational groups. Panel c illustrates an

example of B-ALL cells (0.6 %) that are detected by their higher levels of expression of CD10 and

CD34 with discordant levels of CD20
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T cells mature, CD34 expression is diminished, and they gradually gain expres-

sion of CD1a, and CD3, while remaining negative for CD4 and CD8. They then

transition from CD4-/CD8- “double-negative” immature T cells to CD4+/CD8+

“double-positive” immature T cells and lose expression of CD1a. Eventually,

the majority will then become either CD4- or CD8-positive mature T cells

(Fig. 2). However, T-ALL arising in the thymus lost the temporal relationship

of PTK7, CD1a, or T-cell antigen expression as seen in normal maturing thymic

T cells (Fig. 2c).

3. Immunophenotype of myeloid cells in human bone marrow: The

immunophenotypes of myeloid cells during maturation are much more compli-

cated to understand than those of B or T cells in that megakaryocytes, erythro-

cytes, and all subsets of leukocytes originate from myeloid stem cells. Generally,

immunophenotyping by flow cytometry is applied best to leukocytes and, to a

lesser extent, erythroid precursors. The relative immunophenotypic limitations
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Fig. 2 Immunophenotyping immature thymic T cells. PTK7 expression in nonmalignant

immature thymic T cells and T-ALL cells. (a) The nonmalignant thymic T cells are separated

according to CD1a and PTK7 levels into early stage (red), mid stage (green), late stage (olive), and
mature T cells (blue). The expression of CD4, CD8, and CD34 of T cells each stage is also shown.

(b) The temporal relationship is demonstrated between the expression levels of CD3, CD1a, PTK7,

and CD34. (c) The immunophenotype of a representative case of T-ALL cells (cyan) arising in

thymus is shown (Jiang et al. Leukemia Res. 2002;36(11):1347–53. # 2002 Elsevier)
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of erythroid precursors are secondary to inadequate markers capable of charac-

terizing the phenotypic changes in erythroid neoplasia. In addition, flow

cytometric analysis cannot be routinely used for phenotyping megakaryocytes;

however, it can be useful when leukemia blasts show feature of megakaryocytic

differentiation. It is well known that the early myeloid stem cells are present as a

CD34-positive/CD38 dim positive population, which usually represents <0.1 %

of the bone marrow cells. This population may become prominent in

regenerating bone marrow or in subsets of myelodysplastic syndrome and

acute leukemia. The majority of CD34-positive myeloid precursors have rela-

tively bright CD38 and CD117 (Fig. 3a, b). As these CD34-positive cells

differentiate toward granulocytes and monocytes, they gradually gain intensity

of CD13, CD33, and HLA-DR (dotted arrows in Fig. 3). Eventually, the gran-

ulocytic precursors will increase the expression of CD15 (and CD11b in later

stage) while losing HLA-DR expression, but monocytic precursors will retain

HLA-DR expression while gaining expression of CD64, CD11b, and

finally CD14.

The data used in Figs. 1c, 3c, 4, and 8, respectively, come from clinical cases in

which residual leukemic cells were detected according to their immunophenotypes.

Leukemic cells can be identified through two strategies:

1. Aberrant antigen expression, which occurs when abnormal cells express anti-

gens that their normal counterparts do not, such as CD56 expression on CD34+

residual AML cells in Fig. 3c. However, leukemic cells with aberrant antigens as

illustrated in Fig. 3c are only present in minor subsets of AML, B-ALL, or

T-ALL cases. The majority of acute leukemia cases do not have identifiable

aberrant antigen expression.

2. Aberrant patterns of normal antigen expression, which refers to quantitative

differences in the expression intensity of multiple antigens as compared to

normal counterpart cells (“temporal relation changes”), for example, B-ALL

blasts with brighter than normal CD10 and CD34 expression illustrated in

Fig. 1c and AML blasts with dimmer HLA-DR and brighter CD33 than normal

myeloblasts in Fig. 4.

As illustrated in Fig. 1a, b, normal maturing B-cell lymphoblasts have tightly

regulated expression of CD10, CD19, CD20, CD22, CD38, and CD34 in human

bone marrow. By comparison, B-ALL blasts often lose one or more of these

antigens or have a combination of lost antigen expression with concomitant

increased expression of one or more other antigens. The leukemic cells in Fig. 1c

have increased expression levels of CD10 and CD34, allowing the identification of

small numbers of leukemic cells (0.6 %) from background normal immature B cells

in the same bone marrow specimen. The example illustrated in Fig. 4 is a more

difficult case involving AML. Similar to normal lymphoblasts, normal myeloblasts

also have tightly regulated expression of subsets of antigens. In this example, the

typical maturational expression of CD33 and HLA-DR in normal human bone
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marrow myeloblasts follows the dotted line in Fig. 4e. While the leukemic blasts,

the normal myeloblasts, and other normal bone marrow cells express CD33 and

HLA-DR, the temporal relation of CD33 and HLA-DR expression has changed on

the AML blasts, indicated by the solid lines in Fig. 4b, e. This phenomenon has not

been observed in non-leukemic human bone marrow cells in our experienced

laboratory.
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Fig. 3 An example of normal myeloid maturation and detection of AML MRD through
aberrant CD56 expression on myeloblasts. Panels a and b illustrate the phenotypic changes of

leukocytes in human bone marrow during their differentiation, and C shows an AML case with

aberrant expression of CD56. The CD34-positive cells in the CD13-CD34 color dot plot (a) have
two directions, differentiating toward granulocytes while gaining high levels of CD13 (dotted
arrow) or differentiating toward erythrocytes while losing CD13 (solid arrow). The CD34-/

CD117-positive cells in the CD38-CD117 color dot plot (panel b) also have two directions,

differentiating toward granulocytes or monocytes while maintaining their levels of CD38 (dotted
arrow in panel b) or differentiating toward erythrocytes while losing CD38 (solid arrow in panel
b). The AML cells at the time of diagnosis showed coexpression of CD45, CD34, and aberrant

CD56. Therefore, aberrant CD56 expression on CD34-positive leukemia cells can be used to

detect residual leukemia. Approximately 40 % of the CD34-positive cells expressed CD56

(in panel c), which represented 2–3 % of the total leukocytes. The patient presented with recurrent

AML several months later
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Despite the absence of temporal relation changes in normal human bone

marrow cells, and the diagnostic power their identification provides, the analysis

of aberrant patterns of antigen expression is significantly more complex than the

relatively simple identification of aberrant antigens. The source of the diagnostic

degree of difficulty is multifactorial and dependent on the divergence of the

leukemic cells from the normal maturation pattern, the proportion of normal

background counterparts to the leukemic cells, and the presence of additional

cell types and nonviable components that occur temporally in the bone marrow

following therapy. For example, in the majority of cases, B-ALL cells often

demonstrate markedly different phenotypic patterns than those of normal imma-

ture B cells (hematogones), and in these instances, the leukemic cells can be

detected even when comprising less than 0.01 % of the total cells. Similarly, the

detection of residual T-ALL is also feasible in the majority of clinical

flow cytometry laboratories due to the relative absence of immature T cells in

human bone marrow and relative abundance of well-studied T-cell lineage anti-

gens, though the sensitivity for detecting T-ALL would be lower than B-ALL.
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Fig. 4 An example of using aberrant patterns of surface antigen expression to detect AML
MRD. The AML leukemic cells at the diagnosis (red in plots a, b, and c) and following therapy

(red in plots d, e, and f) show coexpression of HLA-DR, CD33, and dim CD15. Although

HLA-DR, CD33, and CD15 are expressed by leukemia blasts as well as normal bone marrow

cells, the aberrant expression patterns (solid lines in b and e) formed by the CD33 and HLA-DR are

quite different from the pattern of normal early precursors in human bone marrow (the dotted line
in e). In addition, the majority of the gated cells (red dots under the solid line in e) are not

monocytes because they lack expression of CD64 and CD14 (not shown here), and they are not

early granulocytes because of the relatively bright HLA-DR and very dim CD15 expression.

Therefore, one can conclude that AML MRD is present (red dots under the solid line in e). The
patient presented with recurrent AML with a similar immunophenotype several months later
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However, it is much more difficult to use the currently available biomarkers to

detect MRD in AML given that AMLs are a heterogeneous group of acute

leukemia arising from myeloid stem cells, which unlike immature lymphoblasts

differentiate into significantly more diverse mature cell populations. A more

fundamental complication is the immunophenotypic resemblance (with available

biomarkers) between the leukemic blasts of MRD and their normal counterparts

in regenerating human bone marrow after therapy. Published studies report that it

is possible to detect AML MRD down to 0.1 % (Kern et al. 2008). However, the

detection limit often depends on whether tumor cells express distinct molecular or

cytogenetic markers and the types of cases used as negative controls. In clinical

practice, cases containing large numbers of regenerating bone marrow cells often

result in higher background “noise” with the expected shift in the lower limit of

detection. It has also been reported that immunophenotyping and WT1-RNA

quantification showed a comparable capacity in terms of technical performance

and clinical significance to identify high-risk patients who eventually relapsed.

Recently, the integration of Wilms’ tumor gene 1 (WT1) and flow cytometry

immunophenotyping results has been shown to improve minimal residual disease

stratification in acute myeloid leukemia (Marani et al. 2013).

Additional difficulty arises when one considers the intrinsic antigenic variabil-

ity hematopoietic cells normally demonstrate in the setting of other disease

processes. For example, inflammation caused by patient comorbidities, such as

autoimmune diseases or infections, can induce certain changes in antigen expres-

sion of hematopoietic cells. In addition, medications, in particular hematopoietic

growth factors such as GM-CSF, nutritional deficiencies, and unintended toxic

effects of ingested or administered substances, can affect the maturation and

differentiation of hematopoietic cells with subtle alterations in the patterns of

antigen expression. Even when ignoring the presence of preexisting conditions,

most, if not all, acute leukemia patients are treated with a battery of supplemen-

tary medications, and a true interpretation necessitates correlation of the observed

immunophenotypic information with morphological findings and other clinical

laboratory findings. For instance, the quantitation of CD34-positive blasts may

not always reflect the “true” bone marrow status due to sampling errors or

localized leukemia cells after therapy, but the diagnostic accuracy is greatly

enhanced when interpreted in combination with CD34 immunohistochemistry

performed on the bone marrow biopsy which allows assessment of the quantity

and topographical (clustered vs. dispersed) distribution of blasts. Increased bone

marrow blasts with an abnormal immunophenotype following growth factor

administration (G-CSF) are another common example of an iatrogenic interven-

tion altering the normal immunophenotype of hematopoietic cells. As should now

be evident, the lack of a clear consensus on how to interpret flow cytometric

immunophenotypic data in these various clinical scenarios makes interpretation

of the various aberrancies challenging. In many regards, this is similar to

the assessment of subtle morphologic changes by a pathologist in the interpreta-

tion of a bone marrow specimen; prior working experience and clinical judgment

are important.
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Development of Biomarkers for Acute Leukemia

As previously stated, many leukemic cells demonstrate sufficient immunophenotypic

similarity to normal early precursor cells in regenerative bone marrow that the

detection by flow cytometry of residual low percentage involvement by leukemia

cells becomes very difficult. One of the key deficiencies is the lack of sufficiently

specific biomarkers for leukemic cells. In fact, the efficacy of flow cytometric analysis

is still limited by the available biomarkers/probes, particularly when six to twelve-

color flow cytometry is utilized in clinical laboratories. The inconsistency in AML

MRD detection hinders the design of new clinical protocols or treatment strategies to

treat patients who truly have AML MRD with a presumed higher risk of leukemia

relapse. As a result, the development of new molecular panels that can distinguish

leukemia cells from their normal counterparts is consistently sought after, as they will

have a major impact on the detection of residual acute leukemia.

Unlike the primarily immunohistochemistry-based solid tumor immunophe-

notyping of recent years, flow cytometry-based immunophenotyping has been

applied to clinical practice for more than two decades. However, despite such

experience, there are few published studies dedicated to the development of bio-

markers for immunophenotyping acute leukemia (Hofmann et al. 2010). As molec-

ular biology and microarray-based profiling have advanced, many molecular

markers have been studied or characterized as components of acute leukemia

pathogenesis, predictive of chemotherapeutic response, or as prognostic markers

for acute leukemia patients after chemotherapy (e.g., FLT3 internal tandem dupli-

cation (FLT3-ITD), nucleophosmin mutation (NPM1)) (Murati et al. 2012; Rau and

Brown 2009). Since most of these molecular markers are intracellular components

related to cell growth, aging, or apoptosis, they cannot be detected through

immunophenotyping reliably.

The most recent and promising studies dedicated to the development of new

molecular probes and biomarkers for hematopoietic tumors were performed with

aptamer nucleotides (Gold et al. 2010). Molecular aptamers consist of single-

stranded DNA or RNA that can recognize target proteins, peptides, and other

small molecules (Ellington and Conrad 1995; Gold et al. 2002). Aptamers are

selected from libraries of random sequences of synthetic DNA or RNA by repetitive

binding to the target molecules, a process called SELEX (systematic evolution of

ligands by exponential enrichment) (Gold 1995; Vant-Hull et al. 2000). Through

this iterative in vitro selection process, single-stranded oligonucleotide aptamers

with high specificity and affinity to their targets can be obtained (Fig. 5). The

dissociation constants of aptamers to targets can be well below 10�8 M, and

aptamers can typically discriminate between protein targets that are highly homol-

ogous or differ by only a few amino acids (Conrad et al. 1994; Hirao et al. 1998).

The basis for this target protein recognition is the tertiary structure formed by the

single-stranded oligonucleotide molecules (Kelly et al. 1996).

The identification of surface protein biomarkers is a difficult process. This is in

part due to the fact that only limited numbers of molecules are present on individual

cells for the majority of surface proteins, and thus it often takes a large numbers of
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cells (>1 � 108 cells) to enrich for the target proteins. In addition, adequately

solubilizing membrane proteins are often technically difficult, and hydrophobic

peptides are often difficult to recover during purification steps such as high-

performance liquid chromatography (HPLC). During the past decade, mass spec-

trometry (MS) in combination with several separation techniques, such as

two-dimensional gel electrophoresis (2DGE) or multidimensional liquid chroma-

tography, has become a key tool for protein analysis and proteomic studies.

However, one group of proteins that is often underrepresented in proteome analysis

is membrane proteins (Santoni et al. 2000). Compared with proteomic studies, the

cell-SELEX method is designed to target cell surface proteins, and it is much easier

to develop an assay for surface proteins than for intracellular proteins. While it

seems that oligonucleotide aptamers offer many advantages, there are problems

associated with their application that still need to be explored. As aptamers are

single-stranded DNA oligonucleotides, they are sensitive to nuclease digestion

unless modified. In addition, the aptamer binding affinity may be more sensitive

to environmental changes when compared to antibodies.

While aptamers have demonstrated some in vitro applications, an active area

of research is the application of aptamers for in vivo diagnostics or in vivo imaging.

In addition to their discriminating and targeting capacities, aptamers have other

Starting 
pool

Target 
cells

Unbound 
sequences

Bound 
sequences

PCR 
amplification

Eluted by 
heating

5-10 cycles
Cloning 

sequencing

Control 
cells

Unbound 
sequences

Fig. 5 Schematic presentation of cell SELEX. Aptamer DNA library contains a central ran-

domized sequence of 40–50 nucleotides flanked by PCR primer binding sites at each end. For each

selection, more than 1014 unique sequences are used, and they are exposed to the target cells

(positive selection). The molecules with weak or no affinity for the target cells will remain free in

solution, while those that can recognize cell surface molecules will bind to the cells. The bound

molecules are eluted by heating and then mixed with negative control cells (negative selection).

