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v

 Advances in cancer biomarkers – from biochemistry to clinic for a critical 
revision – would represent a fast and easy contribution to rationalize the use 
of current and future tumor markers. 

 In fact, the clinician too often has expectations in terms of diagnosis, prog-
nosis, and monitoring of therapy that the present tumor markers cannot 
fulfi ll. 

 These limits do not only hamper a correct therapeutic approach to the 
cancer patient but they have a high direct and indirect economic cost. 

 A lot of national and international guidelines have been published to edu-
cate physicians to rationalize the use of these important laboratory parame-
ters, but results appear anyway disappointing. 

 These limited results also affect the clinical applications of the new cancer 
biomarkers that too often show a stimulating experimental background not 
followed by so positive clinical applications. 

 This tangled situation seems to also depend on a mere clinical approach to 
the old and new tumor markers while the biochemistry, physiology, and 
pathophysiology of the molecule, acting as tumor marker, is too often 
neglected. This inadequate knowledge of the molecular basis of a particular 
molecule/tumor marker may hamper a careful evaluation of the diagnostic/
prognostic potential of these biomarkers. 

 The aim of this book is to illustrate not only the clinical biochemistry and 
clinical oncology of some important biomarkers but also to stress their physi-
ological and pathophysiological roles. The knoweledge of these roles may 
represent a fundamental step to really know tumor markers, ameliorating, in 
such a way, their use with undeniable clinical and economic advantages. 

 Importantly, at present there are a plethora of old and new tumor markers, 
and for our purpose we have considered just some that for their biochemical, 
laboratory, and clinical peculiarities may better represent the tangled status of 
these fundamental biomarkers of laboratory medicine.  

  Rome, Italy     Roberto     Scatena     

  Advances in Cancer B iomarkers: a Preface   
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      Cancer Biomarkers: A Status Quo       

     Roberto     Scatena    

    Abstract  

  At present, there are a growing number of biomolecules under investigation 
to understand their potential role as cancer biomarker for diagnostic, prog-
nostic and therapeutic purposes. Intriguingly, the state of art on cancer bio-
markers research shows interesting and promising results together to 
clamorous failures. Also from a clinical point of view, there are contradic-
tory results on routine clinical use of the present cancer biomarkers. Some 
patients may be simply monitored in their course by a periodic blood sam-
ple, but sometimes this monitoring show dramatic limits. A lot of patients 
show serious and extensive relapses without signifi cant change in serum 
concentrations of biomarkers tested. Often the physician who should utilize 
these biomarkers does not entirely know their limits and the total potential 
applications as well and sometimes this knowledge is infl uenced by eco-
nomical and marketing strategies. This limited and “polluted” knowledge 
may have dramatic consequences for patient. A critical approach towards 
old and new cancer biomarkers should foster a deepened and useful under-
standing of the diagnostic and prognostic index of these fundamental param-
eters of laboratory medicine and in the same time can facilitate the research 
of new and more sensitive-specifi c signals of the cancer cell proliferation  

  Keywords  

  Biomarkers   •    Biomarkers failures     •    Biomarker   research   •    Cancer   cell plas-
ticity   •    Cancer   cell metabolism   •    Cancer   stem cell   •   Circulating tumor cell   
•   Clinical validation   •   Clinical and laboratory data integration   •   Diagnostic 
purposes   •   Prognostic purposes   •   Therapeutic purposes  
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     Despite the adoption of increasingly sophisti-
cated multidisciplinary treatment protocols (i.e., 
biological drugs) cancer mortality has not been 
signifi cantly reduced for the past 50 years. This 
dramatically contrasts with the signifi cant reduc-
tion in mortality obtained on cardiovascular and 
infectious diseases. Recently, in his review [ 1 ] 
Jim Watson asserted that “…although the mortal-
ity from haematopoietic cells has been steadily 
falling, the more important statistic may be that 
so many epithelial cancers and all mesenchymal 
cancers remain largely incurable”. 

 This statement does not only indicate the lim-
its of current pathophysiological approaches and 
consequently of anticancer therapeutic protocols 
but, even if indirectly, it stresses the serious situ-
ation about the diffi culty of laboratory medicine 
to really permit precocious and sensitive diagnos-
tic and prognostic procedures in cancer. 

 A lot of studies have clearly shown that early 
diagnosis of cancer can lead to superior long- 
term survival and ameliorate the percent of radi-
cal treatment. Thus the need of cancer biomarkers 
with high sensitivity and specifi city is more and 
more important. 

 To obtain an early cancer detection, an effec-
tive treatment, and consequently a decreased 
mortality, it become imperative to have valid bio-
markers or at least make the most by the current 
tumor markers. 

 It is not by chance that the main topic of the 
actual real translational biomedical research is 
the discover of valid cancer biomarkers. 

 But what are the peculiar characteristics of a 
valid cancer biomarker? A lot of defi nitions are 
been already given, all are right but some seem 
more representative of the actual tangled status of 
tumor markers. 

 In fact, an ideal tumor marker should be: (i) 
easily, quickly measured, not too much expen-
sive; (ii) it must be drawn from readily available 
sources, such as blood or urine; (iii) it should 
have a high sensitivity and an high specifi city; 
(iv) its levels should vary rapidly in response to 
treatment; (v) its basal level should permit a risk 
stratifi cation and prognostic evaluation; (vi) most 
importantly, its monitoring should be linked to 

pathophysiology of cancer, above all in term of 
evolution. 

 Regrettably, none of the present markers 
meets all the illustrated characteristics. Thereby, 
it should be better, to change their defi nition, 
according with Gion [ 2 ] suggestions, from tumor 
marker to tumor associated markers, in a attempt 
to stress the methodological, pathophysiological 
and clinical limits of actual markers. 

 But are these real clinical limits? or more sim-
ply the criticism may partially originate by an 
overvaluation due both to marketing strategies of 
the diagnostic industry and to too much optimis-
tic experimental and clinical researchers, and 
above all to the strong expectation for biomarkers 
really clinically useful for such a dramatic 
disease? 

 Considering the ethic, clinical and economic 
consequences of an inappropriate use of cancer 
associated markers, similarly to others laboratory 
parameters, it must be fundamental a continuous 
critical approach on their evolving pathophysio-
logical aspects and clinical peculiarities. All that 
could permit not only to realize an appropriate 
use of the actual tumor associate markers but also 
a better understanding of biomedical peculiarities 
of new markers. 

 Importantly, until now, as cancer associated 
markers, research is mainly searching for any 
cell products including proteins (enzymes, 
serum proteins, metabolites, receptors, carcino-
embryonic proteins, and oncoproteins) and 
more recently DNA, RNA (also  microRNA  ) 
and whole cells (circulating tumor cells – 
 CTCs  ), encoded/contained by suppressor/pro-
moter genes which could have a signifi cant 
pathogenetic role in transformation/dedifferen-
tiation, proliferation, and metastasis of tumor 
cells and that can be observed in tissues and/or 
biological fl uids. 

 Theoretically, serum testing should be the 
ideal  methods   because of the noninvasive nature, 
more accurate quantifi cation, and lack of inter- 
observer difference. Moreover, also the progres-
sive improved sensitivities of the assays made 
serologic tests far superior to other clinical exam-
inations based on physical methods. 

R. Scatena
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 Until now, the levels of serum tumor markers 
are often related to tumor proliferation, tumor 
dedifferentiation, proteolytic activities in the 
tumor cell, and abnormal secretion and/or release 
from necrotic tumor cells. But it could be inter-
esting also to consider the secretion products of 
microenvironment. Consequently, to learn how to 
identify, select, and utilize tumor markers for the 
diagnosis, monitoring of and the management of 
cancer patients, it is always more important to 
have a careful knowledge about the physiological 
and pathological role of each individual marker, 
in such a way to partially counterbalance their 
low specifi city and/or sensibility. 

 At present, another aspect that must be always 
stressed is a right integration of the biomarker 
level with the clinical picture and the other diag-
nostic and prognostic parameters. In fact, para-
doxically, the progress of technology related to 
laboratory medicine, are causing an amazing 
improvement of the assays sensitivity. However 
this is often associated to a signifi cant reduction 
of specifi city. This interesting new trend of the 
laboratory medicine in general could imply a 
revisitation of this discipline above all in terms of 
interpretation of diagnostic testing that must be 
carefully integrated with the overall clinical pic-
ture. By a qualifi ed data integration, the introduc-
tion of high sensitivity diagnostic tests may be 
considered a real progress because of the possi-
bility to very early advise the physician about the 
beginning of a “generic” alteration in an 
organism. 

 It is important to stress that a valid integration 
among laboratory and clinical data could be fruit-
fully realized if some methodological bias are 
signifi cantly reduced. Specifi cally, it is funda-
mental at present and even more with HS-assays, 
to resolve some problems related to standardiza-
tion of the processes related to development and 
reporting of old and new tumor associated mark-
ers. In fact, the actual developmental process for 
tumor markers and the regulatory oversight are 
not so rigid as with drug development and often 
result too much infl uenced by marketing strate-
gies of industry and/or researcher. Yet, several 
 methods   are available to measure specifi c tumor 

marker, generally there is a good but not perfect 
concordance between assays; moreover each 
method has distinct analytic performance impair-
ing a really accurate head-to-head comparison. 
Moreover, differences in sample collection, han-
dling or storage (i.e. free  PSA  ), and profi ling 
techniques among laboratories may signifi cantly 
modify the proteome pattern of a single sample, 
thereby it is imperative to follow a rigid standard-
ization issues to limit biological variation, pre- 
analytical and analytical variability. 

 At last but not least, there is a great expecta-
tion among physicians, clinical and basic 
researchers, and patients, to rapidly utilize 
emerging potential tumor markers into clinical 
care, and that could impairs a rigorous evaluation 
of the analytic and clinical validity of new associ-
ated tumor markers. 

 At present, two main experimental approaches 
are used to fi nd out new valid tumor markers with 
acceptable level of specifi city and sensitivity, i.e. 
genomic and proteomic. These approaches could 
also theoretically overcome a major problem in 
the discover of valid cancer biomarkers, that is 
the very low concentrations of markers obtained 
from tissues with small, early-stage cancer 
lesions. 

 However, results until now did not meet 
expectations. In fact, meanwhile a lot of new 
potential tumor markers have been experimen-
tally identifi ed by proteomic and genomic 
approaches only few come to clinical phase and 
even less were marketed. None of them, more-
over, show a real specifi city and sensitivity better 
than more classic tumor markers. 

 Erroneous results, due to both chance and 
bias, were also published, inducing scientifi c 
community to promote more rigid protocol 
approaches for researches conducted in several 
“-omics” fi elds to assess molecular markers for 
diagnosis and prognosis of cancer. In fact, in 
2002–2003, studies reported that a blood test, 
based on pattern recognition proteomics mass 
spectroscopy analysis of serum, was nearly 
100 % sensitive and specifi c to detect ovarian 
cancer [ 3 ,  4 ]. The introduction of a commercial 
screening test was later delayed because results 

1 Cancer Biomarkers: A Status Quo
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were not reproducible and reliable. Also in 
genomic area there are nucleic acid-based tests 
that haven’t met infl ated expectations originated 
from experimental results (see Sect.   7.5.1    ) [ 5 ]. 