The unbound DNA will be collected and amplified by PCR amplification. The amplified DNAs are

used for the next round of selection. The negative selection step is designed to select aptamers that

can recognize markers differentially expressed on target cells. The selection process is monitored

by flow cytometry analysis of FITC-labeled DNA sequences bound to cells. The final selected

sequences are cloned into plasmid vectors to identify their sequences
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characteristics that give them promising potential for use as imaging agents in

diagnostic procedures. For instance, unlike proteins, aptamers are generated by

chemical synthesis, which easily enables a wide range of site-specific modifica-

tions, such as tagging with fluorescent dyes, radionucleotides, and biotin, or con-

jugation to cytotoxic agents (Barbas et al. 2010; Cerchia et al. 2009; Chu

et al. 2006). In addition, many synthetic modifications to the phosphate backbone

or sugar moiety have been developed to increase the resistance of aptamers to

nucleases (Wang and Li 2011), enabling their use in biological fluids. Moreover,

oligonucleotide aptamers have not yet shown any toxicity or immunogenicity after

testing in several mammalian species, theoretically allowing for repeated adminis-

tration to the same patient for therapy or diagnostic imaging (de Francis et al. 2009).

The cell-SELEX method has been applied to live leukemia cells (Sefah

et al. 2009; Shangguan et al. 2006). The core-binding domains of aptamers typically

range from 25 to 60 nucleotides in length, and Fig. 5 illustrates the basic principle of

the cell-SELEX process. In this setting, the live leukemic cells and their full

repertoire of surface antigens are used as targets to select aptamers that can

recognize the patient-specific leukemic cells. The cell-SELEX method uses a

single-stranded DNA library containing greater than 1014 unique sequences, and

the target cells are exposed to the full library of nucleotide sequences. The library

sequences with weak or no affinity for the target cells will remain free in solution,

while those that recognize surface proteins or other moieties will bind to the cells.

The target-bound molecules, containing the highest affinity aptamers, are eluted

from the cells by heating and then amplified by PCR amplification. If necessary or

desired, a negative selection step can be added to enhance selection of aptamers that

recognize a specific cell subtype. After repetitive binding and amplification of these

oligonucleotides to the target molecules and control cells, a group of cell-specific

aptamers is developed that can differentially recognize target and control cells

without ever knowing which target molecules are present on the cell surface

(Fig. 6). Individual sequences in the mixture are then cloned into plasmid vectors,

and their nucleotide sequences are determined.

The selected aptamers can easily be conjugated with fluorophores for flow

cytometric and imaging analysis to study patterns of cell surface protein expression

in clinical specimens. In addition, if one of the aptamer probes detects a protein of

interest, the specific aptamer probe can then be used to enrich and purify the target

protein. For example, a DNA aptamer (Sgc-8) demonstrated high affinity for a

T-ALL cell line (CEM) and then was used to phenotype leukemic cells in clinical

specimens by flow cytometry (Shangguan et al. 2007). With streptavidin magnetic

beads, the biotinylated Sgc-8 aptamer was used to enrich its target protein, which

was then later identified as the PTK7 protein (Shangguan et al. 2008). PTK7 is a

tyrosine kinase-like molecule that was known to be involved in solid tissue malig-

nancies, but had not been previously evaluated during the thymic T-cell maturation

process or on T-ALL blasts. Because the PTK7-specific Sgc-8 aptamer was devel-

oped via selection for a T-cell lymphoblastic leukemia (T-ALL) cell line, anti-PTK-7

antibody was used to phenotype the thymic T-cell maturation process (Fig. 2) and

later to detect T-ALL MRD in human bone marrow specimens (Figs. 7 and 8)
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(Jiang et al. 2012). Therefore, these studies demonstrated that cell-SELEX process

can be a useful technique for identification of novel surface markers, and PTK7 may

be a useful biomarker for detecting residual T-ALL blasts in combination with the

other available T markers. Several other proteins identified through aptamer probes

include pigpen from the rat endothelial cell line YPEN-1 (Blank et al. 2001),

tenascin-C of U251 glioblastoma cells (Daniels et al. 2003), and immunoglobulin

mu heavy chain in Burkitt lymphoma cells (Mallikaratchy et al. 2011). In summary,

aptamer technology has shown the potential to identify new biomarkers of leukemic

cells and then to use them as novel molecular probes for detecting small numbers of

leukemia cells in clinical specimens.

An Alternative Approach for Immunophenotype Data
Analysis Needed

Traditionally, flow cytometric data are analyzed by manually gating cells to display

discrete populations in concert with the knowledge of general leukocyte classifica-

tion. In recent years, efforts have been made to develop computational models that

may identify cell populations in flow cytometric data, which have shown variable

levels of success (Aghaeepour et al. 2013;Lo et al. 2009). Automation in flow

cytometry gating will certainly help further the flow cytometric analysis, but work

remains in the identification of accurate antigen expression patterns. Most flow

cytometry laboratories typically use at least 20–30 markers for immunophenotypic

analysis, but the total number of markers is still insufficient to evaluate all cases due
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Fig. 6 Flow cytometry assay for monitoring enrichment of the specific aptamer pool against
NB4 leukemia cells. After five rounds of selection processes, the phycoerythrin-labeled selected

aptamer pool (PE-APT) showed significant increases in fluorescence intensity on target NB4 cells,

but it produced minimal change in fluorescence intensity on HL60 cells (negative control). These

results indicate that the aptamers recognizing target NB4 cells were enriched preferentially
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to the different patterns of antigen expression inherent to leukemic cells. In addition,

clinical specimens contain many different subtypes of normal bone marrow cells at

different maturational stages. As a result, we are often unable to identify all of the

aberrant expression patterns and to then link them to specific diseases or disease

processes through direct observation. In order to resolve the issue, cluster analysis

has been applied to flow cytometric data and the problem of immunophenotyping

(Fiser et al. 2012), and studies have shown a potential role for cluster analysis as an

aid in the identification of different antigen expression patterns.

Summary Points

• Acute leukemia is a phenotypically and genetically heterogeneous group.

• Immunophenotyping, particularly through flow cytometric analysis, still plays a

critical role in the diagnosis of acute leukemia and detection of MRD after

chemotherapy.
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• Phenotypic identification of leukemic cells is based on aberrant antigen expres-

sion and/or aberrant patterns of antigen expression.

• In spite of the intensive research aimed at discovering novel biomarkers, only a

few biomarkers have been introduced into clinical practice in recent years that

can reliably be interpreted as aberrant or can create aberrant expression patterns

to aid leukemic cell detection.
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• The efficacy of flow cytometry and molecular analysis is still limited by inad-

equate quantity or insufficiently specific biomarkers.

• Further development of tools, such as automation, may aid the detection of

differential biomarker expression patterns produced by tumor and normal cells

that can be perceived through direct observation alone.

• The development of new molecular probes, new biomarker discovery, and

subsequent testing panels for clinical specimens will ultimately be most benefi-

cial to clinical laboratories and eventually lead to improvement in therapeutic

outcomes for acute leukemia.
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Abstract

Although the long-term disease control of classical Hodgkin lymphoma (cHL) is

relatively high, significant treatment-related morbidities are common. These

include secondary cancers, cardiopulmonary complications, stroke, peripheral

neuropathy, and infertility. In the 20 % of patients who do not respond to first-

line agents, prolonged exposure to suboptimal therapy can induce

chemoresistance. Patients with a rapid response may be overtreated and might

benefit from a truncated treatment regimen. Accurate risk stratification is needed
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in order to optimally treat cHL. However, this requires defined predictive and

treatment response markers. Existing clinical parameters have limited prognos-

tic value prior to therapy, and the only established marker of value once

treatment has commenced is 18-fluorodeoxyglucose positron emission tomog-

raphy (FDG-PET) combined with computerized tomography (CT). Although

PET/CT is currently the most important tool used, interpretation is imperfect

with low false-negative rates countered by high false positives. Furthermore,

PET/CT is unavailable in many rural or underprivileged centers and, even in the

most advantaged centers, is impractical for frequent testing. In order to risk-

stratify patients once therapy has commenced, clinicians need an accurate

marker of treatment response that can be performed throughout the therapy,

prior to each follow-up visit. This chapter focuses on two newly identified serum

disease response biomarkers, CD163 and TARC, for cHL that have the potential

to greatly assist clinical decision making and aid interpretation of PET/CT.

List of Abbreviations

cDNA Complementary DNA

cHL Classical Hodgkin Lymphoma

CR Complete Remission

CT Computerized Tomography

CTL Cytotoxic T Lymphocyte

DSS Disease-Specific Survival

EBNA Epstein-Barr Virus Nucleic Acid

EBV Epstein-Barr Virus

EFS Event-Free Survival

EIA Enzyme Immunoassay

ELISA Enzyme-Linked Immunosorbent Assay

ESR Erythrocyte Sedimentation Rate

FACS Fluorescence-Activated Cell Sorter

FDG 18-Fluorodeoxyglucose

FFS Failure-Free Survival

FFTF Freedom from First-Line Treatment Failure

GHSG German Hodgkin Study Group

HL Hodgkin Lymphoma

HRS Hodgkin and Reed-Sternberg

IHC Immunohistochemistry

IM Infectious Mononucleosis

IPS International Prognostic Score

ISH In Situ Hybridization

LD Lymphocyte Depleted

LDH Lactate Dehydrogenase

LMP Latent Membrane Protein

LP Lymphocyte Predominant

LR Lymphocyte Rich
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MC Mixed Cellularity

NLPHL Nodular Lymphocyte-predominant HL

NS Nodular Sclerosis

OS Overall Survival

PBMC Peripheral Blood Mononuclear Cell

PET Positron Emission Tomography

PFS Progression-Free Survival

PR Partial Remission

PTLD Posttransplant Lymphoproliferative Disorder

qRT-PCR Quantitative Real-Time Polymerase Chain Reaction
ROC Receiver Operating Characteristic

sCD163 Serum CD163

sTARC Serum TARC

TAMs Tumor-Associated Macrophages

TARC Thymus and Activation-Related Chemokine

TILs Tumor-Infiltrating Lymphocytes

WHO World Health Organization

Key Facts

– cHL is the commonest lymphoma in young adults.

– Treatment-related complications including secondary cancers, cardiopulmonary

complications, stroke, peripheral neuropathy, and infertility frequently occur in

patients with cHL.

– Prognostic and disease response biomarkers are needed in order to accurately

risk-stratify and optimally treat cHL.

– PET/CT is the only validated biomarker that reflects disease response during and

post-therapy; however, it is impractical for frequent testing and unavailable in

many centers, and cross-center standardization is still required.

– Blood-based biomarkers are practical for frequent testing and may be measured

by common laboratory techniques.

Definitions of Words and Terms

Classical Hodgkin Lymphoma (cHL) The commonest lymphoma in young

adults. It is characterized by the presence of malignant Hodgkin and Reed-

Sternberg cells and a cure rate of >80 %.

Nodular Lymphocyte-Predominant Hodgkin Lymphoma (NLPHL) Is a rare

lymphoma and a different disease entity to cHL. Hodgkin and Reed-Sternberg cells

are not present in NLPHL.
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Disease response biomarkers Biological markers of disease during and following

therapy.

Prognostic biomarkers Biological markers of disease prior to therapy that pre-

dicts response to treatment and survival.

Positron Emission Tomography (PET) Is a mode of radiological imaging using

radioactively labeled 18-fluorodeoxyglucose to visualize cellular glucose uptake in

the body.

Computerized Tomography (CT) An imaging method that uses x-rays to create

cross-sectional views of the body.

ELISA The enzyme-linked immunosorbent assay is used to detect and quantify

proteins in solution.

Risk-stratified therapy Using prognosis and response to therapy to determine the

type, intensity, and duration of treatment.

CD163 Is a scavenger receptor for the hemoglobin-haptoglobin complex and is

expressed on M2-type immunosuppressive macrophages.

Thymus and Activation-Related Chemokine (TARC) Is a chemokine expressed

in the thymus and by HRS cells. TARC binds the chemokine receptor CCR4,

expressed by Th2 T cells.

Introduction

Cancer biomarkers enable patients to have risk-stratified therapy. Specifically,

patients with poor prognosis disease should have more aggressive therapy than

those with good prognosis. This forms the basis for risk-adapted therapy. Histor-

ically, cancer-specific clinical scoring systems are used, but these fail to take

into account the disease biology. More recently, rapidity of response to therapy

has been used to guide subsequent therapy. Although this chapter discusses the

serum protein biomarkers CD163 and TARC in the context of classical Hodgkin

lymphoma (cHL), its lessons are applicable to other cancers. Intuitively, the

blood would be expected to at least in part reflect a lymphoid malignancy, yet

currently there are no circulating cell-free (cf) biomarkers in HL. Blood bio-

markers might be prognostic (i.e., serve as an early predictor of refractory disease
or future relapse) and/or be markers of disease response. The latter enable clini-
cians to monitor their patient’s progress. Validated prognostic and/or disease

response blood biomarkers will assist the clinical decision paradigm, to identify

those that could be spared excessive treatment, and those where change in therapy

should be expedited.
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Classical Hodgkin Lymphoma

Epidemiology, Classification, and Diagnosis of HL

Classical HL (cHL) has an incidence in developed countries of three cases per

100,000 and is the commonest lymphoma in young adults (Kuppers 2009). Current

treatment strategies for cHL involve chemotherapy and radiotherapy. At present,

a long-term disease control of cHL is relatively high (Evens et al. 2008) with greater

than 80 % cure rates of newly diagnosed patients under the age of 60 (Diehl

et al. 2004). However, if patients do relapse, survival rates are a lot lower.

Furthermore, treatment-related morbidity and mortality are frequent in long-term

survivors (Diehl et al. 2004; Gandhi et al. 2004). cHL has two peak ages of

incidence in developed countries. The first peak is in young adulthood, around

the third decade, and the second peak is in old age. In developing countries, there is

an additional peak of incidence in children, primarily male children (Caporaso

et al. 2009).

HL is divided into two entities: cHL which accounts for 95 % of cases and the

rarer nodular lymphocyte-predominant HL (NLPHL). cHL is further divided into

four histological subtypes: lymphocyte rich (LR), lymphocyte depleted (LD),

mixed cellularity (MC), and nodular sclerosis (NS) which accounts for the majority

of cases (Pileri et al. 2002). Histological classification is made according to the

World Health Organization (WHO) classification of leukemia and lymphoma

(Swerdlow et al. 2008).

The hallmark of cHL is the presence of multinucleated giant Hodgkin and Reed-

Sternberg (HRS) cells within an inflammatory microenvironment. The HRS cells

are generally CD30+ with a large proportion also CD15+ (Swerdlow et al. 2008).

NLPHL is considered a distinct pathologic entity and lacks the typical HRS cells.

The malignant cells in NLPHL are large, generally mononuclear, and referred to as

lymphocyte-predominant (LP) cells. Unlike HRS cells, LP cells are often CD20 +

CD30-. Furthermore, approximately 40 % of cHL cases are Epstein-Barr virus

(EBV) associated where the virus resides in the malignant HRS cells and is clonal.

In contrast, NLPHL is not an EBV-associated disease (Swerdlow et al. 2008).

The cause of cHL is largely unknown, although the frequent presence of EBV

suggests that the virus contributes, but is not pivotal, to pathogenesis (Herbst

et al. 1991; Jarrett et al. 1991; Pallesen et al. 1991). EBV-associated cHL rises to

greater than 95 % in immunocompromised patients, further implicating both the

immune system and EBV in the pathogenesis of this disorder (Gandhi et al. 2004).

The diagnosis of cHL is made by tumor biopsy and requires the histological

identification of HRS cells. Importantly, HRS cells only comprise 1–5 % of the

diseased node. Hence, histopathological diagnosis can be difficult, and the impor-

tance of obtaining an excision biopsy (rather than a core or fine-needle aspirate)

cannot be overemphasized. The majority of the diseased tissue is composed of

nonneoplastic cells, including macrophages, T cells, B cells, neutrophils, eosino-

phils, fibroblasts, plasma cells, and mast cells. These tumor-infiltrating lympho-

cytes (TILs) and tumor-associated macrophages (TAMs) are critical to the biology
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of the disease, aiding the survival of HRS cells through immune evasion mecha-

nisms and survival signals. HRS cells are thought to actively define the tumor

microenvironment via the secretion of numerous cytokines and chemokines that

limit cytotoxic T-cell (CTL) activity and promote a type 2 helper T-cell (Th2) and

regulatory T-cell environment. Examples include the secretion of IL-10, IL-7,

TGF-β, galectin-1, CCL5, CCL22, and thymus and activation-related chemokine

(TARC/CCL17) (Fischer et al. 2003). Furthermore, HRS cells express PDL-1, the

ligand for PD-1, which induces T-cell exhaustion further restricting immunity in the

tumor microenvironment (Yamamoto et al. 2008).

Staging, Prognostication, and Risk-Adapted Treatment Strategies

Once a diagnosis has been established, staging and risk stratification need to occur

prior to determining a therapy regimen. The Ann Arbor staging system (with

Cotswold modification) is commonly employed. This classification is based on

the involvement of lymph nodes on one or both sides of the diaphragm, the number

of involved sites, the presence or absence of bulky disease, whether there is

contiguous or noncontiguous extranodal disease, and the presence of B symptoms

(fever, night sweats, and weight loss). PET/CT is also commonly employed in the

staging of patients.

There are several clinical algorithms to prognosticate patients. These include the

German Hodgkin Study Group (GHSG) system for early stage (Tubiana et al. 1989;

Diehl et al. 2003) and the International Prognostic Score (IPS) for advanced stage

(Hasenclever and Diehl 1998). However, these are relatively crude and involve the

extent of disease, patient fitness, and surrogates of disease biology such as anemia,

lymphocyte count, and erythrocyte sedimentation rate (ESR).

As the long-term disease control of advanced-stage HL is becoming the norm,

the emerging issue is to minimize treatment-related complications such as second-

ary cancer, cardiopulmonary complications, stroke, and infertility (Evens

et al. 2008). The intention is to optimize therapy by more accurately identifying

patients for risk-stratified therapy. Those with a rapid response to initial treatment

have the best outcomes and may benefit from truncated (“de-escalated”) treatment

regimens to reduce toxicity and minimize late effects of treatment. Paradoxically,

there remains a significant minority with refractory disease. In these patients,

prolonged exposure to first-line agents can induce chemoresistance and unneces-

sary toxicity, and alternate rescue strategies should be instituted early. A risk-

adapted treatment approach is currently based on limited or advanced stage,

presence or absence of poor prognostic features, bulky disease (commonly defined

as �10 cm in diameter or one third the cardiothoracic diameter), and constitutional

symptoms. Patients with a positive PET at the end of treatment have a significantly

higher recurrence rate than those with a negative PET (Jerusalem et al. 1999;

Zinzani et al. 1999). Data to date indicates that interim PET (after two cycles)

appears to predict PFS and overall survival (OS) (Hutchings et al. 2005, 2006;

Gallamini et al. 2007). The utility of PET to adapt therapy during the course of
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treatment (PET-directed therapy) is currently being investigated in large prospec-

tive cohorts. However, should these studies indicate that interim PET/CT is bene-

ficial, outstanding issues still remain. PET/CT is impractical for frequent testing

and unavailable in many centers, and cross-center standardization is still required.

A blood-based disease response biomarker measured by simple laboratory tech-

niques would be highly advantageous both when PET/CT is and is not available.

There are no readily accessible, rapid biomarkers capable of accurate risk

stratification routinely measured for cHL.

Biomarkers in cHL

Prognostic biomarkers for cHL can be divided into those that risk-stratify patients

pre-therapy and those that reflect disease response throughout therapy. These are

not mutually exclusive, however, of the known prognostic biomarkers for cHL

(Table 1); little is known of their usefulness once therapy has commenced. Indeed,

several pre-therapy prognostic biomarkers are routinely measured for staging, yet

there is no disease response biomarker routinely monitored for cHL. Despite

treatment response being the single most important prognostic factor, the majority

of biomarker studies for cHL are not designed to investigate disease response.

Instead, the focus has been on prognostic markers in cHL tissue biopsies. Although

tissue biomarkers may be useful prior to therapy, it is an impractical source for

repeated measures to monitor disease response. Nevertheless, markers elevated in

cHL tumor tissues may also be elevated in blood. Blood, in contrast to tissue, is an

ideal specimen for disease response monitoring. Indeed, numerous studies have

looked for prognostic markers in pre-therapy serum or plasma; however, few

studies have used serial monitoring to evaluate disease response.

The high composition of nonmalignant cells within cHL tumors complicates the

possible sources of biomarkers. Evidence suggests that both tumor-infiltrating cells

and HRS cells have high glucose uptake; thus, PET avidity likely reflects both the

malignant and nonmalignant components of the tumor (Shim et al. 2009). It is yet to

be determined whether disease response will be best reflected by an HRS-specific

marker or a tumor microenvironment-specific marker or the combination of both.

Tissue Biomarkers

Several overexpressed markers have been identified from HRS cells, HRS cell

lines, or cHL primary biopsy tissue. From the latter, markers are either

overexpressed in HRS cells or in the nonmalignant tumor infiltrate. In HRS cells,

increased expression of IL-6 (Reynolds et al. 2002), topoisomerase IIalpha

(Doussis-Anagnostopoulou et al. 2008), and CSF1R (Steidl et al. 2012) and

decreased expression of HLA class II (Diepstra et al. 2007) have all been associated

with poor outcome. In older patients with cHL (>50 years), the expression of

EBV-encoded small RNAs (EBER) in HRS cells has been associated with poor
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Table 1 Prognostic and disease response markers for cHL

Marker Source Method Outcome

Prognostic markers (prior to therapy)

Granzyme B +

CD8+

Tissue
(microenvironment:

activated T cells)

IHC Elevated levels (�15 %) with
unfavorable prognosis (Oudejans
et al. 1997; ten Berge et al. 2001;

Alvaro-Naranjo et al. 2005)

CD4 + CD25 +

FOXP3+

Tissue
(microenvironment:

regulatory T cells)

IHC Elevated levels with favorable
prognosis: prolonged EFS and DFS
(Alvaro et al. 2005; Tzankov

et al. 2008)

CD20+ Tissue
(microenvironment:

benign B cells)

IHC Elevated levels with favorable
prognosis: prolonged EFS (Chetaille

et al. 2009; Steidl et al. 2010)

CD68 + CD163+ Tissue
(microenvironment:

M2 macrophages)

IHC Elevated levels with unfavorable
prognosis: poor EFS, DSS, and OS
(Kamper et al. 2011a; Yoon

et al. 2012)

Galectin-1 Tissue
(microenvironment

and HRS cells)

IHC Elevated levels with unfavorable
prognosis: poor EFS and OS
(Kamper et al. 2011b)

Serum
(microenvironment

and HRS cells)

ELISA Levels correlate with tumor burden
and clinical features in newly
diagnosed cHL (Ouyang et al. 2013)

HRS-specific

IL-6

Tissue (HRS cells) IHC Expression by HRS cells with
unfavorable prognosis: failure to
achieve CR (Reynolds et al. 2002)

IL-6 Serum
(microenvironment

and HRS)

Detectable IL-6 (�22 pg/mL) with
unfavorable prognosis: reduced
median survival (Kurzrock
et al. 1993)

Topoisomerase

IIα
Tissue (HRS cells) IHC Elevated levels with unfavorable

prognosis: inferior FFS (Doussis-

Anagnostopoulou et al. 2008)

CSF1-R

expression

Tissue (HRS cells) mRNA

ISH

Elevated levels with unfavorable
prognosis: Inferior PFS and OS
(Steidl et al. 2012)

EBV-DNA Plasma (HRS cells) qRT-PCR Elevated levels with unfavorable
prognosis: inferior EFS (Kanakry

et al. 2013)

TARC Serum (HRS cells) ELISA Elevated levels correlate with stage,
bulk, and metabolic tumor volume
(Plattel et al. 2012)

CD30 Serum (HRS cells) ELISA Detectable sCD30 (�5U/mL) with
unfavorable prognosis: increased
progressive disease and reduced rates
of CR (Gause et al. 1991, 1992;

Christiansen et al. 1995)

(continued)
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failure-free survival (FFS) (Diepstra et al. 2009). The expression of the EBV latent

membrane protein 1 (LMP1) in HRS cells has been associated with favorable

outcomes in young adults and early-stage disease (Glavina-Durdov et al. 2001),

while a subsequent study found that LMP1 expression negatively impacted overall

survival (OS) in specific subgroups (Claviez et al. 2005). However, a recently

published meta-analysis of numerous previously published studies concluded that

LMP1 expression was not associated with survival in HL (Mao et al. 2013).

Galectin-1 is highly expressed by both HRS cells and cells of the tumor microen-

vironment (TAMs and endothelial cells); however, only increased expression in the

tumor microenvironment was associated with poor event-free survival (EFS)

(Kamper et al. 2011b).

Table 1 (continued)

Marker Source Method Outcome

IL-2R (CD25) Serum
(microenvironment

and HRS cells)

ELISA Reduced levels with favorable
prognosis: Excellent EFS (Gause

et al. 1992)

Elevated levels with unfavorable
prognosis: poor EFS and OS
(Christiansen et al. 1995)

ICAM-1 Serum
(microenvironment)

ELISA Elevated levels associate with
unfavorable prognosis: inferior DFS
and OS (Christiansen et al. 1995)

VCAM-1 Serum
(microenvironment)

EIA Elevated levels associate with
unfavorable prognosis: inferior DFS
and OS (Christiansen et al. 1998)

Disease response markers (during and/ or post-therapy)

FDG avidity Patient imaging
(microenvironment

and HRS cells)

PET/CT Elevated levels with disease,
normalize in remission (Hutchings

et al. 2006; Gallamini et al. 2007;

Meignan et al. 2010; Gallamini and

Kostakoglu 2012)

IL-6 Serum
(microenvironment)

ELISA Elevated levels with disease,
normalize in remission (Seymour

et al. 1997)

TARC Serum (HRS cells) ELISA Elevated levels with disease,
normalize in remission (Plattel

et al. 2012; Jones et al. 2013)

CD163 Serum
(microenvironment)

ELISA Elevated levels with disease,
normalize in remission (Jones

et al. 2013)

CR complete remission, CT computerized tomography, DFS disease-free survival, DSS disease-

specific survival, EFS event-free survival, EIA enzyme immunoassay, ELISA enzyme-linked

immunosorbent assay, FFS failure-free survival, GHSG German Hodgkin Study Group, HRS
Hodgkin and Reed-Sternberg, IHC immunohistochemistry, ISH in situ hybridization, PET positron

emission tomography, PFS progression-free survival, OS overall survival, qRT-PCR quantitative

real-time polymerase chain reaction
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Within the tumor microenvironment, T cells, B cells, and macrophages have all

been associated with outcome. Two studies reported by Meijer and colleagues found

that increased numbers of activated T cells (granzyme B+CD8+) in tissue biopsies

were associated with unfavorable outcomes (Oudejans et al. 1997; ten Berge

et al. 2001). This was validated by a number of subsequent studies which also

identified T-cell subsets associated with prognosis including FOXP3+ Treg cells

being correlated with prolonged event-free and disease-free survival (Alvaro

et al. 2005; Alvaro-Naranjo et al. 2005; Tzankov et al. 2008). In addition, an increased

number of benign CD20+ B cells in the tumor microenvironment are associated with

favorable outcomes in cHL (Chetaille et al. 2009; Steidl et al. 2010). More recently,

tumor-associatedmacrophages (TAMs) have been shown to have prognostic potential

in cHL with increased expression of the M2-type immunosuppressive macrophage

markers CD68 and CD163 being significant, independent predictors of inferior

failure-free survival and overall survival (Steidl et al. 2010; Kamper et al. 2011a;

Yoon et al. 2012). Although reports have challenged these findings, elevated levels of

the macrophage markers CD68 and CD163 were confirmed in the disease nodes of

cHL (Azambuja et al. 2012; Sanchez-Espiridion et al. 2012). Building on these

previous studies, Greaves et al. recently showed that increased CD20 and FOXP3

expressions both conferred superiorOS and that increased CD68 expression conferred

inferior freedom fromfirst-line treatment failure (FFTF) and overall survival (Greaves

et al. 2013). Studies comparing CD163 and CD68 immunohistochemistry staining

found CD68 to be less specific for the monocyte/macrophage lineage and to have

higher nonspecific background staining in primary cHL biopsies, suggesting CD163

may be a better M2 macrophage marker in cHL (Harris et al. 2012).

Blood Biomarkers

Circulating Cell-Free EBV-DNA
One of the best-studied disease response biomarker for cHL is cell-free (serum or

plasma) EBV-DNA. Although this HRS-specific marker is only applicable to 40 %

of patients, it has been well-established that, in these patients, plasma EBV-DNA is

elevated prior to therapy and remains elevated in refractory/relapsed disease but

returns to normal levels in remission (Drouet et al. 1999; Gallagher et al. 1999;

Wagner et al. 2001; Gandhi et al. 2006; Hohaus et al. 2011; Spacek et al. 2011;

Jones et al. 2012). A recent study of a large cHL cohort demonstrated that

pre-therapy levels of plasma EBV-DNA also have value as a prognostic marker

prior to therapy (Kanakry et al. 2013). Elevated pre-therapy EBV-DNA levels

predicted inferior EFS independent of the known poor prognostic factors in the

IPS and that plasma EBV-DNA positivity at 6 months post-therapy is associated

with poor outcomes. Thus, compounding evidence over the past two decades

strongly indicates that EBV-DNA has potential as a robust biomarker for

pre-therapy prognostication and as a post-therapy disease response biomarker for

EBV+cHL. Importantly, data indicates that EBV-DNA may have limited value as

an interim treatment disease response marker, becoming negative early during
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therapy in both complete and partial responders (Jones et al. 2012). Although

methods for quantifying circulating EBV-DNA are yet to be standardized,

qRT-PCR is the most widely used technique with the Namalwa cell line used as

the commonest standard. It has also been demonstrated that amplification of single-

versus multiple-copy EBV-gene targets is equivalent and that cell-free sources

serum and plasma are also equivalent but not interchangeable (Jones et al. 2012).

Circulating Cell-Free Protein Biomarkers
Cross talk betweenHRS cells and the surroundingmilieu is mediated by chemokines

and cytokines and is critical to HL pathogenesis (Skinnider and Mak 2002). These

soluble chemokines and cytokines are an important source of potential biomarkers

and can be divided into those that are specific to the HRS cells (tumor specific) and

those that originate from the benign infiltrate (tumor associated). Soluble markers

originating from HRS cells hold the promise of high specificity, whereas markers

from the microenvironment may be more sensitive owing to their relative abun-

dance. Importantly, tumor specificity is not absolute and is more likely a spectrum.

Other factors influencing circulating protein levels include relative abundance

within expressing cells and ability for the protein to be released into the circulation.