 To this end, and just as example, it could be 
useful and explanatory to report the Guidelines 
for The Use of MALDI-TOF Mass Spectrometry 
Profi ling to Diagnose  Cancer   edited by National 
Academy of Clinical Biochemistry realized [ 6 ]. 
These guidelines recommends, that:

•    all technologies that directly impact patient 
health should not be adopted as a diagnostic 
test for cancer in clinical practice, until exten-
sive validation studies are performed.  

•   investigators should perform validation exper-
iments based on good laboratory/clinical prac-
tice and should provide data in a transparent 
form.  

•   appropriate independent validation sets should 
be employed using infl ammatory and benign 
controls along with high numbers of unaf-
fected controls, since specifi city will be an 
important determining factor of success in the 
clinic, especially for screening indications.    

 At last, it is interesting to report that Academy 
concludes that despite diffi culties in extending 
experimental data in clinical results for genomics 
and proteomics, at present there is a better under-
standing of potential sources of bias and instru-
ment variances, as well as the requirements for 
implementing good laboratory practices such that 
validation and clinical use for new biomarkers 
could be quickly obtained. 

 It is clear that such recommendations could be 
easily extrapolated to other methodological 
approaches adopted to discover new tumor 
biomarkers. 

 Moreover, the value of this particular 
approaches and the importance to reduce bias in 
this research’s fi eld is indirectly confi rmed by the 
foundation of the National  Cancer   Institute’s 
(NCI) Clinical Proteomic Tumor Analysis 
Consortium (CPTAC) which represents a net-
work of Proteome Characterization Centers, 
which coordinate and conduct research and data 
sharing activities to comprehensively examine 

genomically characterized cancer biospecimens. 
Importantly, CPTAC data with accompanying 
assays and protocols are freely available. This 
multidisciplinary (proteomics, genomics, bioin-
formatics, experimental design, statistics, cancer 
biology and oncology) and integrated consortium 
identifi es proteins that result from changes in 
cancer genomes translating these results in vali-
dated clinical applications [ 7 ]. 

 The next research on  Cancer   biomarkers 
should have the main aim to fi nd out signal mol-
ecules which render cancer care increasingly 
dependent on tumor markers to diagnose, antici-
pate prognosis, and select optimal therapy. Any 
circulating biomolecule, cell products exosomes 
and/or whole tumor cells (the so-called circulat-
ing tumor cells) can be used as tumor markers if 
they are associated with events related to some 
clinical relevant aspect of cancer 
pathophysiology. 

 It is evident that such markers should be 
indentifi ed and monitored at very low concentra-
tions and that justifi es the diffi culties related to 
this research. A particular attention should be due 
to the albumin molecule as a circulating molecu-
lar mop, grabbing and concentrating (more than 
100-fold) low-molecular-weight proteins present 
in blood at very low concentrations. This “micro-
proteome” could better represent the minimal 
variations related to the beginning of an anaplas-
tic process evolution. 

 Importantly, from a research point of view, 
some new tumor markers could be derived from 
current topics related to molecular biology of 
cancer, like:

    (a)     Cancer   stem  cells  /circulating tumor cells. 
This new paradigm of oncogenesis is pro-
gressively changing some fundamental 
aspects of pathophysiology of cancer. The 
evidence of a subpopulation of cells with 
pathogenically relevant role is re-addressing 
a series of translational and clinical 
researches on the functional phenotype of 
these peculiar cancer cells (stemness markers 
profi le, altered signal transduction pathways, 
ROS metabolism, EMT) which seem to be 
characterized by a relatively low prolifera-

R. Scatena
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tion index, by an intriguing chemoresistence 
and to the tendency to give rise recidivism 
and metastasis.   

   (b)    Genetic markers. Circulating nucleic acids 
(circulating cell-free DNA circulating, extra-
cellular miRNAs and/or exosomes) do repre-
sent interesting potential new tumor markers 
with a biochemical profi le that seems to bet-
ter adhere to the characteristics of an ideal 
cancer biomarkers. However, such an opti-
mistic expectation must be validated by a 
right comparison with biological variability 
and a more accurate knowledge of their 
pathophysiological role in different diseases 
other than cancer.   

   (c)     Cancer   cell plasticity. Strictly related to the 
other previous aspects is the peculiarity of 
cancer cells to fi nely adapt to particular 
microenvironment by a Darwinian selective 
pressure and/or by a particular functional 
plasticity which anyway seems to be related 
to typical cancer cell genetic instability. The 
debated molecular mechanisms at the basis 
of this instability could represent an useful 
targets with diagnostic, prognostic and thera-
peutic implications (i.e., quali-quantitative 
variations in cells  DNA repair  machinery).   

   (d)     Cancer   cell metabolism. At present, this 
aspect is subjected to a deep revision of the 
so-called  Warburg effect   which is clearly an 
intriguing epiphenomenon of a more com-
plex metabolic adaption of cancer cell 
metabolism in which not only glycolysis but 
also the Krebs cycle, beta oxidation, and ana-
bolic metabolism in general are readdressed 
to respond to the new primary function of 
this cell (i.e., uncontrolled proliferation) by 
providing not only energy but also building 
blocks for the synthesis of nucleotides and 
amino and fatty acids. This important meta-
bolic shift is not simply related to cell prolif-
eration but imply some important additional 
characteristics. Specifi cally, cancer induced 
mitochondrial metabolic seems to stress a 
more specifi c role for some related enzymes 
as: aconitase, isocitrate dehydrogenase, 
PKM2, and so on that should be better inves-
tigated from a diagnostic point of view. In 

fact, by carefully clarifying the peculiar met-
abolic aspects of cancer cell it could be pos-
sible to highlight subtle variation of 
enzymatic proteome in serum that could pre-
cociously indicate an abnormal cell growth 
related to a neoplastic cell proliferation.     

 In conclusion, the identifi cation of new and 
valid tumor markers is one of the main topics of 
cancer research. However, it is a really hard tar-
get because of methodological, pathophysiologi-
cal and clinical diffi culties that too often are 
neglected. We are witnessing to a continual dis-
cover of “biomarkers” not only for cancer but for 
a lot of diseases that, however, do not obtain a 
clinical validation and, on the other side, it is evi-
dent a clear misuse of the present tumor markers 
with clinical and, above all, economical negative 
effects. 

 To clash this misuse, it should be fundamental 
to know not only the clinical aspects related to a 
specifi c biomarkers but also to have a careful 
understanding of their biochemical, physiologi-
cal and pathophysiological role. At last but not 
last, this knowledge should be continuously 
updated with respect to revisions of related clini-
cal biochemistry aspects and advances of 
medicine.    
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      Cancer Biomarkers Discovery 
and Validation: State of the Art, 
Problems and Future Perspectives       

     Alvaro     Mordente     ,     Elisabetta     Meucci    , 
    Giuseppe   Ettore     Martorana    , and     Andrea     Silvestrini   

    Abstract  

  Cancer is one of the major public health problems worldwide representing 
the leading cause of morbidity and mortality in industrialized countries. 
To reduce cancer morbidity and mortality as well as to facilitate the evolu-
tion from the traditional “one size fi ts all” strategy to a new “personalized” 
cancer therapy (i.e., the right drug to the right patient at the right time, 
using the right dose and schedule), there is an urgent need of reliable, 
robust, accurate and validated cancer biomarker tests. 

 Unfortunately, despite the impressive advances in tumor biology 
research as well as in high-powerful “omics” technologies, the translation 
of candidate cancer biomarkers from bench to bedside is lengthy and chal-
lenging and only a few tumor marker tests have been adopted successfully 
into routine clinical care of oncologic patients. 

 This chapter provides an updated background on biomarkers research 
in oncology, including biomarkers clinical uses, and discusses the prob-
lems of discovery pipeline, biomarkers failures and future perspectives.  
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2.1         Background 

 “The term  cancer  defi nes over one hundred dif-
ferent diseases that can arise from virtually any 
tissue or organ in the body and, while sharing 
common properties of local invasion and distant 
spread, may have different causative factors, 
molecular composition, natural history of dis-
ease,  methods   for diagnosis and methods by 
which they are treated” [ 1 ]. 

  Cancer   is a major public health problem 
worldwide, representing the leading cause of 
morbidity and mortality in industrialized nations, 
where the lifetime risk of developing cancer is 
approximately 40 % (about 43 % for males and 
38 % for females) [ 2 ]. 

 According to GLOBOCAN 2012 [ 3 ], the 
International Agency for Research on  Cancer  ’s 
online database, the global burden of cancer 
increased to 14.1 million new cancer cases and 
8.2 million cancer-related deaths worldwide in 
2012 compared with 12.4 million and 7.6 mil-
lion in 2008, respectively [ 4 ]. Furthermore, 
GLOBOCAN 2012 predicts that there will be 
19.3 million new cancer cases per year by 2025, 
due to growth and ageing of the global popula-
tion, environmental exposures, cancer-associ-
ated lifestyles (e.g., diet, obesity, smoking and 
sedentary life) and late diagnosis with low sur-
vival rates. More than half of all cancers 
(56.8 %) and cancer deaths (64.9 %) in 2012 
occurred in less developed regions of the world, 
and these proportions will increase further by 
2025. 

 More than 30 % of cancer deaths could be pre-
vented by modifying or avoiding key risk factors 
(behavioural and dietary), including high body 
mass index, low fruit and vegetable intake, lack 
of physical activity, tobacco and alcohol use. 

 To reduce cancer morbidity and mortality 
thereby alleviating both the economic and social 
costs caused by cancer, there is an urgent need to 
develop novel tumor biomarker tests which are 
sensitive and specifi c enough for early diagnosis, 
for staging and monitoring disease progression 
and for predicting and monitoring therapeutic 
response, paving the way to a “personalized” 
cancer treatment [ 5 ]. 

 Unfortunately, despite the impressive 
advances in knowledge of tumor biology as well 
as in “omics” and “lab-on-a-chip” technologies, 
the translation of candidate cancer biomarkers 
from bench to bedside is long and challenging 
and only a few tumor marker tests have been 
adopted successfully into routine clinical care of 
oncologic patients. 

 Here, we review the state of the art on bio-
markers research in oncology and discuss the rea-
sons that impede the translation of fi ndings from 
tumor markers research to standard clinical prac-
tice and also the ways in which this is being 
addressed. 

 In particular, this review aims to focus on the 
following questions: what is a cancer biomarker, 
and which are the potential clinical uses for a 
tumor biomarker test and the strategies for discov-
ering and validating novel cancer biomarkers; 
fi nally, what are the reasons why many cancer bio-
markers do not perform well in clinical practice.  

2.2      Cancer   Biomarkers: 
Defi nition, Types 
and Potential Clinical Uses 

2.2.1     Defi nition of  Cancer   
 Biomarker   

 The Biomarkers Defi nitions Working Group of the 
National Institutes of Health defi nes a biomarker 
as a cellular, biochemical, and/or molecular 
(including genetic and epigenetic) characteristic 
that can be objectively measured and evaluated as 
an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a 
therapeutic intervention [ 6 ]. 