Serum levels of IL-10 (Vassilakopoulos et al. 2001), IL-6 (Seymour et al. 1997),

CD30 (Gause et al. 1991, 1992; Christiansen et al. 1995), IL-2R (Gause et al. 1992;

Christiansen et al. 1995), ICAM-1 (Christiansen et al. 1995), VCAM-1

(Christiansen et al. 1998), and thymus and activation-related chemokine (TARC)

(Weihrauch et al. 2005; Niens et al. 2008) are all elevated in cHL patients prior to

therapy and have been associated with survival. A recent study of 60 cHL patients

with serial samples throughout therapy found that serum TARC levels reflected

disease response in both early- and advanced-stage cHL and in relapsed disease

(Plattel et al. 2012). In cHL, HRS cells are known to have elevated levels of TARC

(van den Berg et al. 1999; Peh et al. 2001).

Serum CD163 and TARC as Biomarkers for cHL

A recently published prospective multicenter observational study of 47 patients

with HL (43 cHL and 4 NLPHL) reports an analysis of the HRS-specific protein

TARC and the tumor microenvironment-specific M2-type immunosuppressive

macrophage marker CD163 serum levels at five timepoints prior to, during, and

post-therapy (Jones et al. 2013). Results were compared to healthy donors and to

disease response as determined by radiological assessment. Tissue CD163 immu-

nohistochemistry was correlated to matched serum samples.

Methods and Sample Preparation

Blood was collected from patients at defined timepoints – pre-therapy, immedi-

ately pre-second and pre-third cycles of therapy, and 1 month and 6 months
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post-therapy – as well as from healthy donors. Serum tubes were spun at

3,000 rpm for 10 min. Serum was removed, aliquoted, and stored at �80 �C
until thawed in batches. CD163 and TARC were quantified in serum samples

using the Quantikine® Human CD163 ELISA kit (R&D Systems) and the

RayBio® Human TARC ELISA kit (RayBiotech) as per manufacturer’s instruc-

tions. A 1:20 dilution was used for sCD163.

Primary tumor biopsies were obtained for the majority of patients, and tissue

CD163 expression was quantified by immunohistochemistry. CD163+ monocytes

were also quantified in the blood of a subset of patients and healthy controls, and the

effect of monocyte depletion on T-cell proliferation was investigated.

Analysis and Interpretation

sTARC and sCD163 Levels in Pre-therapy cHL, Complete Remission,
and Healthy Donors
By ELISAs, both sTARC and sCD163 reflected disease response in complete

responders (sCD163, AUC 0.7333, P = 0.001, 95 % C.I. 0.6072–0.8594; TARC,

AUC 0.8793, P < 0.0001, 95 % C.I. 0.7492–0.9613; Fig. 1). Cutoff levels were

defined by two criteria: a value greater than the healthy participant mean plus one

standard deviation and a value with greater than 80 % sensitivity and specificity

from the receiver operating characteristic (ROC) curve analysis of pre-therapy

versus healthy participant values. A cutoff level of 500 ng/ml for sCD163 resulted

in 86 % sensitivity and 81 % specificity differentiating pre-therapy from healthy

controls and 62 % sensitivity and 75 % specificity distinguishing pre-therapy from

complete remission (CR) 6 months post-therapy. For sTARC, the cutoff value

was defined as 300 pg/ml with 90 % sensitivity and 86 % specificity for

pre-therapy versus healthy donors and 70 % sensitivity and 84 % specificity

for pre-therapy versus CR 6 months post-therapy.

Value of sTARC and sCD163 Levels as an Interim Therapy Biomarker
Importantly, the kinetics of the two biomarkers were strikingly different. sCD163

levels gradually declined throughout therapy, while sTARC rapidly dropped to

normal levels prior to second therapy (Fig. 2). Notably, sTARC and EBV-DNA

(both HRS-specific markers) had the same kinetic profile, dropping to normal levels

after one treatment even in patients that responded slowly to therapy

(by radiological assessment). Accordingly, sCD163 interim values, and not

sTARC, reflected interim therapy response. For sCD163 levels, there was no

significant difference between pre-therapy samples and those in partial remission

(PR) at the interim timepoint. However, there was a significant difference for

sCD163 between pre-therapy and those in CR at the interim timepoint (P =
0.0152). In contrast, there was a significant difference between pre-therapy

sTARC levels and both PR and CR samples at the interim timepoint (P = 0.0001

for both). In addition, the kinetics of the biomarker (stratified by CR/PR) at the
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interim timepoint was evaluated for associations with outcome once chemotherapy

was completed. All patients in CR at the interim timepoint maintained ongoing CR

at 1 and 6 months post-therapy. Interestingly, of those PR patients below the

sCD163 threshold at the interim timepoint, all achieved and maintained ongoing

CR, while four of the eight patients above the sCD163 threshold went on to have

refractory/relapsed disease. However, for sTARC, of the four patients below the

sTARC threshold at the interim therapy timepoint, two remained in ongoing CR,

whereas one had refractory disease and one relapsed by 6 months post-therapy.

Similarly, two of the nine patients above the sTARC threshold had relapsed disease

by 6 months post-therapy.

Thus, the results suggest that a marker of tumor infiltrate (sCD163) and not HRS

cells (sTARC) may more accurately reflect interim therapy tumor bulk. The rapid
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Fig. 1 Sensitivity and specificity of sCD163 and sTARC as biomarkers in cHL (Taken with

permission from Jones et al. (2013)). (a–d) Receiver operating characteristic (ROC) plots dem-

onstrate high sensitivity and specificity of (a) sCD163 pre-therapy cHL versus healthy participant,

(b) sCD163 pre-therapy cHL versus CR 6 months post-therapy, (c) sTARC pre-therapy cHL

versus healthy participants, and (d) sTARC pre-therapy cHL versus CR 6 months post-therapy.

AUC area under the curve
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Fig. 2 sCD163 and sTARC as biomarkers in cHL (Taken with permission from Jones

et al. (2013)). (a–c) Comparison of sCD163, sTARC, and plasma EBV-DNA levels in cHL

patients with CR by 1 month post-therapy and who remained in CR at 6 months post-therapy.

(a) sCD163 levels, (b) sTARC levels, and (c) plasma EBV-DNA levels. (d, e) Comparison of

interim therapy treatment response. cHL patients, restricted to those with paired interim samples

that matched interim radiological assessment. (d) sCD163 levels show a significant difference

between paired pre-therapy and CR interim therapy (P = 0.0152), while no significant difference

was seen between paired pre-therapy and PR interim therapy (P = NS). (e) sTARC levels show a

significant difference between paired pre-therapy versus CR interim therapy (P = 0.0001) and

paired pre-therapy versus PR interim therapy (P = 0.0001). Error bars represent mean with SEM.

***P < 0.001, **P < 0.01, *P < 0.05, NS = P > 0.05
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decline of HRS-specific markers (sTARC and EBV-DNA) may be due to the low

numbers of HRS cells such that reduction after just one cycle is sufficient to make

sTARC and EBV-DNA equivalent to threshold values. Indeed, sTARC pre-therapy

levels were 300-fold lower than sCD163 levels. Alternatively, it is possible that

HRS cells are preferentially chemosensitive compared to the tumor microenviron-

ment (or at least TAMs); however, there is currently no evidence to support this.

One way to address this would be to biopsy the diseased lymph node following the

first cycle of therapy. However, such an invasive procedure would present regula-

tory challenges and may not give a definitive answer as a single biopsy may not be a

representative of the entire tumor. An accurate animal model reflecting both HRS

cells and the tumor microenvironment is needed and would be invaluable for future

cHL research.

Value of sTARC and sCD163 Levels as Markers
of Refractory/Relapsed Disease
Although the results clearly demonstrate that both sTARC and sCD163 are sensi-

tive and specific markers of disease resolution post-therapy, the data of post-therapy

levels in refractory or relapsed disease is less definitive. Out of the entire cohort,

five patients had either refractory or relapsed disease post-therapy. As such, this

study was underpowered to make any definitive conclusions. Of these five patients,

one patient had refractory disease at 1 month post-therapy (Fig. 3a), one patient had

resolution of disease at the interim timepoint but elapsed at 1 month post-therapy

(Fig. 3b), and three patients relapsed after 1 month post-therapy (Fig. 3c–e). The

time course of sCD163 and sTARC is shown in Fig. 3, in association with the tumor

burden. All five patients had elevated sTARC levels pre-therapy, and all but one

had elevated sCD163 levels pre-therapy. Two patients had low-volume relapsed/

refractory disease, and neither marker was elevated at the corresponding timepoint.

In contrast, three patients had extensive relapsed/refractory disease, and sTARC

was well above threshold at the time of refractory/relapsed disease in all three. In

one of these cases, sCD163 was also elevated at the time of refractory/relapsed

disease, while in two of these cases, sCD163 was not (although in one of these

patients sCD163 was also not elevated pre-therapy). Further work is required to

confirm the role of sTARC and sCD163 as biomarkers for refractory/relapsed

disease.

Potential Applications to Prognosis, Other Diseases, or Conditions

Association of sTARC and sCD163 with Other Known Prognosticators
Pre-therapy levels of sCD163, but not sTARC, were associated with “B” symptoms,

stage, and low lymphocyte count (P = 0.0351, P = 0.0328, and P = 0.0297,

respectively). In addition, sCD163 levels strongly correlated with plasma
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EBV-DNA (r= 0.791, P= 0.001). Given that tissue CD163 may be an independent

predictor of inferior failure-free survival and overall survival, tissue CD163 in

pre-therapy diagnostic tissue biopsies was compared with sCD163 and results

demonstrated that tissue CD163 modestly correlated to matching pre-therapy
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patient with severe atopic dermatitis that persisted throughout therapy. sTARC, sCD163, and

plasma EBV-DNA levels are shown. This patient achieved radiological PR at the interim

timepoint and CR at the end of therapy. ***P < 0.001, **P < 0.01, *P < 0.05, NS = P > 0.05
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Fig. 3 (continued) The dashed gray lines represent sTARC and the solid black lines sCD163. The

dotted gray and black lines are the sTARC and sCD163 thresholds, respectively. The arrows
represent the timing of the radiological assessment. Limited small volume disease was defined as

disease confined to a single site and �2 cm. Patients A–E had refractory or relapsed disease as

indicated. Patients F–H had persistent clinical CR despite low-grade PET avidity of uncertain

significance at restaging
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sCD163 levels (r = 0.4005, P = 0.0256) and associated with IPS (P = 0.0332) and

the presence of early- or advanced-stage disease (P = 0.0025).

sCD163, sTARC, and NLPHL
TARC is expressed by the HRS cells of cHL, as well as the thymus, subsets of

dendritic cells, endothelial cells, and activated peripheral blood mononuclear cells

(van den Berg et al. 1999; Shimada et al. 2004). HRS cells are not present in

NLPHL, and TARC is not expressed by primary NLPHL tissues (van den Berg

et al. 1999; Peh et al. 2001). Consistent with this, sTARC was not elevated in

pre-therapy NLPHL patients compared to healthy participants and was significantly

lower than pre-therapy cHL (P < 0.0001, Fig. 4a), indicating that sTARC might be

highly specific for cHL. In contrast, sCD163 levels were elevated in pre-therapy

NLPHL patients compared to healthy participants (P = 0.001, Fig. 4b) at a similar

level compared to pre-therapy cHL samples. Thus, sCD163 is not specific to cHL,

and further investigation into the use of sCD163 as a disease response biomarker for

NLPHL is warranted.

sCD163, sTARC, and Allergic Disease
Although sTARC was specific for cHL and not NLPHL, sTARC is known to be

elevated in a range of allergic disease such as atopic dermatitis (Hijnen et al. 2004;

Shimada et al. 2004). A patient with stage IVB EBV-related nodular sclerosing cHL

was excluded from analysis based on a history of long standing methotrexate

therapy for severe atopic dermatitis. The dermatitis remained poorly controlled

for the duration of the study. Despite the patient achieving radiological PR at the

interim timepoint and CR at the end of therapy, sTARC was grossly elevated at all
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mononuclear cells (pre-therapy cHL versus healthy P = 0.0006, post-therapy cHL versus healthy
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Fig. 6 Monocyte depletion enhances T-cell proliferation in cHL patients (Taken with per-

mission from Jones et al. (2013)). Histograms show (a) CD4+ and (b) CD8+ T-cell proliferation

from eight cHL patients (labeled I–VIII). T-cell proliferation from CD14+ cell-depleted PBMC in
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timepoints with the mean over 10� the defined threshold value (mean 3,163 pg/ml,

range 2,383–3,920 pg/ml) (Fig. 4c). These results demonstrate that concurrent

allergic disease can greatly affect sTARC, rendering interpretation of disease

response from sTARC levels impossible. In contrast, this patient’s sCD163 and

EBV-DNA levels reflected cHL disease throughout therapy.

Specificity of sTARC and sCD163
CD163+ monocytes were elevated in the peripheral blood of cHL patients (P =
0.0437) compared to healthy donors, implicating circulating “shed” CD163 as only

partially tumor derived (Fig. 5). Interestingly, monocyte depletion markedly

enhanced both CD4+ and CD8+ T-cell proliferation in cHL patients (both

P < 0.01), suggesting monocyte-mediated immunosuppression may occur in cHL

and offer a potential explanation for the association with sCD163 levels and

lymphopenia (Fig. 6).

Thus, elevated sCD163 levels are not specific to cHL and may not be entirely

tumor derived; however, sCD163 levels were not influenced by concurrent allergic

disease. On the other hand, elevated sTARC levels are specific to cHL versus

NLPHL and are likely to be mostly HRS cell derived in the absence of additional

disease but in the presence of concurrent allergic dermatitis; sTARC levels can be

greatly affected.

Conclusions and Future Challenges

The histological uniqueness of cHL, in which the microenvironment comprises

95 % of the diseased node, provides a unique opportunity to study the relative

role of tumor-specific and tumor-associated biomarkers. Serum CD163 and

TARC reflect different components of the diseased HL lymph node, namely,

the tumor microenvironment and the tumor cell. Assaying both sequentially

provides complimentary information that potentially will assist clinicians in

prognosis, disease response assessment (both when PET/CT is and is not avail-

able), and surveillance as an early marker of relapse. The data presented is from

an observational cHL study, in which neither therapy nor timing/nature of

radiological monitoring was mandated. Definitive validation is required and

can only be achieved through the use of large international, uniformly treated

cohorts, ideally with data on their association with quantitative tumor burden

assessment by PET/CT.

�

Fig. 6 (continued) gray and from nondepleted PBMC in black. (c) CD4+ and (d) CD8+ T-cell

proliferation from cHL patient and healthy participant CD14+ cell-depleted PBMC and

nondepleted PBMC represented as total percent proliferation above background. Error bars
represent mean with SEM. ***P < 0.001, **P < 0.01, *P < 0.05, NS = P > 0.05
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Summary Points

– Serum CD163 and TARC are promising disease response biomarkers in classical

Hodgkin lymphoma.

– Serum CD163 reflects the (benign) tumor microenvironment, and serum TARC

is a biomarker of the (malignant) Hodgkin and Reed-Sternberg cell.

– Serum CD163 and TARC have distinct kinetics during therapy, with CD163

levels best reflecting interim therapy response.

– Serum CD163, but not TARC, may be of value as a disease response biomarker

for NLPHL.

– Pre-therapy serum CD163 levels associated with lymphopenia and IPS.
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Abstract

A cancer biomarker is a substance that indicates the presence of cancer. It could

be secreted by a tumor or result from a specific response to the cancer. Genetic,

epigenetic, proteomic, glycomic, and imaging biomarkers can be used for cancer

diagnosis, prognosis, and epidemiology. This chapter outlines the sources of the

most up-to-date information on the regulatory bodies, journals on biomarkers,

journals on cancer, professional bodies, books, emerging techniques and plat-

forms, and websites that are relevant to an evidence-based use of biomarkers in

health and disease.

Introduction

A cancer develops when cells reproduce uncontrollably. These cancer cells destroy

the surrounding tissue and can spread to other organs (metastasize). There are over

200 different types of cancer, each of which can cause a multitude of symptoms and

each has its own methods of diagnosis and treatment.

Biomarkers have significant scientific and clinical value in oncology. In 2001 a

consensus panel defined biomarkers as “characteristics that are objectively mea-

sured and evaluated as indicators of normal biological processes, pathogenic

processes, or pharmacologic responses to a therapeutic intervention or other health

care intervention” (Atkinson et al. 2001).

A cancer biomarker is a substance that indicates the presence of cancer.

It could be secreted by a tumor or result from a specific response to the cancer.

Genetic, epigenetic, proteomic, glycomic, and imaging biomarkers can be used

for cancer diagnosis, prognosis, and epidemiology. Ideally, such biomarkers can

be assayed in noninvasively collected biofluids like blood or serum (Atkinson

et al. 2001).

Biomarkers can be used to diagnose cancers at an early stage, suggest the likely

outcome (prognosis) in the absence of treatment, and predict the likely response to

treatment. Thus there are three main uses for biomarkers in oncology:

Diagnosis

Prognosis

Prediction

While challenges exist in translating research on novel biomarkers into clinical

practice, several biomarkers are currently used routinely by oncologists (doctors

who specialize in the management of patients with cancer). These include AFP

(liver cancer), BCR-ABL (chronic myeloid leukemia), BRCA1/BRCA2 (breast/

ovarian cancer), CEA (colorectal cancer), HER-2 (breast cancer), and PSA

(prostate-specific antigen) (prostate cancer).
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Several potentially relevant cancer biomarkers have been discovered through

omic technologies such as genomics and proteomics. The use of emerging high-

throughput technologies to integrate biomarkers into clinical practice will allow

“personalization” of disease management in the future.

Table 1 This table lists the regulatory bodies and organizations involved with various aspects of

biomarkers

Regulatory bodies and organizations

Biomarkers Consortium www.biomarkersconsortium.org

Biomarker, Imaging and Quality of Life

Studies Funding Program, National Cancer

Institute, USA

www.cancer.gov/aboutnci/organization/ccct/

funding/BIQSFP

Biomarker Qualification Program US Food

and Drug Administration

www.fda.gov/Drugs/

DevelopmentApprovalProcess/

DrugDevelopmentToolsQualificationProgram/

ucm284076.htm

Cancer Australia www.canceraustralia.gov.au

Cancer Diagnosis Program, National Cancer

Institute, USA

www.cancerdiagnosis.nci.nih.gov

Cancer Institute New South Wales www.cancerinstitute.org.au

Clinical Proteomic Technologies for Cancer

Initiative 2006–2011, National Cancer

Institute, USA

www.proteomics.cancer.gov/programs/

completed/cptac

Early Detection Research Network, National

Cancer Institute, USA

www.edrn.nci.nih.gov

European Medicines Agency www.ema.europa.eu/ema/index.jsp?curl=
pages/special_topics/general/general_content_

000349.jsp

Medicines and Healthcare products

Regulatory Agency (MHRA)

www.mhra.gov.uk

National Cancer Institute www.cancer.gov

Oncologic Drugs Advisory Committee of the

US Food and Drug Administration

www.fda.gov/AdvisoryCommittees/

CommitteesMeetingMaterials/Drugs/

OncologicDrugsAdvisoryCommittee

Table 2 Journals publishing original research and review articles related to biomarkers

Journals on biomarkers or on the applications and use of biomarkers

Biomarkers www.informahealthcare.com/bmk

Biomarkers in Medicine www.futuremedicine.com/loi/bmm

Journal of Biomarkers www.hindawi.com/journals/jbm

Journal of Molecular Biomarkers &

Diagnosis

www.omicsonline.org/molecular-biomarkers-

diagnosis.php

Molecular and Cellular Proteomics www.mcponline.org

Nature Medicine www.nature.com/nm

New England Journal of Medicine www.nejm.org
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Examples of the definitions, measurement, and applications of biomarkers

can be found in this book and also via the recommended resources in the

tables below.

Tables 1–7 list the most up-to-date information on the regulatory bodies

(Table 1), journals on biomarkers (Table 2), journals on cancer (Table 3), profes-

sional bodies (Table 4), books (Table 5), emerging techniques and platforms

(Table 6), and websites (Table 7) that are relevant to an evidence-based use of

biomarkers in health and disease.

Summary Points

• Biomarkers have significant clinical value in modern medicine.

• Biomarkers can be used in screening for cancer.

• Biomarkers can be used in staging of cancer, in grading, and to direct initial

therapy after diagnosis.

• Biomarkers can be used to screen for cancer recurrence, monitor the response to

treatment, and guide the choice of further treatments.

• This chapter lists the most up-to-date resources on the regulatory bodies,

journals, books, professional bodies, and websites that are relevant to an

evidence-based approach to the use of biomarkers.

Table 3 This table lists the journals publishing original research and review articles related to

cancer

Journals on cancer or covering material on cancer

Annals of Oncology www.annonc.oxfordjournals.org

British Journal of Cancer www.nature.com/bjc

BMC Cancer www.biomedcentral.com/bmccancer

Blood www.bloodjournal.hematologylibrary.org

Cancer Epidemiology, Biomarkers &

Prevention

www.cebp.aacrjournals.org

Clinical Cancer Research www.clincancerres.aacrjournals.org

Cancer Cell www.cell.com/cancer-cell/home

Cancer Discovery www.cancerdiscovery.aacrjournals.org

Cancer Research www.cancerres.aacrjournals.org

Journal of Clinical Oncology www.jco.ascopubs.org

Journal of National Cancer Institute www.jnci.oxfordjournals.org

Lancet Oncology www.thelancet.com/journals/lanonc/issue/current

Leukemia www.nature.com/leu/index.html
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Table 6 This table lists some emerging source and resource platforms in biomarker discovery and

application

Sources and resources for emerging techniques and platforms

Archemix www.archemix.com

Biobanking and Biomolecular Resources

Research Infrastructure

www.bbmri.eu

Cancer Genome Atlas www.cancergenome.nih.gov

Cancer Human Biobank (caHUB) www.cancer.gov/aboutnci/recovery/

recoveryfunding/cahub

European Human Tumor Frozen Tissue Bank www.tubafrost.org

Lucerna, Inc www.lucernatechnologies.com/About-Us-17.html

OTC Biotech www.otcbiotech.com/

University of Zurich Progenetix database www.progenetix.org/cgi-bin/pgHome.cgi

Table 5 This table lists books on cancer and/or biomarkers

Relevant books

Oxford Textbook of Oncology. Souhami RL, Tannock I, Hohenberger P, Horiet JC (editors).

Oxford University Press, 2001, Oxford, UK

Cancer: Principles and Practice of Oncology. De Vita VT, Lawrence TS, Rosenberg SA.

Lippincott Williams & Wilkins, 2011, Philadelphia, USA

Abeloff’s Clinical Oncology. Niederhuber JE, Armitage JO, Doroshow JH, Kastan MB,

Tepper JE. Saunders, 2013, USA

The Aptamer Handbook: Functional Oligonucleotides and Their Applications.

Klussmann S (editor). Wiley-VCH, 2006, Weinheim

Aptamers in Bioanalysis. Mascini M. Wiley-Interscience, 2009, New Jersey, USA

Cancer Medicine. Hong WK, Bast RC Jr., Hait WN, Kufe DW, Pollock RE, Weichselbaum, JF,

Holland EF III. American Association for Cancer Research December, 2009, Philadelphia, USA

Table 4 This table lists the professional societies involved with biomarkers and/or cancer

Professional societies

American Association for Cancer Research www.aacr.org

American Cancer Society www.cancer.org

American Society of Clinical Oncology www.asco.org

Biomed Central (BMC) Biomarkers Research www.biomarkerres.org

European Association for Cancer Research www.eacr.org

European Organisation for Research and

Treatment of Cancer (EORTC)

www.eortc.org

Korean Breast Cancer Society www.kbcs.or.kr

Korean Cancer Association www.cancer.or.kr

International Clinical Cytometry Society www.cytometry.org/web/index.php

National Cancer Institute (NCI) and National

Human Genome Research Institute (NHGRI)

44 Biomarkers in Health and Disease: Cancer Further Knowledge 985

http://www.archemix.com
http://www.bbmri.eu
http://www.cancergenome.nih.gov
http://www.cancer.gov/aboutnci/recovery/recoveryfunding/cahub
http://www.cancer.gov/aboutnci/recovery/recoveryfunding/cahub
http://www.tubafrost.org
http://www.lucernatechnologies.com/About-Us-17.html
http://www.otcbiotech.com/
http://www.progenetix.org/cgi-bin/pgHome.cgi
http://www.aacr.org
http://www.cancer.org
http://www.asco.org
http://www.biomarkerres.org
http://www.eacr.org
http://www.eortc.org
http://www.kbcs.or.kr
http://www.cancer.or.kr
http://www.cytometry.org/web/index.php


Acknowledgement We would like to thank the following authors for contributing to the devel-

opment of this resource (Carnero A, Clarke S, De Rossi A, Diakos C, Noh D-Y, Schraml PH,

Takenaka S, Wonshik H, Yi L).

References

Atkinson AJ, Colburn WA, DeGruttola VG, DeMets DL, Downing GJ, Hoth DF, Oates JA,

Peck CC, Schooley RT, Spilker BA,Woodcock J, Zeger SL. NCI-FDA Biomarkers Definitions

Working Group; Biomarkers and surrogate endpoints: preferred definitions and conceptual

framework. Clin Pharmacol Ther. 2001;69:89–95.

Table 7 This table lists some internet resources on biomarkers

Relevant internet resources

Adjuvant online www.adjuvantonline.com

American Association for Cancer Research www.aacr.org

American Cancer Society www.cancer.org

American Society of Clinical Oncology www.asco.org

Biomed Central (BMC) Biomarkers www.biomarkerres.org

European Association for Cancer Research www.eacr.org

European Organisation for Research and Treatment

of Cancer (EORTC)

www.eortc.org

ISCIII www.cnio.es

Gene Card www.genecards.org

NCBI www.ncbi.nlm.nih.gov

National Cancer Institute www.cancer.gov

NCCN www.nccn.org

Oncomine www.oncomine.org

Telomerase Database www.telomerase.asu.edu/

World Health Organization www.who.int/mediacentre/factsheets/

fs297/en/index.html

986 R. Rajendram et al.

http://www.adjuvantonline.com
http://www.aacr.org
http://www.cancer.org
http://www.asco.org
http://www.biomarkerres.org
http://www.eacr.org
http://www.eortc.org
http://www.cnio.es
http://www.genecards.org
http://www.ncbi.nlm.nih.gov
http://www.cancer.gov
http://www.nccn.org
http://www.oncomine.org
http://www.telomerase.asu.edu/
http://www.who.int/mediacentre/factsheets/fs297/en/index.html
http://www.who.int/mediacentre/factsheets/fs297/en/index.html


Index

A
AC133, 431

Acute lymphoblastic leukemia (ALL), 936

B-ALL, 940, 942

T-ALL, 940, 948, 950–951

Acute myeloid leukemia (AML), 936

flow cytometry, 938

MRD detection, 943–944, 946

normal myeloid maturation, 943

surface biomarkers, 936

Aneuploidy, 256, 261

Angiogenesis, 777, 779, 783–785

Anthracycline, 78, 80–82

Aptamers, 946–949

Aurora-A, 257, 260, 262

Autoantibody, 575, 577, 579, 585,

589, 594

B
B cell-specific Moloney murine leukemia virus

integration site 1(BMI1), 923–924, 926

Biliary tract cancer, 193–194

serum TPS (see Tissue polypeptide-specific
antigen (TPS))

Biomarkers, 5–11, 14, 18–20, 22, 87, 95, 98,

99, 120, 167–176, 187, 206, 215, 216,

280–282, 284, 286, 289, 293–294,

297, 379–389, 395–397, 406, 530,

557–565, 575, 576, 709–725, 773–775,

779, 786, 795, 804, 830, 982–984.

See also Carbohydrate antigen 19-9

(CA 19-9)

blood transcriptome, 860–867

in cancer, 57–58

chemotherapeutic response and toxicity,

610–614

CD133, chemoradiotherapeutic response in

breast cancer, 439

circulating, 574–575

development of, 238

discovery of, 581–585

DNA, 855–857

EBV-related biomarkers, 881–887

epigenetics, 620

genotyping, 620

human neoplastic and non-neoplastic

conditions, 795

inflammation, 605–606

limitations of CD133, 440

messenger RNA, 860

methylation, 857–858

microRNAs, 238, 620–621,

858–859

NPC, 886. (see also Nasopharyngeal

carcinoma (NPC))

OMICS role, 6–8

OSCC, 778

patient-related factors, 606–607

protein, 859–860

RNU2-1fragments (see RNU2-1f)
tissue microarray for, 804–805. (see also

Tissue microarray (TMA))

tumour-related factors, 608–609

U2 snRNA (see U2 snRNA)

Blood transcriptome, 860–867

Books, 985

Breast cancer, 430

CD133, diagnostic marker, 435–438

CD133, prognostic marker, 438

chemoradiotherapeutic response, CD133,

439

DDX3X, 440

limitations of CD133, 440

# Springer Science+Business Media Dordrecht 2015

V.R. Preedy, V.B. Patel (eds.), Biomarkers in Cancer, Biomarkers in Disease:
Methods, Discoveries and Applications,
DOI 10.1007/978-94-007-7681-4