 A cancer biomarker, in particular, is a “biologi-
cal molecule produced either by the tumor cell or 
by human tissues in response to cancer that is 
objectively measured and evaluated as an indicator 
of cancerous processes within the body” [ 7 ]. 

 Alternatively, a tumor marker may be defi ned 
as a “molecule that indicates the presence of 
 cancer or provide information about the likely 
future behaviour of a cancer (i.e., likelihood of 
progression or response to therapy” [ 8 ]. 
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 Scientists commonly use the terms “bio-
marker”, “marker”, “molecular diagnostic” and 
“signature molecule”, interchangeably. 

 Biochemically, cancer biomarkers can be 
DNA (germline or somatic), RNA, proteins, pep-
tides, hormones, metabolites, and even biological 
processes such as apoptosis, angiogenesis or 
proliferation. 

  Cancer   biomarkers can be detected in the cir-
culation (whole blood, serum or plasma) or in 
secretions (stools, urine, sputum or nipple dis-
charge) or in others human biological fl uids 
(Table  2.1 ) [ 9 ] and thus easily assessed non- 
invasively and serially, or can be tissue-derived 
and require either biopsy or surgical resection 
[ 10 ,  11 ].

   An ideal tumor biomarker should be [ 8 ,  9 ]:

    (a)    produced only by the tumor cells;   
   (b)    correlated with tumor burden and endowed 

with a suffi cient lead time (i.e. the time 
between asymptomatic cancer still localized 
to the organ of origin and clinical diagnosis; 
for example, aggressive cancers have shorter 
lead times than indolent cancers);   

   (c)    present in measurable quantities (or in con-
centrations signifi cantly higher than normal) 
in the blood (or other human biological fl u-
ids) of cancer patients at early or preclinical 
stages (preferably in one cancer type only);   

   (d)    undetectable (or present at a very low levels) 
in the blood (or other biological fl uids) of 
healthy individuals or with benign disease;   

   (e)    easy to measure even in small amounts and 
with little preparation, by means of a reliable 
test, cost-effective and associated to high 
analytical sensitivity (the percentage of indi-
viduals with cancer who test positive for the 
biomarker) and to specifi city (the percentage 
of individuals without cancer who test nega-
tive for the biomarker). An ideal biomarker 
test would have 100 % sensitivity and speci-
fi city (i.e. everyone with cancer would have a 
positive test, while everyone without cancer 
would present a negative test).    

  To date, the U.S. Food and Drug Administration 
(FDA) have just approved 19 protein cancer bio-
markers, only 11 of which are detectable in the 
blood (Table  2.2 ).

   Although these biomarkers are routinely in 
clinical practice, nevertheless they are far from 
ideal, for, as the saying goes, “the ideal tumor 
marker does not actually exist” [ 8 ].  

2.2.2     Types of  Cancer   Biomarkers 

 Based on their clinical use, three major types of 
cancer biomarkers are currently distinguished: 
(1) prognostic, (2) predictive, and (3) pharmaco-
dynamic markers [ 1 ,  12 – 15 ]. Notably, an indi-
vidual biomarker may serve more than one 
purpose and thus can fall into more than one of 
the above categories [ 16 ]. 

2.2.2.1      Prognostic Markers 
  Prognostic markers   are factors that predict “dis-
ease outcome in the absence of systemic therapy 
or portend an outcome different from that of 
patients without the marker, despite empiric 
(not targeted to the marker) systemic therapy” 
[ 13 ,  17 ]. 

 Practically, prognostic markers predict “the 
natural course of an individual cancer, distin-
guishing  good outcome  tumours from  poor 
outcome  tumours, and they guide the decision 
of whom to treat and/or how aggressively to 

   Table 2.1    Human specimens for cancer biomarker 
discovery   

 Human specimen   Cancer   type 

 Blood (Serum or Plasma)  Broad spectrum 

 Cerebrospinal fl uid  Brain 

 Nipple aspirate fl uid  Breast 

 Breast cyst fl uid  Breast 

 Ductal lavage  Breast 

 Cervicovaginal fl uid  Cervical and endometrial 

 Stool  Colorectal 

 Pleural effusion  Lung 

 Bronchoalveolar lavage  Lung 

 Saliva  Oral 

 Ascites fl uid  Ovarian 

 Pancreatic juice  Pancreatic 

 Seminal plasma   Prostate   and testicular 

 Urine  Urological 

2 Cancer Biomarkers Discovery and Validation: State of the Art, Problems and Future Perspectives



12

treat” [ 14 ].  Prognostic markers   are therefore par-
ticularly important at the time of initial diagnosis 
of malignancy and in cancers that vary widely in 
patients’ outcome (e.g. prostate and breast 
cancer) [ 13 ,  18 ]. 

 However, as emphasized by Duffy and Crown 
[ 18 ], “no prognostic marker can accurately pre-
dict outcome for an individual patient; it provides 
a probability estimate of outcome for a heteroge-
neous population of patients”. 

 Importantly, prognostic markers may be cru-
cial to reduce overtreatment of patients with 
indolent malignancy and so minimizing the side 
effects of adjuvant systemic therapies, and to 
avoid under-treatment of patients with aggressive 
and life-threatening malignancy for which would 

be recommended to receive the most appropriate 
local and systemic therapy [ 18 ]. 

 In the last years, hundreds of  prognostic bio-
markers   have been proposed, but few have pro-
gressed to clinical use (see Sect.  2.4 ). Some of 
the best-validated and/or clinically used prog-
nostic markers as well as other markers proposed 
but not used routinely in clinical oncology have 
been recently critically reviewed by Duffy and 
Crown [ 18 ].  

2.2.2.2      Predictive Markers 
 Predictive markers are molecules that “provide 
upfront information as to whether or not a patient 
is likely to benefi t from a specifi c therapy” [ 19 ]. 
 Predictive biomarker  s assess the likelihood that 

    Table 2.2    List of FDA-approved protein cancer biomarkers   

  Biomarker    Specimen  Clinical use   Cancer   type  Methodology 

 α-fetoprotein ( AFP )  Serum  Staging  Nonseminomatous 
testicular 

 Immunoassay 

 Human chorionic gonadotropin-β 
(β- hGC ) 

 Serum  Staging  Testicular  Immunoassay 

 Carbohydrate antigen 19–9 ( CA 19–9 )  Serum  Monitoring  Pancreatic  Immunoassay 

 Carbohydrate antigen 125 (  CA 125 )    Serum  Monitoring  Ovarian  Immunoassay 

 Carbohydrate antigen 15.3 ( CA 15.3 )  Serum  Monitoring  Breast  Immunoassay 

 Carbohydrate antigen 27.29 ( CA 
27.29 ) 

 Serum  Monitoring  Breast  Immunoassay 

 Carcinoembryonic antigen ( CEA )  Serum  Monitoring  Colorectal  Immunoassay 

 Fibrin/fi brinogen degradation products 
( FDP ) 

 Serum  Monitoring  Bladder  Immunoassay 

 Human epidermidis protein 4 (  HE4 )    Serum  Monitoring  Ovarian  Immunoassay 

  Prostate   specifi c antigen (  PSA )    Serum   Screening   and 
monitoring 

  Prostate    Immunoassay 

 Thyroglobulin ( TG )  Serum  Monitoring  Thyroid  Immunoassay 

 Epidermal growth factor  receptor   
( EGFR ) 

 Tissue  Prediction  Colorectal  Immunohistochemistry 

 v-kit Hardy-Zuckerman 4 feline 
sarcoma viral oncogene homolog ( KIT ) 

 Tissue  Prediction  Gastrointestinal  Immunohistochemistry 

 Estrogen  receptor   ( ER )  Tissue   Prognosis   and 
prediction 

 Breast  Immunohistochemistry 

 Progesterone  receptor   ( PR )  Tissue   Prognosis   and 
prediction 

 Breast  Immunohistochemistry 

 v-erb-b2 erythroblastic leukemia viral 
oncogene homolog 2 ( HER2-neu ) 

 Tissue   Prognosis   and 
prediction 

 Breast  Immunohistochemistry 

 Nuclear matrix protein 22 ( NMP-22 )  Urine   Screening   and 
monitoring 

 Bladder  Immunoassay 

 Bladder tumor antigen ( BTA )  Urine  Monitoring  Bladder  Immunoassay 

 High molecular CEA and mucin  Urine  Monitoring  Bladder  Immunofl uorescence 
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the tumor will respond to the drug, and thereby 
allow a level of personalization to be introduced 
into the treatment regimen [ 1 ]. There are a small 
number of predictive biomarkers that have found 
clinical utility [ 20 ], and others are gaining clini-
cal acceptance as objective measurements that 
inform on the  clinical response   to the drug (i.e., 
only patients expressing the marker will respond 
to the specifi c treatment or will respond to a 
greater degree than those without the marker) [ 1 , 
 17 ]. Predictive markers, by prospectively differ-
entiating populations of “responder” from “non- 
responder” patients, can guide the choice of 
anticancer therapy [ 17 ] thereby saving patients 
from unnecessary side effects [ 18 ]. At the same 
time, predictive markers might result in consider-
able cost savings (especially for the new biologi-
cal therapies), as anticancer drugs would be used 
only in patients likely to derive benefi t. Predictive 
markers, especially the very few ones that are in 
clinical use or close to entering clinical use, have 
been critically reviewed by Duffy et al. [ 19 ] and 
La Thangue and Kerr [ 1 ]. Again, putative predic-
tive genomic biomarkers for cancer targeted ther-
apies have been recently reviewed by Simon and 
Roychowdhury [ 15 ].  

2.2.2.3      Pharmacodynamic Markers 
  Pharmacodynamic markers   provide information 
on the effects of the drug on the body (i.e., drug 
targets and mechanisms of action), including 
both early effects on its molecular target (i.e. 
whether a drug engages and inhibits a target, and 
the degree and timing of the inhibition) and also 
later effects on downstream events [ 21 – 23 ]. On 
the other hand, pharmacokinetics evaluates the 
effect of the body on the drug: that is, the process 
by which a drug is absorbed, distributed, metabo-
lized and eliminated by the body. 

 Consequently, endpoints of pharmacodynamic 
markers include assessments of protein phosphor-
ylation markers, measures of cellular prolifera-
tion/apoptosis, cell-cycle regulation biomarkers, 
and epigenetic changes [ 21 ,  24 ]. In oncology, 
pharmacodynamic biomarkers are utilized in opti-
mizing doses of chemotherapeutic drugs below 
their cytotoxicity level and in understanding 
response/resistance mechanisms [ 21 ,  22 ].   

2.2.3     Potential Clinical Uses 
of Cancer Biomarkers 

 The different types of cancer biomarkers that can 
be used in multiple clinical settings depend on 
the disease stage (and hence on patient status). 
Biomarkers, indeed, can be accounted for before 
cancer diagnosis (in risk assessment and screen-
ing for premalignant lesions or early invasive dis-
ease), at diagnosis (in staging, grading, and 
selection of initial therapy) and after diagnosis 
(in monitoring therapy, selecting additional ther-
apy and detecting recurrence) (Fig.  2.1 ).