987



Breast neoplasm

serum TPS (see Tissue polypeptide-specific
antigen (TPS))

serum tumor markers, 420

C
Cancer, 382–387, 982–984

biliary tract cancers, 193–194

biomarker, 488

colorectal cancer, 194

gastric cancer, 190

genes, 489

pancreatic cancer, 183–184

OMICS role, 6–8

ovarian cancer, 194–195

PTTG, 209–215

screening, 495–501

Cancer immune response, 581, 584, 591, 592

Cancer reoccurrence prediction, 734, 740

Cancer stem cells (CSCs), 363, 368–369,

372, 374, 376, 430, 435, 439

Cancer therapy targeting RTKs, 821

Carbohydrate antigen 19-9 (CA 19-9)

in biliary tract cancer, 193–194

in colorectal cancer, 194

in gastric cancer, 190

measurement methodology, 183

in ovarian cancer, 194–195

in pancreatic cancer, 183–184

Cardiotoxicity (CTX)

advantages and disadvantages, 86

clinical monitoring, 85

definition of, 79

prevention and treatment of, 79

risk factor, 78

Castration resistant prostate cancer (CRPC)

bone alkaline phosphatase, 455

BSI, 463

CTC-iChip, 465

lactate dehydrogenase, 456

morbidity and mortality, 463

Ntx, 455

pain, 460–461

PSADT, 453–454

PTEN/PI3K pathway, 466

QoL, 461

CD44, 430

CD133, 431–435, 438–440

biomarker in chemoradiotherapeutic

response, breast cancer, 439

diagnostic marker, breast cancer, 435–438

prognostic marker, breast cancer, 438

regulation of, 433–434

role of, 431–434

structure and regulation of, 432

therapeutic insights into targeting, 439–440

CD163, 964–974

CEA, 690–692

CEACAMs, 690–695

CEACAM1, 694, 699–701

CEACAM6, 693, 700, 701

CEACAM7, 694, 699–700

Cell free DNA, 326, 338

Centrosome amplification (CA)

clinical significance of, 261–265

copy number aberrations, 259–261

mechanism of, 257–259

prognosis, 268–269

Cervical cancer, 483–503

Chemotherapy, 169, 610, 614

Chromosomal instability (CIN), 256,

261, 262

Circulating biomarker, 574–576, 594

Circulating cell-free EBV-DNA, 964–965

Circulating cell-free protein biomarkers, 965

Circulating marker, 677–678

Circulating miRNAs, 326, 330–333

Circulating tumor cells (CTC), 326, 330,

456–459, 468–469

characterisation and monitoring therapy

responses, 44–46

detection, RT-PCR, 35

enrichment technologies, 35

quantification of, 42–44

Clinical applications, KLKs, 153

Clinical outcome, PSA/KLK3, 144–145

Colorectal cancer (CRC), 56–57, 244, 574,

576, 581, 583–589, 591, 593, 595, 604,

634, 641, 651

CEA as biomarker, 695–696

dysregulation of CEACAM proteins,

692–695

in elderly patients, 606–607

epithelial cell adhesion molecules, 677

epithelial growth factor receptor, 608

exercise, 608

5-FU, 610

hypertension, 619

KRAS mutation, 608

management of, 678, 697, 699

microsatellite instability, 608

molecular markers, 663

MSI and MSS tumors, 667

neutrophil to lymphocyte ratio (NLR), 606

NRAS mutations, 616–617

988 Index



obesity in, 607

PIK3CA mutations, 609

prognostic value of telomerase, 675–676

screening, 688–689

staging, 689–690

TERT, 678

Topo-1, 613

vascular endothelial growth factor, 609

Conventional carcinomas (CC), 634–636,

638

prognosis, 639

CpG island methylation phenotype (CIMP),

635, 652

CpG island, 115, 119–120

Cytokeratin, 419–420

D
Data integration, 735, 739, 750

Diagnosis, 384, 879–881

pancreatic cancer, 242

Diagnostic biomarker, 909

Diffusion, 403–404

Disease and patient bioprofile, 747, 750

Disease response, 961, 964

DNA methylation, 113–115, 333–336,

835–836

Downregulation, 493

E
E6, 714–715, 721

E7, 714–715, 721

Early detection, 126–127

Early diagnosis, 861

Electrochemical telomerase assay (ECTA),

755, 762, 764–766

Endometrial cancer, 527–544, 554, 567

Epidermal growth factor receptor-2,

507–523

Epigenetic biomarker, 328

Epigenetic changes, 835–836

Epigenetics, 380

Epigenomics, 278

Epstein–Barr Encoded RNA (EBER),

881–882

Epstein–Barr nuclear antigen (EBNA1), 883

Epstein-Barr virus (EBV), 879, 881,

884–886

ErbB2, 509–510

Evidence, 984

Extracellular matrix (ECM), 772–774,

781, 783

F
Ferrocenylnaphthalene diimide (FND),

755, 762–763, 765

FGF/FGFR signaling pathway, 814–816,

818, 820–822

Fibroblast growth factor receptors (FGFR), 813

cancer therapeutics, 820–822

complex, 814–816

mutations/amplifications, 819–820

signaling, 817–818

Fibroblast growth factors (FGF). See Fibroblast
growth factor receptors (FGFR)

Flow cytometry, 936–938, 941, 949

Fluorescence in situ hybridization (FISH), 267

G
Gel electrophoresis, 380

Gel-based proteomics, 61–63

Gene expression, 485, 493

Genomics, 278, 282

Glioblastoma, 365, 367–368, 372

H
Head and neck cancer, 895

Head and neck squamous cell carcinoma

(HNSCC), 723–724, 810, 812–813,

822, 895

Heart failure, 77–78, 84, 96, 99

HER2, 507–523

HMGB1, 314–315

Hodgkin lymphoma (HL)

blood biomarkers, 964–965

epidemiology, classification and diagnosis,

959–960

tissue biomarkers, 961–964

HPV. See Human papillomavirus (HPV)

Human papillomavirus (HPV), 709–725

Humoral response, 576, 579, 582, 585, 589

Hypermethylation, 117, 128

Hypomethylation, 111, 117

I
Imaging, 392, 408

Immunogenic cell death (ICD), 310, 314–319

Immunohistochemistry (IHC), 168, 529,

541, 712, 718, 903, 911

Immunophenotyping

acute leukemia, MRD detection in,

938–939

advantage of, 936–938

Index 989



Immunophenotyping (cont.)
flow cytometry, 941–942

immature thymic T cells, 941

and WT1-RNA quantification, 945

Immunotherapy, 516–517

In situ hybridization (ISH), 717

Interactions, 348

Invasion, 774–776, 779, 780, 785

Isotopic-labeling proteomics, 61–63

J
Journals, 984

K
Kallikreins (KLKs), 139

breast cancer, diagnostic significance, 150

in cervical cancer, 152

and CNS disorders, 158–159

in colon cancer, 154

in endometrial carcinomas, 152

family, cancer biomarkers, 141–142, 156

in gastric cancer, 153

microRNAs, 156

ovarian cancer, potential prognostic and/or

predictive value, 148–150

in RCC and bladder cancer, 152–153

in skin disorders, 159–160

Ki67, 805

KLK. See Kallikreins (KLKs)

L
Label-free proteomics, 63–64

Laryngeal squamous cell carcinoma (LSCC),

891–916

Latent membrane protein, 1 (LMP1), 883–884

Left ventricular ejection fraction (LVEF),

77, 85, 89, 95

Leucine-rich repeat-containing G-protein-

coupled receptor, 5 (LGR5), 368–369,

375

Liquid biopsy, 328–330

Liver cancer, 303–320

Lung cancer, 244–245, 325–340

chemotherapeutic drugs, 353

non-small cell lung cancer, 350, 352

Lymph node metastasis, 779, 781–785

M
Magnetic resonance imaging (MRI), 397–405

MAP17, 170, 176

Maspin, 347

ACs, 351

clinical utility, 350–351

immunohistochemistry, 351

SCC, 353

subcellular localization, 350

Mass-spectrometry, 6, 10, 17, 21–22, 386

Matrix metalloproteinases (MMPs), 774–776

Metabolism, 407

Metabolomics, 5, 7, 23–26

Metastasis, 33, 46, 314

Methylation, 380, 384

Microarrays, 12–14, 25, 26, 278, 281, 284–285,

288–289, 293–294, 297, 484–485,

860, 862

MicroRNA, 383

Microsatellite instability (MSI), 635

oncogene mutational studies, 640–641

Minimal residual disease (MRD), 938–940,

943–944

miR-1246, 241, 242, 245, 246

Mitosis, 489–501

Molecular profiling, 642–652

Molecular signature, 7, 24

Monitor treatment outcome, 882, 885, 886

Mouse, 395, 398–399

N
Nasopharyngeal carcinoma (NPC), 827–844, 878

clinical inspection and radiation treatment,

879

CYP2A6, 856

diagnosis of, 854

EBER, 881–882

EBV DNA concentration, 855

EBV-related biomarkers, 881, 882

genome-wide association studies (GWAS),

856

hypermethylation, 857

LMP1 expression, 883

miRNAs, 858–859

molecular markers, 879–881

mRNA biomarkers, 860

Sentinel Principle® approach, 861

symptoms of, 854

Natriuretic peptides (NPs), 93–96

NeoMark project, 734, 750

Non-invasive biomarker, 887

Non-invasive sample, 127

Non-malignant diseases, 157–160

Non-muscle invasive bladder cancer (NMIBC),

265, 267–268

990 Index



O
Obesity, 554

Oncogene, 207, 208, 212–214, 222,

225, 227

PTTG, 209–210

Oral cancer, 895

Oral squamous cell carcinoma (OSCC),

772–774, 777

NeoMark system, 738, 747

TNM staging, 734

WHO statistics, 733

P
p16, 718–719

Pancreatic cancer, 183–184

Pancreatic ductal adenocarcinoma, 244

Patient monitoring, 144–145

Patients’ survival, 150

breast cancer, 150

Perfusion, 399

Phage display, 575–576, 579, 582, 593

Pituitary tumor transforming gene (PTTG)

in cancer, 209–215

clinical impact of, 215–228

Polycomb group (PcG) proteins, 924

Polycomb-repressive complex, 1 (PRC1),

923–924

Positron emission tomography (PET), 405

Post-translational modifications (PTMs), 59,

60, 64–66

Prediction, 215

Predictive biomarkers, 450–474

Predictive factor, 607–608, 611, 619

Predictive marker, 529, 530

Prevention, cardiac damage, 97

Professional societies, 985

Prognosis, 35, 42, 215, 217, 220, 221,

228, 351–353, 388, 886–887

LSCC, 926

prostate cancer, 145–147

RCC, 279, 284, 294

and treatment monitoring, 150–151

Prognostic biomarkers, 450–451, 468, 913

Prognostic factors, 605, 609, 611

in colorectal cancer, 696, 697

Prognostic marker, 184–187, 419, 421,

423, 424, 529, 530, 667, 674–677

Prostate cancer, 454, 464–466, 472

Prostate specific antigen (PSA), 451–454,

465, 471

Protein microarrays, 579–581

SERPA and, 582–583

Protein tyrosine kinase-7 (PTK-7), 948, 951

Proteomics, 5, 7, 16–23, 282, 293, 388

PSA/KLK3, 141–142, 145

Q
Quantitative real-time PCR (qRT-PCR),

912, 914

R
Reactive oxygen species (ROS), 174, 176

Receptor of advanced glycation end products

(RAGE), 312, 314

Receptor tyrosine kinase (RTK), 813–814,

821, 823

Regulatory bodies, 984

Renal cell carcinomas (RCC), 278–280,

295–296

Replicative potential, 664, 667, 678

Resources, 984

Response, 403

RNU2-1f

biogenesis and stability, 242–244

biomarker applications, 248

cervical carcinoma, 245

clinical application, 246–249

in ESCC patients, 245

in lung cancer, 244–245

in pancreatic and colorectal cancer

patients, 244

S
Salivary gland tumours, 795, 798, 801, 804

Securin. See Pituitary tumor transforming

gene (PTTG)

Serological analysis of recombinant cDNA

expression libraries (SEREX),

575, 578–579

and phage microarrays, 581–582

Serological proteome analysis (SERPA),

575, 579

and natural protein microarrays, 582–583

Serrated carcinoma (SC), 634

gene expression, 642–650

gene expression signatures in, 651

histological criteria, 637–539

immunohistochemistry study, 639–640

methylome studies, 651–652

molecular markers, 651

prognosis, 639

vs. sporadic MSI-H CRCs, 641–642

Index 991



Serum CD163 (sCD163)

and allergic disease, 972–974

as interim-therapy biomarker, 966–969

NLPHL, 972

in pre-therapy cHL, 966

relapsed/refractory disease, markers

of, 969

specificity of, 974

Serum TARC (sTARC)

and allergic disease, 972–974

as interim-therapy biomarker, 966–969

methods and sample preparation,

965–966

NLPHL, 972

in pre-therapy cHL, 966

relapsed/refractory disease, 969

specificity of, 974

Serum, 241, 244, 246, 248

Surrogate biomarkers, 450, 457

T
Targeted agents, 614–619

Telomerase, 756, 757, 759, 762

as circulating marker, 677–678

as disease marker, 667–671

disease progression, marker of,

671–674

inhibitor, 756, 758, 765–767

post-transcriptional level, 666–667

as prognostic marker, 674–677

quantification of, 670

regulation of, 665

Telomerase repeat amplification protocol

(TRAP) assay, 755, 758, 763–765

Telomere DNA, 755–757, 761, 765, 766

Tetraplex ligand, 762

Theranostics, 15, 20, 21, 24–26

Therapy targets, 281, 284, 292, 294

Therapy, 227

Thymus and activation-related chemokine

(TARC), 965–974

Tissue microarray (TMA), 363, 372–374

multi-tumor TMAs, 797

paraffin TMA blocks, 796

patient outcome TMAs, 798

principles, advantages and disadvantages,

796–801

prognosis, 804–805

salivary gland tumours, 801–804

Tissue polypeptide-specific antigen (TPS)

colorectal cancer, 424

early diagnosis, 421

limitations, 423

lung cancer, 424–425

monitoring response, 422–423

ovarian cancer, 423–424

pancreatic cancer, 424

prognosis, 421–422

surveillance, 422

Transcriptional repression, 116, 121

Transcriptomics, 5, 7, 12–16, 279, 282

Trastuzumab, 82–83, 517–520

Treatment monitoring, 33, 44, 895

Troponins, 87–91

Tumor biomarkers, 141–156

Tumorigenesis, 170

Tumor markers, 891–916

Tumour suppressor gene, 841–842

U
U2 small nuclear RNA (U2 snRNA)

genomic organization and sequence

characteristics, 241–242

pre-mRNAs, splicing process of, 239–240

primary and secondary structure, 239

Upregulation, 493

Urine biomarkers, 265–268

UroVysion®, 265, 267–268

V
Visceral adipocytes, 557–565

992 Index


	Preface
	Series Preface
	Contents
	About the Editors
	Editorial Advisors
	Contributors
	Part I: General Aspects: Techniques and Overviews
	1 OMICS for Tumor Biomarker Research
	Key Facts of OMICS Sciences
	Definitions of Words and Terms
	Introduction: A Role of OMICS in Cancer Biomarker Research
	An Analysis Pathway for Multiplex Biomarker Panels
	Transcriptome Profiling Approaches and Multiplexed Panels Based on mRNA Levels
	Proteomics: From MALDI-TOF Through Shotgun Techniques to Targeted Approach
	Metabolomics: A Promising New Direction for Biomarker Discovery
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Conclusion
	Summary Points
	References

	2 Circulating Tumor Cells as Biomarkers in Cancer
	Key Facts About Circulating Tumor Cells (CTCs)
	Definition of Words and Terms
	Introduction to Circulating Tumor Cells
	Detection of CTCs by RT-PCR
	CTC Enrichment Technologies
	Enrichment by Physical Properties
	Cell Surface Marker-Based Enrichment
	Emerging Technologies
	Microfluidic Devices
	High-Definition CTC
	DEParray

	Positive Versus Negative Enrichment of CTCs

	Quantification of CTCs as a Predictor of Survival and a Marker of Therapy Response
	CTC Characterization and Monitoring Therapy Responses
	Concluding Remarks
	Summary Points
	References

	3 Oncoproteomic Approaches to Cancer Marker Discovery: The Case of Colorectal Cancer
	Key Facts
	Definition of Words and Terms
	Introduction
	Colorectal Cancer
	Biomarkers in Cancer

	Why Proteomics?
	Proteomic Technologies
	Two-Dimensional Gel Electrophoresis
	Gel-Free Proteomics: Isotopic Labeling
	Label-Free Mass Spectrometry
	Detection of Post-Translational Modifications

	Early Detection Screening Technologies and Samples for CRC Biomarker Research
	Protein Biomarkers of Colon Cancer
	Carcinoembryonic Antigen
	Fecal Hemoglobin


	Potential Application of Proteomics to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	4 Cancer Cardiotoxicity and Cardiac Biomarkers
	Definition of Words and Terms
	Introduction
	Cardiotoxicity of Cancer Therapy
	Summary Points
	Key Facts of Cardiotoxicity

	Chemotherapeutic Agents
	Anthracycline
	Targeted Therapy
	Trastuzumab
	Inhibitors of Angiogenesis