   “Consequently, the spectrum of cancer patient 
status can range from unaffected individuals who 
are concerned about whether they should adopt 
preventive or screening strategies, to patients 
with early-stage disease for whom considerations 
of appropriate primary (surgery and radiation) 
and adjuvant systemic therapies ( chemotherapy  , 
hormone therapy, biological therapy or various 
combinations of these therapies) are critical, to 
those who are free of disease but are concerned 
about recurrence, and fi nally to patients with 
established metastatic disease” [ 11 ]. 

 Remarkably, some biomarkers are only used 
in a specifi c setting, whereas other ones can serve 
in more than one mode [ 10 ]. 

 In this regard, tumor biomarkers might be use-
ful for: (1) risk assessment, (2) screening for 
early cancer detection, (3) diagnosis, (4) progno-
sis, (5) selection and monitoring of anticancer 
therapy [ 10 ,  11 ,  25 ]. 

2.2.3.1     Risk Assessment 
 “ Risk assessment   is the search for factors that 
provide the earliest evidence of the impending 
cancer in persons not yet diagnosed with the 
disease” [ 26 ]. 

  Cancer  , traditionally viewed as a series of 
genetic diseases, is now recognized to involve 
epigenetic modifi cations along with genetic 
mutations [ 27 ]. Moreover, genetic and epigenetic 
alterations are not separate events in cancerogen-
esis, but the “ crosstalk ” between these two mech-
anisms ultimately promotes genomic instability 
and abnormal gene expression contributing to 
the various phases of neoplastic development 
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including initiation, promotion, invasion, metastases 
and  chemotherapy   resistance [ 28 ]. Consequently, 
genetic (e.g. point mutations, translocations and 
copy number variations) and, more important, 
epigenetic materials modifi cations (e.g. DNA 
methylation, histone post-translational altera-
tions, chromatin remodeling, and small, noncod-
ing microRNAs expression) may represent an 
early and promising analytical tool for biomarker 
discovery, with broad potential applications in 
risk assessment, screening for early cancer detec-
tion, prognosis, and prediction of response to 
therapy [ 29 ]. 

 In particular, because epigenetic modifi ca-
tions may constitute a signature of specifi c expo-
sure to certain risk factors, they have the potential 
to serve as highly specifi c biomarkers for risk 
assessment [ 29 ]. 

 Genetic and epigenetic biomarkers and their 
clinical implications in risk assessment and early 
cancer diagnosis are diffusely discussed in recent 
pivotal reviews [ 27 ,  30 – 33 ].  

2.2.3.2      Screening   for Early Cancer 
Detection 

 Many cancer types, if diagnosed and treated 
early, can be cured or, at least, transformed to a 
chronic disease. Therefore, early cancer detec-
tion in asymptomatic patients still remains a pri-
ority of cancer research with a high potential of 
improving both patients’ survival and quality of 
life [ 34 ]. 

 A useful screening test for early detection of 
cancer must exhibit most, if not all, the character-
istics previously described for an ideal tumor 
marker. “First of all, a screening test should be 
able to detect malignancy at an early and asymp-
tomatic stage thereby resulting in decreased mor-
bidity or increased survival rates” [ 35 ]. In 
addition, the test must be inexpensive and safe 
enough to be applied to mass populations. 
Moreover, a screening test should have a very 
high sensitivity and an exceptional specifi city, to 
avoid too many false positives in populations 
with a low cancer prevalence. 

  Fig. 2.1    Potential fi elds of application of a cancer biomarker test       

 

A. Mordente et al.



15

 Unfortunately, besides some notable excep-
tions (e.g. human choriogonadotropin for germ 
cell tumors and  gestational trophoblastic disease   
and α-fetoprotein for hepatocellular and testicu-
lar carcinoma), none of the biomarker tests cur-
rently used in clinical oncology is suitable for 
population screening or early diagnosis of can-
cer, that still remains the biggest clinical chal-
lenge of all [ 34 ,  36 ,  37 ]. 

 A list of selected promising molecular markers 
for early detection of cancer is reported in [ 38 ].  

2.2.3.3      Diagnosis   
 Contrary to screening, a diagnostic test would be 
prescribed to an individual who has already man-
ifested symptoms of cancer. Currently, however, 
there is no biomarker test recommended in clini-
cal practice guidelines for cancer diagnosis, but 
many of the well-known markers are widely used 
as aids in diagnosis and/or sub-classifi cation of a 
particular malignancy state [ 8 ,  35 ].  

2.2.3.4      Prognosis   
 For prognostic markers see Sect.  2.2.2.1 .  

2.2.3.5     Selection and Monitoring 
of Cancer Therapy 

 For predictive and pharmacodynamic markers 
see Sects.  2.2.2.2  and  2.2.2.3 , respectively.    

2.3      Cancer    Biomarker  :  Discovery   
and  Validation   

 The process of discovering and developing molec-
ular cancer biomarkers “is a work in progress and 
is evolving” [ 39 ], representing an “integral com-
ponent of contemporary cancer research” [ 35 ]. 

 In 2001, the National  Cancer   Institute’s Early 
Detection Research Network (EDRN), to pro-
mote effi ciency and scientifi c rigor in biomarkers 
research, introduced guidelines “to guide the pro-
cess of biomarker development” consisting of 
fi ve “phases that are generally ordered according 
to the strength of evidence that each phase pro-
vides in favour of the biomarker, from weakest to 
strongest and the results of earlier phases are gen-
erally necessary to design later phases” [ 40 ]. 

 These guidelines propose specifi c aims, subject 
selection, outcome measures, and evaluation of 
results for each of the fi ve phases of a biomarker 
discovery pipeline in the context of progress 
being made in the fi eld and relevant published 
studies [ 40 – 42 ]. The phase structure of biomarker 
development pipeline includes: Phase 1 
(Preclinical exploratory studies), Phase 2 (Clinical 
assay development), Phase 3 (Retrospective lon-
gitudinal studies), Phase 4 (Prospective screening 
studies), and Phase 5 ( Cancer   control studies). 

 The phases are not rigorously distinct from 
each other and to proceed from one phase to 
another a candidate biomarker needs to overcome 
pre-analytical, analytical and post-analytical 
challenges at different levels. Only biomarkers 
that will reach the last step successfully will be 
implemented in the clinic [ 9 ,  35 ,  43 ,  44 ]. 

 A major implication of this framework is that 
the time required from the initial discovery to 
clinical adoption of a biomarker is lengthy, gen-
erally a decade or more [ 25 ]. 

2.3.1     Phase 1:  Preclinical 
Exploratory Studies   

 The beginning of the discovery phase in the bio-
marker development pipeline involves preclinical 
semi-quantitative studies to identify one or more 
promising biological molecules (“candidate bio-
markers”) that, exhibiting discriminating poten-
tial between cancer patients and healthy subjects, 
might be useful to develop clinical tests for early 
detecting and monitoring cancer or for managing 
cancer therapy. 

 The discovery process of new putative tumor 
markers can involve two major complementary 
approaches: (a) “knowledge-based” or “hypothesis- 
driven” or “targeted” method; (b) “unbiased” or 
“discovery-based” or “untargeted” method [ 7 ,  45 , 
 46 ]. The “hypothesis-driven” approach identifi es 
candidate biomarkers by a deductive method that 
relies on ever-increasing knowledge of the molecu-
lar mechanisms underlying cancer biology and 
therefore only a specifi ed set of molecules sup-
posed to be involved in cancerogenesis is measured 
(“targeted” method). In contrast, the “discovery-
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based” approach identify candidate biomarkers by 
an inductive method that, exploiting the extraordi-
nary potentiality of new high-throughput-omics 
technologies (capable of identifying multiple rather 
than just a single marker by performing parallel 
rather than serial analyses), select molecular spe-
cies on the basis of their differential expression 
between normal (controls) and diseased (cases) 
states, without an  a priori  target identifi cation 
(“untargeted” method) [ 7 ,  45 ,  46 ]. 

 Although high-throughput-omics technolo-
gies are frequently used for biomarkers discov-
ery, hypothesis-driven method is now endorsed 
as the preferred one [ 7 ,  35 ,  47 ,  48 ] as the key 
advantage of this approach is that “defi ning an 
intended use for the tumor marker at the early 
stages of the discovery process allows better con-
trol of the variables (other than the cancer itself) 
that may infl uence measured levels of the marker 
during the discovery process” [ 7 ]. 

 Regardless of which method is selected, a rig-
orous and accurate study design is essential to 
reach the required results. The major topics to be 
defi ned when discovery studies are planned 
include: (a) the number of samples to analyse; (b) 
inclusion/exclusion criteria for the samples; (c) 
collection and handling requirements; (d) limita-
tions of the analytical methodology(ies); (e) 
appropriate statistical analysis of the acquired 
data; and (f) validation of the fi ndings in indepen-
dent datasets and by independent investigators. 
Moreover, complete and transparent reporting of 
results is also necessary so that other investigators 
can assess the “soundness of the study” [ 7 ,  49 ]. 

 “Judging by the numerous publications report-
ing novel candidate biomarkers, the discovery 
phase seems to be productive” [ 35 ], however the 
majority of cancer biomarkers do not progress 
beyond this phase. The main reasons for this fail-
ure include modest differences in the concentra-
tion of the biomarker in cases compared with 
controls and large variability in the levels of the 
biomarker in healthy subjects [ 50 ]. 

 For an in-depth discussion of these and other 
issues of the discovery phase of biomarker- 
development pipeline, the reader is referred to 
several excellent published reviews [ 7 ,  35 ,  37 , 
 44 ,  49 ] and to the references therein.  

2.3.2     Phase 2:  Clinical Assay 
Development   

 Once a promising cancer biomarker is identifi ed, 
the next crucial step is to develop and validate a 
robust, accurate and reliable test (at this regard, “it 
is essential to distinguish a cancer biomarker from 
a cancer biomarker test, that is a specifi c assay that 
measures the marker reliably” [ 51 ]) to measure the 
analyte of interest both in the clinical trials of the 
biomarker-development pipeline and, more impor-
tant, in an eventual routine laboratory practice [ 40 ]. 

 “Assay development and validation is an itera-
tive process that occurs at every step in the pipe-
line and may not end even after an assay is 
marketed” [ 35 ]. To progress to clinical practice, a 
candidate biomarker test, like any other medical 
technology or intervention, must undergo a rigor-
ous evaluation that involves the assessment of its: 
(a) analytical validity, (b) clinical validity, and (c) 
clinical utility (Fig.  2.2 ). The terms “analytical 
validity”, “clinical validity” and “clinical utility” 
have been coined in 2009 by the Evaluation of 
Genomic Applications in Practice and Prevention 
Working Group in the development and imple-
mentation of a rigorous process able to support 
the translation of scientifi c evidence on genomic 
testing into clinical practice [ 52 ].

  Fig. 2.2     Validation   process of a candidate cancer bio-
marker test       
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   Analytical validity is defi ned as the “test’s 
ability to accurately and reliably measure the 
analyte of interest in the clinical laboratory, and 
in specimens representative of the population of 
interest” [ 10 ,  52 – 54 ]. 