	Summary Points
	Key Facts of Chemotherapeutic Agents

	Monitoring of Drug-Induced Cardiotoxicity
	Cardiac Imaging
	Serological Markers
	Summary Points
	Key Facts of Monitoring of Drug-Induced Cardiotoxicity
	Troponins
	Summary Points
	Key Facts of Troponin
	Natriuretic Peptides
	Summary Points
	Key Facts of Natriuretic Peptide
	Potential Application to Prognosis and Other Disease Conditions
	Summary Points
	Key Facts of Potential Application to Prognosis and Other Disease Conditions

	References

	5 DNA Methylation as a Biomarker in Cancer
	Key Facts
	Key Facts of DNMT: DNA Methyltransferase
	Key Facts of CGIs: CpG Islands
	Key Facts of MBD Proteins: Methyl-CpG-Binding-Domain Proteins

	Definitions of Words and Terms
	Introduction
	DNA Methylation in Normal Cells
	Relationship Between CGI DNA Methylation and Transcriptional Repression
	DNA Methylation in Cancer Cells
	5-Hydroxymethylcytosine and Its Derivatives in Cancer
	Long-Range Coordinated Disruptions in DNA Methylation
	CpG Island Methylator Phenotype
	Methods of Isolating DNA Methylation Biomarkers in Cancer
	DNA Methylation Changes in Early Tumorigenesis
	The Suitability of DNA Methylation Changes as Biomarkers
	DNA Methylation as Early Detection Biomarkers
	DNA Methylation Biomarkers for Prediction of Drug Sensitivity
	Future Perspectives
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	6 Kallikreins as Biomarkers in Human Malignancies
	Key Facts on Kallikrein Family
	Definitions of Words and Terms
	Introduction
	KLK Family: A Rich Source of Cancer Biomarkers
	Prostate Cancer
	Prostate-Specific Antigen (PSA/KLK3): A Long-Used yet Disputed Biomarker for CaP Screening and Diagnosis
	PSA/KLK3: Applications in CaP Patients´ Treatment Monitoring and Prediction of Clinical Outcome
	Emerging Biomarkers in Prostate Cancer from the Kallikrein Family: Can They Follow and/or Enrich the Success of PSA/KLK3?
	Diagnostic Significance

	Prostate Cancer Prognosis

	Ovarian Cancer
	KLK6, KLK10, and Other KLK Family Members as Promising Markers in Ovarian Cancer Diagnosis
	KLKs with Potential Prognostic and/or Predictive Value in Ovarian Cancer

	Breast Cancer
	KLKs with Diagnostic Significance for Breast Cancer
	Prognosis and Treatment Monitoring

	Endometrial and Cervical Cancer
	KLKs with Potential Clinical Utility in Endometrial Carcinomas
	KLKs with Potential Clinical Utility in Cervical Cancer

	Renal Cell Carcinoma and Urinary Bladder Cancer
	KLKs with Potential Clinical Utility in RCC and Bladder Cancer

	Gastric and Colon Cancer
	KLKs with Potential Clinical Utility in Gastric Cancer
	KLKs with Potential Clinical Utility in Colon Cancer

	Other Types of Human Cancer

	KLK-Targeting MicroRNAs: A New Era in Cancer Research Has Just Begun
	Single-Nucleotide Polymorphisms (SNPs) in the Human KLK Locus
	Methodologies and Analytical Techniques
	Potential Applications of KLK Family Members to Prognosis, Nonmalignant Diseases, or Conditions
	KLKs and CNS Disorders
	KLKs in Skin Disorders

	Conclusions
	Summary Points
	References

	7 MAP17 as Biomarker for Cancer Treatment
	Key Facts
	Definitions of Words and Terms
	Introduction
	MAP17 (PDZK1IP1)
	MAP17 in Human Tumors
	Oncogenic Activity of MAP17

	Potential Applications to Prognosis, Diagnosis, or Response to Therapy
	Summary Points
	References

	8 CA 19-9 as a Serum Biomarker in Cancer
	Definitions of Words and Terms
	Introduction
	CA 19-9 Measurement Methodology
	CA 19-9 and Its Utility in Pancreatic Cancer
	Epidemiology of Pancreas Cancer

	CA 19-9 Level as a Diagnostic Marker/Screening Tool in Pancreatic Cancer
	CA 19-9 Level as a Prognostic Marker in Resectable Pancreatic Adenocarcinoma
	CA 19-9 Level as a Prognostic Marker in Advanced and Metastatic Pancreatic Adenocarcinoma
	CA 19-9 in Intraductal Papillary Mucinous Neoplasms of the Pancreas
	CA 19-9 in Gastric Cancer
	CA 19-9 in Biliary Tract Cancers
	CA 19-9 in Colorectal Cancer
	CA 19-9 in Ovarian Cancer
	Utility in Other Malignancies

	CA 19-9 in Occult Primary
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	9 PTTG (Securin) as Cancer Biomarker
	Key Facts of Pituitary Gland
	Definitions of Words and Terms
	Introduction
	Discovery of the Pituitary Tumor Transforming Gene
	PTTG in Cancer
	PTTG Is an Oncogene
	Basic Molecular PTTG Functions in Cancer not Restricted to Pituitary Adenomas
	Role in Genetic Instability
	Role as a Broad Regulator of the Transcriptome

	Motility, Invasion, and Metastasis
	Epidermal to Mesenchymal Transition

	Clinical Impact of PTTG
	PTTG as a Prognostic Marker
	Cellular Proliferation
	Vascular Proliferation
	Migratory Ability of Tumor Cells

	Perspectives for a Prognostic Application of PTTG in Clinical Practice
	Therapeutic Aspects

	Concluding Remarks
	Summary Points
	References

	10 U2 Small Nuclear RNA as a Biomarker in Cancer
	Key Facts of Noncoding RNAs as Biomarkers
	Definition of Words and Terms
	Introduction
	U2 snRNA and the Splicing Process of Pre-mRNAs
	Genomic Organization and Sequence Characteristics of U2 snRNA
	RNU2-1 Fragment Biogenesis and Stability
	RNU2-1f in Serum of Pancreatic and Colorectal Cancer Patients
	RNU2-1f in Lung Cancer
	RNU2-1f as Biomarker in Other Cancer Types
	Potential Applications of RNU2-1f Tests to Prognosis, Other Diseases, or Conditions
	Summary Points
	References


	Part II: Bladder, Kidney, Liver and Lung
	11 Centrosome Amplification as Biomarkers in Bladder Cancer Using Touch Biopsy and Bladder Washing Cytological Specimens
	Key Facts of Centrosome Amplification
	Definitions of Words and Terms
	Introduction
	Mechanism of Centrosome Amplification
	Copy Number Aberrations and Centrosome Amplification
	Clinical Significance of Centrosome Amplification

	Other Biomarkers Using Urine (Bladder Washing Cytology)
	Potential Applications to Prognosis
	Conclusion
	Summary Points
	References

	12 Microarrays and Renal Cell Cancer Biomarkers
	Key Facts of Renal Cell Carcinoma
	Definitions of Words and Terms
	Introduction
	Genomic Approaches
	Array-Based CGH (aCGH) and SNP Arrays for Tracking Potential Chromosomal and Gene Marker Loci
	DNA Methylation Arrays for Unmasking Silenced RCC Markers

	Transcriptomic Approaches
	DNA Microarrays for Screening RCC-Specific Marker Expression Patterns
	miRNA Microarrays for Identifying RCC Key Players of Gene Regulation

	Proteomic Approaches
	Tissue Microarrays (TMA) for Evaluating Molecular Markers with Clinical Relevance in RCC

	Combinations of Microarray Platforms Used to Validate Potential Biomarkers in RCC
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	13 Immunogenic Cell Death Markers in Liver Cancer
	Key Facts
	Introduction
	Hepatocellular Carcinoma (HCC)
	Liver Metastases from Colorectal Cancer (CRC)
	Locoregional Therapies
	Effects of Locoregional Therapy on the Cellular Level
	Cell Death Modalities
	Biomarkers of Immunogenic Cell Death
	Cell Death Markers in Blood Circulation
	Estimation of Response to Locoregional Therapy
	The Clinical Need of Prognostic and Predictive Markers
	Immunogenic Cell Death Biomarkers in the Diagnosis of Liver Cancer
	Immunogenic Cell Death Biomarkers During Cytotoxic Therapy in Liver Cancer
	Immunogenic Cell Death Biomarkers Predict Response to Therapy in Liver Cancer
	Immunogenic Cell Death Biomarkers Indicate Prognosis of Liver Cancer
	Application of Immunogenic Cell Death Biomarkers in Other Cancer Diseases
	Perspectives
	References

	14 Epigenetics and Biomarkers in Lung Cancer: Emerging Blood-Based Molecular Biomarkers for Detection and Monitoring
	Key Facts
	Definitions of Words and Terms
	Introduction
	The Liquid Biopsy Approach in Lung Cancer
	Circulating Tumor Cells and Lung Cancer
	Circulating miRNAs as Blood-Based Biomarkers in Lung Cancer
	Promoter Hypermethylation of Tumor Suppressor Genes as a Lung Cancer Biomarker
	DNA Methylation Lung Cancer Biomarkers in Circulating Cell-Free DNA (cfDNA)
	DNA Methylation Lung Cancer Biomarkers in Bronchial Aspirates and Sputum

	DNA Mutations in cfDNA as Companion Diagnostic Lung Cancer Biomarkers
	Conclusions: Future Challenges
	Summary Points
	References

	15 Maspin Staining and Its Use as Biomarker in Lung Cancer
	Key Facts
	Key Facts of Lung Cancer
	Key Facts of Maspin

	Definitions of Word and Terms
	Introduction
	Potential Applications to Prognosis, Other Diseases, or Condition
	Methods
	Conclusion
	Summary Points
	References


	Part III: Brain
	16 LGR5 as Marker in Brain Cancer
	Key Facts of Brain Cancer
	Definitions of Words and Terms
	Introduction
	Molecular Biology of Glioma
	Classification of Glioma
	Established Biomarkers in Glioma
	1p19q Deletion
	MGMT Methylation
	IDH1/2 Mutation

	Glioblastoma

	The Cancer Stem Cell Model
	LGR5: A Potential Tumor Prognosis Marker
	Structure and Function
	LGR5 in Cancer
	LGR5 in Glioma
	Potential Applications in Prognosis and Other Diseases or Conditions

	Conclusion
	Summary Points
	References

	17 Using 2D-DIGE-MS to Identify Biomarkers for Brain Cancer
	Key Facts
	Definitions of Words and Terms
	Introduction
	Different Kinds of Brain Cancers
	Different Biomarkers Used in Brain Cancer Detection
	Different Tests Based on Biomarkers for Detection of Brain Cancers
	Use of 2D-DIGE-MS in Detecting Brain Cancers
	Potential Applications to Prognosis, Other Diseases or Conditions
	Concluding Remarks
	Summary Points
	References

	18 Imaging Biomarkers in Preclinical Studies on Brain Tumors
	Key Facts of Glioblastoma (GBM)
	Definitions of Words and Terms
	Introduction
	Brain Tumor Models for Imaging Biomarker Discovery
	Role of Imaging Biomarkers in Preclinical Studies
	MRI
	Anatomical MRI
	Perfusion MRI
	Dynamic Contrast-Enhanced MRI
	Dynamic Susceptibility-Weighted MRI

	Diffusion MRI
	Diffusion-Weighted MRI
	Diffusion Tensor Imaging

	Molecular Imaging
	Metabolic Imaging
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Ongoing Challenges
	Summary Points
	References


	Part IV: Breast and Prostate
	19 Breast Cancer: Serum TPS as a Biomarker
	Key Facts of TPS
	Definitions of Words and Terms
	Introduction
	Serum TPS as a Useful Biomarker in Breast Cancer
	Serum TPS Aids in Early Diagnosis
	Determination of Prognosis
	Surveillance After Primary Treatment
	Monitoring Response to Therapy in Advanced Disease

	Limitations
	Conclusions
	Potential Applications in Prognosis, Other Diseases, and Conditions
	Ovarian Cancer
	Pancreatic Cancer
	Colorectal Cancer
	Lung Cancer

	Summary Points
	References

	20 CD133 as Biomarker in Breast Cancer
	Introduction
	Role of CD133
	Regulation of CD133
	CD133 as a Diagnostic Marker in Breast Cancer
	CD133 as a Prognostic Marker in Breast Cancer
	CD133 as a Biomarker in Chemoradiotherapeutic Response in Breast Cancer
	Therapeutic Insights into Targeting CD133
	Future Perspectives
	Limitations of CD133 as a Breast Cancer Biomarker
	Future Perspectives

	Summary Points
	References

	21 Prognostic and Predictive Biomarkers for Castration Resistant Prostate Cancer
	Key Facts
	Key Facts of CRPC
	Key Facts of CTCs

	Definitions of Words and Terms
	Introduction
	Established Prognostic Biomarkers in CRPC
	PSA and PSA Kinetics
	Bone Turnover Biomarkers
	Hemoglobin
	Lactate Dehydrogenase (LDH)
	CTC Enumeration
	Inflammatory Biomarkers
	Albumin
	Pain
	Quality of Life
	Pattern of Metastatic Spread
	Tumor Histology

	Emerging Prognostic Biomarkers in CRPC
	Novel Imaging Biomarkers
	Novel CTC and Disseminated Tumor Cell (DTC) Enumeration Methods
	Molecular Genotype of Prostate Cancer Cells
	Whole-Blood RNA Profiles
	Circulating miRNA
	Circulating Cytokines/Chemokines

	Potential Predictive Biomarkers in CRPC
	CTC Biomarkers
	Potential Predictive Biomarkers of Response to Hormonal Therapies
	Potential Predictive Biomarkers of Response to Chemotherapy
	Potential Predictive Biomarkers of Response to Bone-Targeted Agents
	Potential Predictive Biomarkers of Response to Immunotherapy
	Potential Predictive Biomarkers of Targeted Therapy

	Conclusions
	Potential Applications to Other Diseases and Conditions
	Summary Points
	References


	Part V: Cervix and Uterus
	22 Mitosis Targets as Biomarkers in Cervical Cancer
	Key Facts of Microarray Technology
	Definitions of Words and Terms
	Introduction
	Use of p16 for Clinical Diagnosis but not for Screening Cervical Cancer
	Mitosis is the Main Phase of the Cell Cycle Altered in Cervical Cancer
	Mitosis as a Source of Targets for Screening and Survival in Cervical Cancer
	Markers for Cervical Cancer Screening
	Markers for Cervical Cancer Survival

	Potential Applications to Diagnosis, Prognosis, and Other Diseases or Conditions
	Summary Points
	References

	23 HER2 as Biomarker for Endometrial Cancer
	Key Facts
	Key Facts on HER2 in Endometrial Cancer

	Definition of Words and Terms
	Introduction
	Receptor Family Characteristics and Biologic Pathway Crosstalk

	Uterine Cancer: Burden of Disease
	Frequency of HER2 Overexpression and Prognostic Significance in Uterine Cancers
	Frequency of Overexpression
	Impact on Survival
	Racial Variation
	Polymorphisms

	Techniques for Quantification
	Immunohistochemistry
	In Situ Hybridization
	Concordance of IHC and FISH

	Concordance Between IHC and FISH and Implications of Intratumoral Heterogeneity
	Therapeutic Implications
	Potential Applications to Prognosis, Other Diseases or Conditions
	Immunotherapy
	Trastuzumab and Pertuzumab
	Trastuzumab Emtansine (T-DM1)
	Augmenting Targeted Immunotherapy
	Membrane Complement Regulatory Proteins
	mTOR Inhibitors, Tyrosine Kinase Inhibitors, and Anti-HER2 Therapy
	Radioimmunotherapy
	Anti-HER2 Vaccine