 In other words, analytical validation means 
establishing that the “test measures what it claims 
to measure, and does so accurately with adequate 
sensitivity and specifi city” [ 15 ]. “Analytical 
validity refers not just to the hardware platform 
used for measuring test but to the entire process 
of treating a sample including sample prepara-
tion, performing the assay and the computational 
pipeline for assembling the sequence readouts 
and calling variants” namely the three different 
phases of assay development: pre-analytical, ana-
lytical, and post-analytical phase [ 15 ,  55 ]. 

 In order to develop an analytically robust bio-
marker assay, at least the following parameters 
should be assessed: accuracy, trueness, precision, 
reproducibility, robustness, linearity, reportable 
range, reference range, interfering substances, 
analytical sensitivity and specifi city, and limit of 
detection [ 7 ,  10 ,  56 ,  57 ]. Lastly, a useful bio-
marker test should be easily performed by routine 
clinical laboratories. 

 About the analytical platform used for mea-
suring test, since most of the cancer biomarkers 
have a plasma or serum concentration in the 
range of picogram to nanogram per milliliter, 
immunoassays, such as enzyme-linked immuno-
sorbent assay (ELISA) or radioimmunoassay 
(RIA), remain the method of choice for protein 
quantifi cation in clinical samples [ 35 ,  58 – 60 ]. 
Immunological techniques, indeed, still offer a 
higher level of sensitivity (two to three orders of 
magnitude), reproducibility and dynamic range 
than the more sophisticated nonimmuno-based 
technologies (e.g. mass spectrometry assay) [ 58 ]. 
At the state of art, mass spectrometry technique, 
due to their high assay complexity, high cost, and 
expertise requirements is not yet transferable into 
routine use in clinical laboratories [ 35 ,  60 ]. It is 
noteworthy that the majority of FDA-approved 
protein assays utilize immunoassay (see 
Table  2.2 ), and not a single mass spectrometry- 
based protein assay has been approved for clini-
cal use yet [ 59 ,  61 ]. 

 “Robust analytical performance is an essential 
but insuffi cient prerequisite for the successful 
clinical deployment of a novel tumor marker 
test” [ 7 ], therefore, once verifi ed the analytical 
(or “technical”) validity, the biomarker assay 
must be tested for evaluating its clinical (or “bio-
logical”) validity. 

 Clinical validity is defi ned as the “test’s abil-
ity to consistently and accurately identify or pre-
dict the intermediate or fi nal clinical outcomes 
of interest”. Practically, clinical validity implies 
that the cancer biomarker test separates a popu-
lation into two or more distinct groups with dif-
ferent biological characteristics or clinical 
outcomes. Clinical validity encompasses clinical 
sensitivity and specifi city (integrating analytic 
validity), receiver operating characteristic (ROC) 
curves analysis, as well as positive predictive 
value (PPV) (i.e. the chance that a person with a 
positive test has cancer), and negative predictive 
value (NPV) (i.e. the chance that a person with a 
negative test does not have cancer) [ 7 ,  52 ,  54 , 
 57 ]. Clinical validity studies may be conducted 
retrospectively or prospectively on samples 
collected from clinical trials, tissue banks or 
other sources. 

 Finally, before a cancer biomarker test is 
introduced into standard clinical management, it 
must also demonstrate to have what is commonly 
called “clinical utility”. Clinical utility is defi ned 
as “the test’s ability to signifi cantly improve mea-
surable clinical outcomes, and its usefulness and 
added value to patient management decision 
making compared with current management 
without testing” [ 52 ]. 

 Therefore, “whereas analytic and clinical 
validity transform data into knowledge, demon-
stration of clinical utility is the critical last step 
that allows for application of a tumor biomarker 
test in patient care” [ 62 ]. 

 The end point for establishing clinical utility is 
generally survival or progression-free survival, 
whereas the end point used for establishing clinical 
validity is often tumor or  clinical response   [ 15 ]. 
Key features for evaluations of the clinical utility of 
diagnostic testing are summarized in [ 63 ]. 

 Ideally, the clinical utility of tumor biomarker 
test is best assessed through prospective ran-
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domized controlled trials, as these studies are the 
least prone to bias. However, such trials are not 
always feasible because they are often costly, 
require very large sample sizes, and have ethical 
challenges [ 63 ,  64 ]. Clinical utility may be alter-
natively determined either from prospective–ret-
rospective studies using archived specimens 
from previously conducted prospective clinical 
trials [ 64 ] or, if adequate archived specimens are 
not available, from prospectively direct clinical 
trials [ 17 ,  65 ,  66 ]. 

 At this regard, an experts committee con-
vened by the Institute of Medicine (IOM) of the 
United States to defi ne the best practices for 
translation of omics-based tests from the 
research laboratory into clinical trials, and ulti-
mately to clinical care, has recently proposed a 
roadmap for development of putative new 
omics-based tests from initial concept to ulti-
mate clinical utility [ 67 ]. Although specifi cally 
ideated for omics-based tests, the roadmap is 
still applicable to any diagnostic test, and in 
particular to tumor biomarker tests. The road-
map involves two stages: (1) discovery and test 
validation, and (2) evaluation for clinical utility 
and use. The fi rst stage can be divided into two 
separate but linked phases: (a) discovery of a 
tumor biomarker test of potential biological or 
clinical interest, and (b) analytical development 
of a tumor biomarker test with biological/clini-
cal validity. 

 In the second stage, an analytically-validated 
tumor biomarker test is further evaluated for 
clinical utility, either in a prospective-retrospec-
tive study using archived specimens or in a pro-
spective clinical trials where the test either is 
used to direct patient management or is prospec-
tively determined to be the primary objective of 
the trial [ 68 ]. 

 Notably, the potential pathways suggested 
by the IOM to generate high levels of evidence 
necessary to demonstrate clinical utility of the 
biomarker test follow quite closely the recom-
mendations of Simon et al. [ 64 ]. 

 Most biomarkers do not progress beyond this 
phase primarily because the validation study 
shows that the biomarker test does not have suf-
fi cient sensitivity or specifi city to be clinically 
useful (see Sect.  2.4 ).  

2.3.3     Phase 3:  Retrospective 
Longitudinal Repository 
Studies   

 With a good clinical assay in hand, a retrospec-
tive analysis using stored samples can be 
employed to determine if the biomarker can truly 
detect the outcome of interest and defi ne the cut- 
point for a biomarker with many values [ 40 ,  43 ]. 

 The phase 3 of the biomarker development 
pipeline is aimed at evaluating the capability of 
the biomarker test to detect preclinical disease on 
samples collected and stored longitudinally from 
research cohorts. Accordingly, the biomarker 
level is measured in specimens collected from 
cancer case subjects prior to their clinical diagno-
sis and compared to that measured from speci-
mens collected from age-matched healthy 
subjects (i.e., subjects who have not developed 
cancer). Furthermore, the retrospective longitudi-
nal studies can be useful to compare multiple 
markers of interest with a view to select those 
that are most promising and to develop algo-
rithms for combinations of biomarkers. Criteria 
for ‘positive’ screening defi ned in this phase are 
used in the subsequent phase 4. 

 In contrast to the discovery phase, retrospec-
tive longitudinal studies require large numbers of 
samples to ensure a rigorous statistical analysis, 
as well as samples that refl ect the biological vari-
ability of the targeted population. 

 The retrospective longitudinal studies of phase 
3 are not able to establish the stage or nature of 
the cancer at the time that it can be detected.  

2.3.4     Phase 4:  Prospective 
Screening Studies   

 The phase 4 intends to determine whether a bio-
marker test can detect a cancer at an early stage of 
development [ 40 ]. In particular, the primary aim of 
this phase is to determine the “operating character-
istics of the biomarker based screening test in a rel-
evant population” by calculating the detection rate 
or PPV (i.e. the proportion of screened subjects who 
test positive and have the disease), and the false-
referral rate (i.e. the proportion of screened subjects 
who test positive but do not have the disease). 
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 In other words, in phase 4 “the biomarker is 
tested to determine if it can do what it is hypoth-
esized to do” [ 43 ]. 

 In the prospective studies of phase 4, asymp-
tomatic subjects are screened using the biomarker 
test, and those with a positive result are followed up 
to determine if they have cancer and, if so, its stage. 

 Notably, in contrast to studies in phases 1, 2, 
and 3, which are conducted on retrospective anal-
ysis of stored specimens, studies in phase 4 
involve screening people and lead to diagnosis 
and treatment [ 40 ].  

2.3.5     Phase 5:  Cancer   Control 
 Studies   

 The fi nal phase of the biomarkers development 
pipeline evaluates how the biomarker test per-
forms in the population [ 43 ]. Large-scale pop-
ulation studies are designed to determine 
whether screening test reduces the burden (in 
morbidity and mortality) of cancer on the pop-
ulation [ 40 ].   

2.4        Cancer   Biomarkers Failures 

 Despite the impressive volume of research that 
has been addressed to identify cancer biomarkers 
and the increasing number of putative tumor 
markers reported in literature (and some of them 
in very prominent journals), “very few, if any, 
new circulating cancer biomarkers have entered 
the clinic in the last 30 years” [ 69 ]. 

 Paraphrasing the title of a Buchen’s article, it 
seems right to ask: why is it so hard to fi nd a test 
to predict cancer? [ 36 ] Furthermore, why do 
most cancer biomarkers fail to reach the clinic? 

 “The problem of identifying novel cancer bio-
markers cannot be attributed to the lack of patho-
physiological knowledge, powerful techniques, 
or investment of funds, but it may reside in diffi -
culties that are associated with biomarker discov-
ery, which have apparently been persistently 
underestimated” [ 69 ,  70 ]. 

 Although “the high failure rates in the cancer 
biomarker fi eld are no different from those of 
therapeutics”, “therapeutics leading to relatively 

small improvements in patient survival (weeks 
to months) are likely to be marketed, diagnos-
tics with relatively small improvements in 
patient diagnosis or prognosis will likely fall 
by the wayside. Hence, similar advances in 
therapeutics and diagnostics can be hailed as 
 successes  in the former and  failures  in the 
latter” [ 69 ]. 

 Recently, the reasons responsible for cancer 
biomarker failure to reach the clinic have been 
widely discussed and classifi ed into distinct 
categories [ 69 ,  71 ]. The classifi cation is aimed 
to “help in understanding what goes wrong in 
each case and offer some lessons on how we 
could try to avoid similar problems in the 
future” [ 71 ]. 

 According to Diamandis [ 69 ], tumor bio-
markers failures can be classifi ed into three dis-
tinct categories: (a) fraudulent reports, (b) 
discovery of biomarkers with weak clinical per-
formance, and (c) false discovery or artifactual 
biomarkers. 

 The fi rst category involves fraudulent publi-
cations that, in spite of the huge attention that 
they usually receive by scientifi c community 
and press, are extremely rare and responsible for 
a negligible percentage of biomarker failures 
[ 72 ,  73 ]. 

 The second and largest category of failing bio-
markers includes those biomarkers that have 
been discovered and validated by using robust 
and reliable techniques ( true discovery biomark-
ers ), but that never reach the clinic because of 
poor clinical performance (i.e. low specifi city, 
low sensitivity, low prognostic/predictive value, 
and information not necessary for clinical 
decision- making) [ 35 ,  69 ]. 

 Further details regarding this type of failing 
biomarkers have been discussed elsewhere 
[ 35 ,  58 ]. 

 The third category includes cancer biomarkers 
that at fi rst look highly promising (or even “revo-
lutionary”) but later on show several shortcom-
ings, either at the discovery or validation phase 
(pre-analytical, analytical, post-analytical and 
statistic/bioinformatic artifacts), which invalidate 
the original performance claims ( false discovery  
or  artifactual biomarkers ). Therefore, these 
cancer biomarkers do not reach the clinic because 
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“the original performance claims cannot be 
independently reproduced in subsequent valida-
tion studies” [ 69 ]. 

 Examples of such artifactual biomarkers have 
been summarized elsewhere [ 74 – 76 ]. 

 Ioannidis [ 71 ] has recently proposed a classi-
fi cation of tumor biomarker failures, slightly dif-
ferent from that of Diamandis [ 69 ], that 
recognizes four different types: (A) clinical 
reversal, (B) validation failure, (C) nonoptimized 
clinical translation, and (D) promotion despite 
nonpromising evidence.

   Type  A  failure (or clinical reversal) occurs 
when a “widely used biomarker that has already 
been implemented in clinical practice is shown to 
be largely useless or even harmful and therefore 
needs to be abandoned” [ 71 ]. The problem is to 
eliminate this obsolete test that regularly contin-
ues to be used, more frequently for non-scientifi c 
reasons, for example because of confl icts of 
interest of specialist practitioners.  

  Type  B  failure (or validation failure) occurs 
when a “biomarker shows great promise in one 
or more early studies, the claims are later found 
to be wrong or exaggerated, and the biomarker 
is eventually never implemented into clinical 
practice” [ 71 ]. Type  B  failure of Ioannidis’s 
classifi cation may be considered analogous to 
the third category of failing biomarkers (false 
discovery biomarkers) described by Diamandis 
[ 69 ].  

  Type  C  failure (or nonoptimized clinical trans-
lation) occurs when a “biomarker shows some 
genuine promise in one or a few early studies but 
this result is not followed up systematically 
toward clinical implementation” [ 71 ]. Type  C  
failure of Ioannidis’s classifi cation may be con-
sidered analogous to the second category of fail-
ing biomarkers (true discovery biomarkers) 
described by Diamandis [ 69 ].  

  Type  D  failure (or promotion despite non-
promising evidence) occurs when a “biomarker 
shows no or little promise, but nevertheless is 
enthusiastically promoted for widespread clinical 
or population use” [ 71 ].    

 Reasons for biomarker failures and some 
solutions to overcome these challenges have been 
discussed in a seminal review [ 35 ].  

2.5     Concluding Remarks 
and Future Perspectives 

 The traditional approach to treat cancer is com-
monly defi ned “trial and error” or “one size fi ts 
all”. This therapeutic approach is largely empiri-
cal, costly, and frequently ineffective thus result-
ing in an inappropriate treatment or, worse, in 
drug-related toxicity [ 13 ]. As a result, “some 
patients with aggressive malignancy may be 
undertreated, and some with indolent disease 
may be overtreated” [ 13 ]. 

 In the last years, cancer therapy is evolving 
from the traditional “one size fi ts all” to a new 
“personalized” or “individualized” approach 
based on the  molecular characterization   of the 
tumor and on the concept that cancer is a highly 
heterogeneous disease (both within a tumour and 
between a primary tumour and metastases) [ 77 , 
 78 ] and consequently “each individual solid tumor 
and hematologic malignancy in each person is 
unique in cause, rate of progression and respon-
siveness to therapy” [ 79 – 82 ]. Therefore, the ulti-
mate goal of personalized cancer therapy is to 
deliver “the right drug to the right patient at the 
right time, using the right dose and schedule” [ 83 ]. 

 To accomplish this ambitious outcome, per-
sonalized oncology needs reliable, robust, accu-
rate and validated cancer biomarker tests [ 13 ] in 
order to:

    (a)    differentiate patients with indolent malig-
nancy from those with aggressive forms 
(prognostic markers);   

   (b)    predict response or resistance to specifi c 
therapies so that the right patients receive the 
right drugs (predictive markers);   

   (c)    identify patients who are likely to develop 
severe toxic side effects from specifi c treat-
ments (pharmacodynamic markers).    

  Unfortunately, the cancer biomarkers fi eld, 
just in the case of protein tumor markers, appears 
to be currently stagnant [ 36 ,  58 ] and most of the 
newly discovered cancer biomarkers have been 
either abandoned or not clinically validated 
because they failed to satisfy the analytical crite-
ria necessary for clinical implementation [ 58 ,  84 ]. 
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 Nevertheless, recent advances in genomic 
technologies (i.e. next-generation sequencing) 
as well as in diagnostic platform for the detec-
tion of circulating tumor cells ( CTCs  ) have 
allowed to identify and characterize new circu-
lating cancer biomarkers, which are collectively 
defi ned by the scientifi c community with the 
term of “ liquid biopsy  ” [ 85 ,  86 ].  Stricto sensu , 
the expression “liquid biopsy” should be 
restricted to CTCs by analogy with the standard 
defi nition of “tissue biopsy” [ 87 ]. However, the 
term “liquid biopsy” is used to identify different 
circulating cancer biomarkers such as CTCs 
but also cell-free tumor DNA (ctDNA) and 
 microRNA   (miRNA) [ 85 ,  86 ,  88 ,  89 ]. 

 In this view, the detection of  CTCs  , ctDNA 
and/or miRNA could serve as a true “ liquid 
biopsy  ” for cancer patients, and results much less 
invasive compared to surgical or endoscopic 
biopsy permitting also repeated samplings so 
tracking the current status of tumor 
characteristics. 

 “Liquid biopsy” analysis might be potentially 
useful at different stages of the diagnostic/thera-
peutic course of cancer patients, namely for: (a) 
early diagnosis, (b) monitoring tumor dynamics, 
(c) identifi cation of genetic determinants for tar-
geted therapy and resistance mechanisms (pre-
dictive marker), (d) evaluation of early treatment 
response, (e) stratifi cation and real-time surveil-
lance of therapies, and (f) estimation of the risk 
for metastatic relapse or metastatic progression 
(prognostic marker) [ 81 ,  89 – 91 ]. 

 The fi rst report on the presence of  CTCs   in the 
peripheral blood of a cancer patient was attrib-
uted to Ashworth [ 92 ]. Since then, CTCs have 
received enormous attention, representing one of 
the most active areas of translational cancer 
research, with more than 15,850 publications 
listed in PubMed in December 2014. CTCs, 
moreover, are used as biomarkers in more than 
280 clinical trials registered at   ClinicalTrials.gov    . 

 “ CTCs   are rare cells that are shed from pri-
mary and metastatic tumour deposits into the 
peripheral circulation, and represent a means of 
performing noninvasive tumour sampling” [ 93 ], 
thus providing the opportunity to monitor serial 
changes in tumour biology [ 94 ]. 

 Generally,  CTCs   occur at very low concen-
trations in the peripheral blood of cancer 
patients (one CTC in a background of approxi-
mately 10 million leukocytes and 5 billion 
erythrocytes in 1 ml of blood) [ 93 ,  95 ], there-
fore the accurate detection of CTCs with suffi -
cient sensitivity and specifi city is a major 
technical challenge. Up to date, the only FDA 
cleared technology for enumeration of CTCs in 
whole blood is the CellSearch® system 
(Veridex, Raritan, NJ) [ 81 ,  96 ]. 

 The main clinical evidence for  CTCs    detec-
tion   in various types of cancer (e.g., breast, pros-
tate, lung, and colon cancer) is discussed in 
several reviews [ 91 ,  96 – 98 ]. Although CTCs are 
already used in numerous clinical trials as poten-
tial cancer biomarker, their clinical utility in 
oncology is still under investigation [ 88 ,  99 ]. 

 In parallel to the progress in  CTCs   research, 
signifi cant advancement has also been made with 
circulating cell-free DNA (cfDNA), whose clini-
cal utility has been investigated in many disci-
plines of medicine. Circulating cell-free DNA 
exists at steady-state levels and increases, some-
times dramatically, with cellular injury or necro-
sis [ 100 ]. Like normal cells, tumor cells also 
release DNA fragments (ctDNA) into the circula-
tion and signifi cant differences in the amounts of 
plasma ctDNA are detected in cancer patients as 
compared to subjects with benign disease or 
healthy individuals [ 89 ]. Notably, ctDNA, which 
represents a very small fraction (<1.0 % and pos-
sibly as little as 0.01 %) of total cfDNA [ 100 , 
 101 ], differs from normal cfDNA by the presence 
of mutations (commonly single base-pair substi-
tutions) and may be therefore used to reconstruct 
tumor genomes [ 89 ,  102 ,  103 ]. The techniques 
for ctDNA analysis as well as the potential role of 
ctDNA as a diagnostic, prognostic and predictive 
cancer biomarker have been extensively reviewed 
by Ignatiadis and Dawson [ 104 ] and by Heitzer 
et al. [ 89 ]. Although the analysis of ctDNA con-
stitutes a promising area of investigation, ctDNA 
is not yet routinely measured in clinical practice 
may be because is considered “not yet ready for a 
starring role in the clinic” [ 101 ]. 

 Another cancer biomarker that is gaining popu-
larity and might be used as a “ liquid biopsy  ” is 
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 microRNA   (miRNA) [ 105 – 108 ]. MicroRNAs are 
fragments of single-stranded (18–25 nucleotides 
long) non-coding RNAs that regulate a variety of 
genes (more than 50 % of all protein-coding genes) 
by targeting mRNA transcripts and thereby control-
ling various cell functions such as apoptosis, prolif-
eration and differentiation [ 105 ,  109 ]. Additionally, 
miRNAs have emerged as critical factors in cancer 
pathogenesis and progression by modulating many 
pathological aspects related to tumor initiation, 
growth, metastasis, and drug resistance. 

 “Expression patterns of miRNAs are unique to 
individual tissues and differ between cancer and 
normal tissues. Some miRNAs are overexpressed 
or downregulated exclusively or preferentially in 
certain cancer types” [ 109 ]. The high specifi city 
together with the remarkable stability in a wide 
variety of human biological fl uids, including 
blood, make circulating miRNAs attractive bio-
markers in early cancer diagnosis, prognosis and 
response to therapy [ 105 – 107 ]. The potential 
roles of circulating miRNAs in various cancer 
types are summarized in several recent reviews 
[ 105 ,  109 ,  110 ]. These initial promising fi ndings 
notwithstanding, the role of circulating miRNAs 
is still under investigation and further research is 
warranted to ascertain the potentiality of these 
interesting non-coding RNA molecules [ 108 ]. 

 Diffi cult as it may seem, the proposal of “ liq-
uid biopsy  ” looks scientifi cally sound. The out-
look from the bedside will of course remain the 
same, that is the need to determine when the neo-
plastic process has effectively started, where is 
localized, what type of malignancy (aggressive or 
indolent) is being developed and what therapeu-
tic approach is best for that particular patient. 