	Mechanisms of Resistance to HER2-Targeted Therapy
	Conclusions
	Summary Points
	References

	24 Immunohistochemistry as Biomarker Platform in Endometrial Cancer
	Key Facts of Endometrial Cancer
	Definition of Words and Terms
	Introduction
	p53
	HIF-1α
	PTEN
	L1CAM
	Steroid Receptors
	Mismatch Repair Genes (Microsatellite Instability)
	HER-2/neu, EGF, and EGFR
	Stathmin
	mTOR
	PIK3CA
	Ki-67
	Bcl-2
	MMP
	COX-2
	VEGF and VEGFR
	PD-ECGF
	CEA
	P16
	c-kit
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	25 Use of Visceral Adipocyte Biomarkers in Endometrial Cancer
	Key Facts About Adipocytes and Endometrial Cancer
	Definitions of Words and Terms
	Introduction
	Adipose Tissue: Distribution, Composition, and Function
	Potential Biomarkers from Visceral Adipocytes
	Leptin
	Adiponectin
	Insulin Growth Factor-1 (IGF-1) and IGF-2
	Interleukins (IL-6, IL-8, MCP-1)
	Glucose-Regulated Protein-78 (GRP78)


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


	Part VI: Colorectal
	26 Colorectal Cancer Circulating Biomarkers
	Key Facts of Circulating Biomarkers
	Definitions of Words and Terms
	Introduction
	Strategies to Identify CRC Circulating Autoantibodies in Cancer Patients
	SEREX and SERPA
	Recombinant Protein Microarrays
	Natural Protein Microarrays
	Glycopeptide Microarrays

	Application of Circulating Autoantibodies to Colon Cancer Diagnostic Biomarker Discovery
	SEREX and Phage Microarrays
	SERPA and Natural Protein Microarrays
	ELISA Approaches
	Protein and Glycopeptide Microarrays
	Shortfalls and Limitations of Autoantibody Research

	Early Responses
	Optimization of a Diagnostic Test Based on Circulating Autoantibodies
	Optimization of the TAA Expression and Purification
	Optimization of the Platform for TAA Testing
	Identification of the Minimum Number of TAAs to Be Included in a CRC Predictor Panel: Correlation Analyses

	Potential Applications to Prognosis, Other Diseases, or Conditions
	Perspectives and Concluding Remarks
	Summary Points
	References

	27 Biomarkers in Metastatic Colorectal Cancer
	Key Facts of Biomarkers in Metastatic Colorectal Cancer
	Definitions of Words and Terms
	Introduction
	Prognostic Biomarkers
	Inflammation
	Glasgow Prognosis Score (GPS)
	Neutrophil to Lymphocyte Ratio (NLR)

	Patient-Related Factors
	Age
	Obesity
	Lifestyle Factors

	Tumor-Related Factors
	Microsatellite Instability
	Epithelial Growth Factor Receptor
	KRAS and BRAF Mutations
	PIK3CA Mutations
	Vascular Endothelial Growth Factor


	Predictive Biomarkers
	Predicting Chemotherapeutic Response and Toxicity
	Markers to Predict 5-FU Response and Toxicity
	Markers to Predict Oxaliplatin Response and Toxicity
	Markers to Predict Irinotecan Response and Toxicity

	Predicting Response to Targeted Agents
	Predicting Response to EGFR Therapy
	KRAS Mutations
	BRAF Mutations
	NRAS Mutations
	PI3K/PTEN/Akt Pathway
	EGFR Ligands

	Predicting Response to VEGF Inhibitors
	Tissue-Based Markers
	Circulating Markers
	Hypertension



	Technology-Facilitated Biomarkers
	Genotyping
	Epigenetics
	MicroRNA
	New Techniques

	Potential Applications to Prognosis and Other Diseases or Conditions
	Summary Points
	References

	28 Expression Profiling as Biomarkers in Colorectal Serrated Carcinoma
	Key Facts
	Definition of Words and Terms
	Introduction
	Clinical and Pathological Aspects
	Histologic Diagnosis
	Prognosis

	Characterization of the Invasive Front in the SC
	Histological Study
	Immunohistochemistry Study

	MSI Status and Oncogene Mutational Studies
	Relationship Between SC and Sporadic MSI-H CRCs
	Molecular Profiling Studies
	Gene Expression Signatures in SC and CC
	Performance Status of Molecular Markers for SC Diagnosis
	Gene Expression Signatures in SC and MSI-H CRCs
	Serrated Carcinoma Methylome Studies

	Future Developments
	Conclusions
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	29 Telomerase as Biomarker in Colorectal Cancer
	Definition of Words and Terms
	Introduction
	Telomere/Telomerase Interplay in Colorectal Cancers
	Telomerase as a Disease Marker
	Telomerase as a Marker of Disease Progression
	Telomerase as a Prognostic Marker for Colorectal Cancers
	Telomerase as Circulating Marker
	Potential Applications
	Summary Points
	References

	30 Carcinoembryonic Antigen Family Cell Adhesion Molecules (CEACAM) as Colorectal Cancer Biomarkers
	Key Facts of Colorectal Cancer
	Definitions of Words and Terms
	CEACAM as Colorectal Cancer Biomarkers
	Introduction
	Colorectal Cancer Screening
	Colorectal Cancer Staging
	CEA and CEACAMs: Genetic and Molecular Structure

	Dysregulation of CEACAM Proteins and Their Involvement in Colorectal Cancer
	Potential of CEACAMs in the Targeting and Treatment of Cancer
	CEA as a Biomarker in Colorectal Cancer
	CEA Expression in Colorectal Cancer
	CEA in Colorectal Cancer Screening and Prognosis
	CEA in Colorectal Cancer Management

	CEACAM Proteins as Potential Biomarkers in Colorectal Cancer: CEACAM1, CEACAM6, and CEACAM7
	Potential Applications to Prognosis of Other Diseases and Conditions
	Summary Points
	References


	Part VII: Head and Neck
	31 Human Papillomavirus (HPV) Biomarkers in Head and Neck: Squamous Cell Carcinoma (HNSCC)
	Key Facts
	Definition for Words
	Introduction
	HPV Biology
	p16
	p53
	MDM2
	p21
	MCM7
	XRCC1
	MHC Class I
	miRNA
	CL1A Antibodies
	Vaccines
	Conclusion
	Summary Points
	References

	32 Biomarkers in NeoMark European Project for Oral Cancers
	Key Facts
	Definition of Words and Terms
	Introduction
	Study Population and Data Collection
	Study Population
	Data Collection

	The NeoMark System Overview
	Genomic Data Cleaning and Filtering
	The RT-PCR Tool
	Imaging Biomarker Extraction
	Imaging Protocol
	ROI Definition
	Image Fusion
	Feature Extraction
	Further Functionality

	The NeoMark Web Application Tool
	The Data Entry Tool
	The Annotations Tools
	Reports and Patient Stratification

	NeoMark Data Analysis
	NeoMark Data Validation and Results
	Potential Applications to Prognosis, Other Diseases, or Conditions
	Summary Points
	References

	33 Telomerase as Biomarker for Oral Cancer
	Key Facts of Hemodialysis
	Definitions of Words and Terms
	Introduction
	Recent Developments in Detection Methods for Telomerase Activity
	Oral Cancer Screening Using ECTA
	Telomerase Inhibition Assay Using ECTA
	Conclusion
	Summary Points
	References

	34 Matrix Metalloproteinase Family as Molecular Biomarkers in Oral Squamous Cell Carcinoma
	Key Facts
	Key Facts of Oral Squamous Cell Carcinoma (OSCC)
	Key Facts of Matrix Metalloproteinases (MMPs)


	Definitions of Words and Terms
	Introduction
	Oral Squamous Cell Carcinoma (OSCC)
	Matrix Metalloproteinases (MMPs)
	MMPs as Biomarkers in OSCC
	Collagenases
	Gelatinases
	Stromelysins
	Matrilysins
	Membrane-Type MMPs

	Potential Application to Prognosis, Other Diseases or Conditions
	Summary Points
	References

	35 Tissue Microarray for Biomarkers Studies in Salivary Gland Tumors
	Key Facts of Salivary Gland Tumors
	Key Facts of Tissue Microarray
	Definition of Words and Terms
	Introduction
	Tissue Microarray Principles: Advantages and Disadvantages
	Tissue Microarray Employment in Studies of Salivary Gland Tumors
	Potential Application of Tissue Microarray to Prognosis, Other Diseases or Conditions
	Summary Points
	References

	36 FGFR4 as a Biomarker in Squamous Cell Cancers of Mouth and Oropharynx
	Key Facts
	Definitions of Words and Terms
	Introduction
	Receptor Tyrosine Kinases
	FGF/FGFR Complex
	FGF/FGFR Signaling
	FGFR Mutations/Amplifications
	Potential Applications to Prognosis, Other Diseases, or Conditions
	FGFR Targeting Cancer Therapeutics
	Summary Points
	References

	37 DNA Methylation as a Biomarker in Nasopharyngeal Carcinoma
	Key Facts of Methylation
	Definitions of Words and Terms
	Introduction
	Regional Variation in the Incidence of NPC
	Histology of NPC
	Etiological Factors in NPC
	Genetic Alterations in NPC
	Role of DNA Methylation in NPC
	Epigenetic and DNA Methylation
	Hypermethylated Genes in NPC
	The Human Ras Association Domain Family (RASSF) Genes
	The Retinoic Acid Receptor beta2 (RARbeta2) Gene
	The p16 Gene
	The p14 Gene
	The p15  Gene
	The Death-Associated Protein Kinase (DAP-Kinase) Gene
	The O-Methylguanine-DNA Methyltransferase (MGMT) Gene
	The Glutathione S-Transferase P1 (GSTP1) Gene
	The High-in-Normal-1 (HIN-1) Gene
	Tissue Inhibitor of Metalloproteinase-3 (TIMP-3) Gene
	Leucyl-tRNA Synthetase 2, Mitochondrial (LARS2) Gene
	The Deleted in Liver Cancer-1 (DLC-1) Gene
	Tissue Factor Pathway Inhibitor-2 (TFPI-2) Gene
	The Tumor Suppressor in Lung Cancer 1 (TSLC1) Gene
	The Human Disabled-2 (DAB2) Gene
	The Deleted in Lung and Esophageal Cancer 1 (DLEC1) Gene
	The BLU Gene
	The Epithelial (E)-Cadherin (CDH1) Gene
	The Stratifin (SFN/14-3-3 Sigma) Gene


	Summary and Future Perspectives
	Potential Application to Prognosis and Other Diseases or Conditions
	Summary Points
	References

	38 Whole Blood Transcriptome and Other Biomarkers in Nasopharyngeal Cancer
	Key Facts
	Key Facts of Nasopharyngeal Carcinoma (NPC)

	Key Facts of Epstein-Barr Virus (EBV)
	Key Facts of the Sentinel Principle
	Definitions of Words and Terms
	Introduction
	DNA Biomarkers
	Methylation (Epigenetics)
	MicroRNAs
	Proteins
	Messenger RNA (mRNA)
	Blood Transcriptome

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

	39 Biomarkers in Nasopharyngeal Carcinoma and Ionizing Radiation
	Key Facts
	Key Facts of NPC
	Key Facts of EBV

	Definition of Words and Terms
	Introduction
	Clinical Inspection and Radiation Treatment of Undifferentiated NPC
	The use of Molecular Markers in NPC Diagnosis
	Epstein-Barr-Encoded RNA (EBER) 1 and 2 (GenBank Accession Numbers AB065135 and AB065136)
	EBNA1 (Epstein-Barr Nuclear Antigen 1, GenBank Accession Number CAD53427)
	Latent Membrane Protein 1 (GenBank Accession Number X58140)
	EBV DNA and Viral Load
	Antibody Against EBV Antigen
	Conclusion
	Potential Application to Prognosis, Other Diseases, or Conditions
	Summary points
	References

	40 Molecular Biomarkers of Laryngeal Cancer
	Key Facts of Laryngeal Cancer
	Definitions of Words and Terms
	Introduction
	Tumor Protein p53 (TP53)
	Cyclins, Cyclin-Dependent Kinases, and Their Inhibitors
	Marker of Proliferation Ki-67 (MKI67)
	Proliferating Cell Nuclear Antigen (PCNA)
	BCL2 Family Members
	Epidermal Growth Factor Receptor (EGFR) Family Members
	Vascular Endothelial Growth Factor (VEGF) Subfamily Members and Their Receptors
	Secreted Phosphoprotein 1 (SPP1) and Its Receptor (CD44v6)
	Cathepsins and Their Endogenous Inhibitors
	E-Cadherin (ECAD; Cadherin 1, Type 1; CDH1)
	Prostaglandin-Endoperoxide Synthase 2 (PTGS2)
	Carbonic Anhydrase IX (CA9)
	Parkinson Protein 7 (PARK7)
	Telomerase Reverse Transcriptase (TERT)
	L-DOPA Decarboxylase (DDC)
	Kallikrein-Related Peptidase 11 (KLK11)
	microRNAs (miRNAs)
	HOX Transcript Antisense RNA (HOTAIR)
	Conclusion
	Summary Points
	References

	41 Nuclear BMI-1 as a Biomarker in Laryngeal Cancer
	Key Facts
	Definition of Words and Terms
	Introduction
	BMI1 (B-Cell-Specific Moloney Murine Leukemia Virus Integration Site 1)

	Clinical Studies and Potential Applications to Prognosis
	Summary Points
	References


	Part VIII: Leukaemia and Hodgkin Lymphoma
	42 Immunophenotyping as Biomarker Platform in Acute Leukemia
	Key Facts of Acute Leukemia
	Definitions of Words and Terms
	Introduction
	The Advantage of Immunophenotyping and Common Biomarkers Used for Clinical Flow Cytometry
	Using Immunophenotyping for Detection of MRD in Acute Leukemia
	Phenotypical Identification of Leukemic Cells Is Based on Aberrant Antigen Expression and/or Aberrant Patterns of Antigen Expr...
	Development of Biomarkers for Acute Leukemia
	An Alternative Approach for Immunophenotype Data Analysis Needed
	Summary Points
	References

	43 Serum CD163 and TARC as Circulating Biomarkers in Hodgkin Lymphoma
	Key Facts
	Definitions of Words and Terms
	Introduction
	Classical Hodgkin Lymphoma
	Epidemiology, Classification, and Diagnosis of HL
	Staging, Prognostication, and Risk-Adapted Treatment Strategies

	Biomarkers in cHL
	Tissue Biomarkers
	Blood Biomarkers
	Circulating Cell-Free EBV-DNA
	Circulating Cell-Free Protein Biomarkers


	Serum CD163 as Biomarkers for cHL
	Methods and Sample Preparation
	Analysis and Interpretation
	sTARC and sCD163 Levels in Pre-therapy cHL, Complete Remission, and Healthy Donors
	Value of sTARC and sCD163 Levels as an Interim Therapy Biomarker
	Value of sTARC and sCD163 Levels as Markers of Refractory/Relapsed Disease

	Potential Applications to Prognosis, Other Diseases, or Conditions
	Association of sTARC and sCD163 with Other Known Prognosticators
	sCD163, sTARC, and NLPHL
	sCD163, sTARC, and Allergic Disease
	Specificity of sTARC and sCD163


	Conclusions and Future Challenges
	Summary Points
	References


	Part IX: Further Knowledge
	44 Biomarkers in Health and Disease: Cancer Further Knowledge
	Introduction
	Summary Points
	References


	Index