 In conclusion, many important information 
for early diagnosis, prognosis and treatment of 
cancer are “ written in one’s blood ” whose script 
is still not fully decoded and made available for 
an application to a valid biomarker test by pres-
ent knowledge and technology.     

   References 

        1.    La Thangue NB, Kerr DJ (2011) Predictive biomark-
ers: a paradigm shift towards personalized cancer 
medicine. Nat Rev Clin Oncol 8(10):587–596. 
doi:  10.1038/nrclinonc.2011.121      

    2.   National Cancer Institute (2014) Lifetime risk tables. 
Available on line:   http://seer.cancer.gov/
csr/1975_2011/results_merged/topic_lifetime_risk.
pdf    . Accessed 31 Dec 2014  

    3.   GLOBOCAN (2012) Available online:   http://globo-
can.iarc.fr/Pages/fact_sheets_cancer.aspx    . Accessed 
31 Dec 2014  

    4.    Ferlay J, Soerjomataram I, Dikshit R, Eser S, 
Mathers C, Rebelo M, Parkin DM, Forman D, Bray 
F (2015) Cancer incidence and mortality worldwide: 
sources, methods and major patterns in GLOBOCAN 
2012. Int J Cancer 136(5):E359–E386. doi:  10.1002/
ijc.29210      

    5.    Makawita S, Diamandis EP (2010) The bottleneck in 
the cancer biomarker pipeline and protein quantifi -
cation through mass spectrometry-based approaches: 
current strategies for candidate verifi cation. Clin 
Chem 56(2):212–222. doi:  10.1373/
clinchem.2009.127019      

    6.    Biomarkers Defi nitions Working Group (2001) 
Biomarkers and surrogate endpoints: preferred defi -
nitions and conceptual framework. Clin Pharmacol 
Ther 69(3):89–95. doi:  10.1067/mcp.2001.113989      

             7.    Fuzery AK, Levin J, Chan MM, Chan DW (2013) 
Translation of proteomic biomarkers into FDA 
approved cancer diagnostics: issues and challenges. 
Clin Proteomics 10(1):13. 
doi:  10.1186/1559-0275-10-13      

       8.    Duffy MJ (2013) Tumor markers in clinical practice: 
a review focusing on common solid cancers. Med 
Princ Pract 22(1):4–11. doi:  10.1159/000338393      

      9.    Kulasingam V, Diamandis EP (2008) Strategies for 
discovering novel cancer biomarkers through utiliza-
tion of emerging technologies. Nat Clin Pract Oncol 
5(10):588–599. doi:  10.1038/ncponc1187      

        10.    Henry NL, Hayes DF (2012) Cancer biomarkers. 
Mol Oncol 6(2):140–146. doi:  10.1016/j.
molonc.2012.01.010      

      11.    Paoletti C, Hayes DF (2014) Molecular testing in 
breast cancer. Annu Rev Med 65:95–110. 
doi:  10.1146/annurev-med-070912-143853      

    12.    Buyse M, Michiels S, Sargent DJ, Grothey A, 
Matheson A, de Gramont A (2011) Integrating bio-
markers in clinical trials. Expert Rev Mol Diagn 
11(2):171–182. doi:  10.1586/erm.10.120      

        13.    Duffy MJ, Crown J (2008) A personalized approach 
to cancer treatment: how biomarkers can help. Clin 
Chem 54(11):1770–1779. doi:  10.1373/
clinchem.2008.110056      

    14.    Sawyers CL (2008) The cancer biomarker problem. 
Nature 452(7187):548–552. doi:  10.1038/
nature06913      

        15.    Simon R, Roychowdhury S (2013) Implementing 
personalized cancer genomics in clinical trials. Nat 
Rev Drug Discov 12(5):358–369. doi:  10.1038/
nrd3979      

    16.    Febbo PG, Ladanyi M, Aldape KD, De Marzo AM, 
Hammond ME, Hayes DF, Iafrate AJ, Kelley RK, 
Marcucci G, Ogino S, Pao W, Sgroi DC, Birkeland 
ML (2011) NCCN Task Force report: evaluating the 
clinical utility of tumor markers in oncology. J Natl 
Compr Canc Netw 9(Suppl 5):S1–32, quiz S33  

A. Mordente et al.

http://dx.doi.org/10.1038/nrclinonc.2011.121
http://seer.cancer.gov/csr/1975_2011/results_merged/topic_lifetime_risk.pdf
http://seer.cancer.gov/csr/1975_2011/results_merged/topic_lifetime_risk.pdf
http://seer.cancer.gov/csr/1975_2011/results_merged/topic_lifetime_risk.pdf
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://dx.doi.org/10.1002/ijc.29210
http://dx.doi.org/10.1002/ijc.29210
http://dx.doi.org/10.1373/clinchem.2009.127019
http://dx.doi.org/10.1373/clinchem.2009.127019
http://dx.doi.org/10.1067/mcp.2001.113989
http://dx.doi.org/10.1186/1559-0275-10-13
http://dx.doi.org/10.1159/000338393
http://dx.doi.org/10.1038/ncponc1187
http://dx.doi.org/10.1016/j.molonc.2012.01.010
http://dx.doi.org/10.1016/j.molonc.2012.01.010
http://dx.doi.org/10.1146/annurev-med-070912-143853
http://dx.doi.org/10.1586/erm.10.120
http://dx.doi.org/10.1373/clinchem.2008.110056
http://dx.doi.org/10.1373/clinchem.2008.110056
http://dx.doi.org/10.1038/nature06913
http://dx.doi.org/10.1038/nature06913
http://dx.doi.org/10.1038/nrd3979
http://dx.doi.org/10.1038/nrd3979


23

       17.    Sargent DJ, Conley BA, Allegra C, Collette L (2005) 
Clinical trial designs for predictive marker valida-
tion in cancer treatment trials. J Clin Oncol 
23(9):2020–2027. doi:  10.1200/JCO.2005.01.112      

        18.    Duffy MJ, Crown J (2014) Precision treatment for 
cancer: role of prognostic and predictive markers. 
Crit Rev Clin Lab Sci 51(1):30–45. doi:  10.3109/104
08363.2013.865700      

     19.    Duffy MJ, O’Donovan N, Crown J (2011) Use of 
molecular markers for predicting therapy response 
in cancer patients. Cancer Treat Rev 37(2):151–159. 
doi:  10.1016/j.ctrv.2010.07.004      

    20.    August J (2010) Market watch: emerging companion 
diagnostics for cancer drugs. Nat Rev Drug Discov 
9(5):351. doi:  10.1038/nrd3173      

      21.    Gainor JF, Longo DL, Chabner BA (2014) 
Pharmacodynamic biomarkers: falling short of the 
mark? Clin Cancer Res 20(10):2587–2594. 
doi:  10.1158/1078-0432.CCR-13-3132      

    22.    Guchelaar HJ, Gelderblom H, van der Straaten T, 
Schellens JH, Swen JJ (2014) Pharmacogenetics in 
the cancer clinic: from candidate gene studies to 
next-generation sequencing. Clin Pharmacol Ther 
95(4):383–385. doi:  10.1038/clpt.2014.13      

    23.    Sarker D, Workman P (2007) Pharmacodynamic 
biomarkers for molecular cancer therapeutics. Adv 
Cancer Res 96:213–268. doi:  10.1016/
S0065-230X(06)96008-4      

    24.    Shapiro GI, Rodon J, Bedell C, Kwak EL, Baselga J, 
Brana I, Pandya SS, Scheffold C, Laird AD, Nguyen 
LT, Xu Y, Egile C, Edelman G (2014) Phase I safety, 
pharmacokinetic, and pharmacodynamic study of 
SAR245408 (XL147), an oral pan-class I PI3K 
inhibitor, in patients with advanced solid tumors. 
Clin Cancer Res 20(1):233–245. doi:  10.1158/1078-
 0432.CCR-13-1777      

     25.    Prensner JR, Rubin MA, Wei JT, Chinnaiyan AM 
(2012) Beyond PSA: the next generation of prostate 
cancer biomarkers. Sci Transl Med 4(127):127rv123. 
doi:  10.1126/scitranslmed.3003180      

    26.    Negm RS, Verma M, Srivastava S (2002) The prom-
ise of biomarkers in cancer screening and detection. 
Trends Mol Med 8(6):288–293  

     27.    Kanwal R, Gupta S (2012) Epigenetic modifi cations 
in cancer. Clin Genet 81(4):303–311. 
doi:  10.1111/j.1399-0004.2011.01809.x      

    28.    You JS, Jones PA (2012) Cancer genetics and epi-
genetics: two sides of the same coin? Cancer Cell 
22(1):9–20. doi:  10.1016/j.ccr.2012.06.008      

     29.    Nogueira da Costa A, Herceg Z (2012) Detection of 
cancer-specifi c epigenomic changes in biofl uids: 
powerful tools in biomarker discovery and applica-
tion. Mol Oncol 6(6):704–715. doi:  10.1016/j.
molonc.2012.07.005      

    30.    Barrow TM, Michels KB (2014) Epigenetic epide-
miology of cancer. Biochem Biophys Res Commun 
455(1–2):70–83. doi:  10.1016/j.bbrc.2014.08.002      

   31.    Coppede F, Lopomo A, Spisni R, Migliore L (2014) 
Genetic and epigenetic biomarkers for diagnosis, 
prognosis and treatment of colorectal cancer. World 
J Gastroenterol 20(4):943–956. doi:  10.3748/wjg.
v20.i4.943      

   32.    Sandoval J, Peiro-Chova L, Pallardo FV, Garcia- 
Gimenez JL (2013) Epigenetic biomarkers in labora-
tory diagnostics: emerging approaches and 
opportunities. Expert Rev Mol Diagn 13(5):457–
471. doi:  10.1586/erm.13.37      

    33.    Toiyama Y, Okugawa Y, Goel A (2014) DNA meth-
ylation and microRNA biomarkers for noninvasive 
detection of gastric and colorectal cancer. Biochem 
Biophys Res Commun. doi:  10.1016/j.
bbrc.2014.08.001      

     34.    Konforte D, Diamandis EP (2013) Is early detection of 
cancer with circulating biomarkers feasible? Clin Chem 
59(1):35–37. doi:  10.1373/clinchem.2012.184903      

                35.    Pavlou MP, Diamandis EP, Blasutig IM (2013) The 
long journey of cancer biomarkers from the bench to 
the clinic. Clin Chem 59(1):147–157. doi:  10.1373/
clinchem.2012.184614      

      36.    Buchen L (2011) Cancer: missing the mark. Nature 
471(7339):428–432. doi:  10.1038/471428a      

     37.    Diamandis EP (2010) Cancer biomarkers: can we 
turn recent failures into success? J Natl Cancer Inst 
102(19):1462–1467. doi:  10.1093/jnci/djq306      

    38.    Dunn BK, Wagner PD, Anderson D, Greenwald P 
(2010) Molecular markers for early detection. Semin 
Oncol 37(3):224–242. doi:  10.1053/j.
seminoncol.2010.05.007      

    39.    Ransohoff DF (2008) The process to discover and 
develop biomarkers for cancer: a work in progress. J 
Natl Cancer Inst 100(20):1419–1420. doi:  10.1093/
jnci/djn339      

          40.    Pepe MS, Etzioni R, Feng Z, Potter JD, Thompson 
ML, Thornquist M, Winget M, Yasui Y (2001) 
Phases of biomarker development for early detection 
of cancer. J Natl Cancer Inst 93(14):1054–1061  

   41.    Ransohoff DF (2007) How to improve reliability and 
effi ciency of research about molecular markers: 
roles of phases, guidelines, and study design. J Clin 
Epidemiol 60(12):1205–1219. doi:  10.1016/j.
jclinepi.2007.04.020      

    42.    Witkowska HE, Hall SC, Fisher SJ (2012) Breaking 
the bottleneck in the protein biomarker pipeline. 
Clin Chem 58(2):321–323. doi:  10.1373/
clinchem.2011.175034      

       43.    Heckman-Stoddard BM (2012) Oncology biomark-
ers: discovery, validation, and clinical use. Semin 
Oncol Nurs 28(2):93–98. doi:  10.1016/j.
soncn.2012.03.003      

     44.    Rifai N, Gillette MA, Carr SA (2006) Protein bio-
marker discovery and validation: the long and uncer-
tain path to clinical utility. Nat Biotechnol 
24(8):971–983. doi:  10.1038/nbt1235      

     45.    Frangogiannis NG (2012) Biomarkers: hopes and 
challenges in the path from discovery to clinical 
practice. Transl Res 159(4):197–204. doi:  10.1016/j.
trsl.2012.01.023      

     46.    Schwamborn K (2012) Imaging mass spectrometry 
in biomarker discovery and validation. J Proteomics 
75(16):4990–4998. doi:  10.1016/j.jprot.2012.06.015      

    47.    Schiess R, Wollscheid B, Aebersold R (2009) 
Targeted proteomic strategy for clinical biomarker 
discovery. Mol Oncol 3(1):33–44. doi:  10.1016/j.
molonc.2008.12.001      

2 Cancer Biomarkers Discovery and Validation: State of the Art, Problems and Future Perspectives

http://dx.doi.org/10.1200/JCO.2005.01.112
http://dx.doi.org/10.3109/10408363.2013.865700
http://dx.doi.org/10.3109/10408363.2013.865700
http://dx.doi.org/10.1016/j.ctrv.2010.07.004
http://dx.doi.org/10.1038/nrd3173
http://dx.doi.org/10.1158/1078-0432.CCR-13-3132
http://dx.doi.org/10.1038/clpt.2014.13
http://dx.doi.org/10.1016/S0065-230X(06)96008-4
http://dx.doi.org/10.1016/S0065-230X(06)96008-4
http://dx.doi.org/10.1158/1078-0432.CCR-13-1777
http://dx.doi.org/10.1158/1078-0432.CCR-13-1777
http://dx.doi.org/10.1126/scitranslmed.3003180
http://dx.doi.org/10.1111/j.1399-0004.2011.01809.x
http://dx.doi.org/10.1016/j.ccr.2012.06.008
http://dx.doi.org/10.1016/j.molonc.2012.07.005
http://dx.doi.org/10.1016/j.molonc.2012.07.005
http://dx.doi.org/10.1016/j.bbrc.2014.08.002
http://dx.doi.org/10.3748/wjg.v20.i4.943
http://dx.doi.org/10.3748/wjg.v20.i4.943
http://dx.doi.org/10.1586/erm.13.37
http://dx.doi.org/10.1016/j.bbrc.2014.08.001
http://dx.doi.org/10.1016/j.bbrc.2014.08.001
http://dx.doi.org/10.1373/clinchem.2012.184903
http://dx.doi.org/10.1373/clinchem.2012.184614
http://dx.doi.org/10.1373/clinchem.2012.184614
http://dx.doi.org/10.1038/471428a
http://dx.doi.org/10.1093/jnci/djq306
http://dx.doi.org/10.1053/j.seminoncol.2010.05.007
http://dx.doi.org/10.1053/j.seminoncol.2010.05.007
http://dx.doi.org/10.1093/jnci/djn339
http://dx.doi.org/10.1093/jnci/djn339
http://dx.doi.org/10.1016/j.jclinepi.2007.04.020
http://dx.doi.org/10.1016/j.jclinepi.2007.04.020
http://dx.doi.org/10.1373/clinchem.2011.175034
http://dx.doi.org/10.1373/clinchem.2011.175034
http://dx.doi.org/10.1016/j.soncn.2012.03.003
http://dx.doi.org/10.1016/j.soncn.2012.03.003
http://dx.doi.org/10.1038/nbt1235
http://dx.doi.org/10.1016/j.trsl.2012.01.023
http://dx.doi.org/10.1016/j.trsl.2012.01.023
http://dx.doi.org/10.1016/j.jprot.2012.06.015
http://dx.doi.org/10.1016/j.molonc.2008.12.001
http://dx.doi.org/10.1016/j.molonc.2008.12.001


24

    48.    Zhang Z, Chan DW (2010) The road from discovery 
to clinical diagnostics: lessons learned from the fi rst 
FDA-cleared in vitro diagnostic multivariate index 
assay of proteomic biomarkers. Cancer Epidemiol 
Biomarkers Prev 19(12):2995–2999. 
doi:  10.1158/1055-9965.EPI-10-0580      

     49.    McShane LM, Hayes DF (2012) Publication of 
tumor marker research results: the necessity for 
complete and transparent reporting. J Clin Oncol 
30(34):4223–4232. doi:  10.1200/JCO.2012.42.6858      

    50.    Wagner PD, Srivastava S (2012) New paradigms in 
translational science research in cancer biomarkers. 
Transl Res 159(4):343–353. doi:  10.1016/j.
trsl.2012.01.015      

    51.    Hayes DF (2013) OMICS-based personalized oncol-
ogy: if it is worth doing, it is worth doing well! BMC 
Med 11:221. doi:  10.1186/1741-7015-11-221      

       52.    Teutsch SM, Bradley LA, Palomaki GE, Haddow JE, 
Piper M, Calonge N, Dotson WD, Douglas MP, Berg 
AO (2009) The Evaluation of Genomic Applications 
in Practice and Prevention (EGAPP) initiative: 
methods of the EGAPP Working Group. Genet Med 
11(1):3–14. doi:  10.1097/GIM.0b013e318184137c      

   53.    Hayes DF (2013) From genome to bedside: are we 
lost in translation? Breast 22(Suppl 2):S22–S26. 
doi:  10.1016/j.breast.2013.07.004      

     54.    Linnet K, Bossuyt PM, Moons KG, Reitsma JB 
(2012) Quantifying the accuracy of a diagnostic test 
or marker. Clin Chem 58(9):1292–1301. 
doi:  10.1373/clinchem.2012.182543      

    55.    de Gramont A, Watson S, Ellis LM, Rodon J, 
Tabernero J, Hamilton SR (2014) Pragmatic issues 
in biomarker evaluation for targeted therapies in can-
cer. Nat Rev Clin Oncol. doi:  10.1038/
nrclinonc.2014.202      

    56.    Behrens T, Bonberg N, Casjens S, Pesch B, Bruning 
T (2014) A practical guide to epidemiological prac-
tice and standards in the identifi cation and validation 
of diagnostic markers using a bladder cancer exam-
ple. Biochim Biophys Acta 1844(1 Pt A):145–155. 
doi:  10.1016/j.bbapap.2013.07.018      

     57.    Jennings L, Van Deerlin VM, Gulley ML (2009) 
Recommended principles and practices for validating 
clinical molecular pathology tests. Arch Pathol Lab Med 
133(5):743–755. doi:  10.1043/1543-2165-133.5.743      

        58.    Diamandis EP (2014) Present and future of cancer 
biomarkers. Clin Chem Lab Med 52(6):791–794. 
doi:  10.1515/cclm-2014-0317      

    59.    Drabovich AP, Martinez-Morillo E, Diamandis EP 
(2014) Toward an integrated pipeline for protein bio-
marker development. Biochim Biophys Acta. 
doi:  10.1016/j.bbapap.2014.09.006      

     60.    Sahab ZJ, Semaan SM, Sang QX (2007) Methodology 
and applications of disease biomarker identifi cation 
in human serum. Biomark Insights 2:21–43  

    61.    Li J, Kelm KB, Tezak Z (2011) Regulatory perspec-
tive on translating proteomic biomarkers to clinical 
diagnostics. J Proteomics 74(12):2682–2690. 
doi:  10.1016/j.jprot.2011.07.028      

    62.    Yu PP, Hoffman MA, Hayes DF (2014) Biomarkers 
and oncology: the path forward to a learning health 
system. Arch Pathol Lab Med. doi:  10.5858/
arpa.2014-0080-ED      

     63.    Bossuyt PM, Reitsma JB, Linnet K, Moons KG 
(2012) Beyond diagnostic accuracy: the clinical util-
ity of diagnostic tests. Clin Chem 58(12):1636–
1643. doi:  10.1373/clinchem.2012.182576      

      64.    Simon RM, Paik S, Hayes DF (2009) Use of archived 
specimens in evaluation of prognostic and predictive 
biomarkers. J Natl Cancer Inst 101(21):1446–1452. 
doi:  10.1093/jnci/djp335      

    65.    Freidlin B, McShane LM, Polley MY, Korn EL 
(2012) Randomized phase II trial designs with bio-
markers. J Clin Oncol 30(26):3304–3309. 
doi:  10.1200/JCO.2012.43.3946      

    66.    Pepe MS, Feng Z, Janes H, Bossuyt PM, Potter JD 
(2008) Pivotal evaluation of the accuracy of a bio-
marker used for classifi cation or prediction: stan-
dards for study design. J Natl Cancer Inst 
100(20):1432–1438. doi:  10.1093/jnci/djn326      

    67.   IOM (2012) Evolution of translational omics: les-
sons learned and the path forward. Available on line: 
  http://www.nap.edu/openbook.php?record_id=13297    . 
Accessed 31 Dec 2014.  

    68.    Hayes DF, Allen J, Compton C, Gustavsen G, 
Leonard DG, McCormack R, Newcomer L, Pothier 
K, Ransohoff D, Schilsky RL, Sigal E, Taube SE, 
Tunis SR (2013) Breaking a vicious cycle. Sci 
Transl Med 5(196):196cm196. doi:  10.1126/
scitranslmed.3005950      

             69.    Diamandis EP (2012) The failure of protein cancer 
biomarkers to reach the clinic: why, and what can be 
done to address the problem? BMC Med 10:87. 
doi:  10.1186/1741-7015-10-87      

    70.    Kern SE (2012) Why your new cancer biomarker 
may never work: recurrent patterns and remarkable 
diversity in biomarker failures. Cancer Res 
72(23):6097–6101. doi:  10.1158/0008-5472.
CAN-12-3232      

          71.    Ioannidis JP (2013) Biomarker failures. Clin Chem 
59(1):202–204. doi:  10.1373/clinchem.2012.185801      

    72.    Baggerly KA, Coombes KR (2011) What informa-
tion should be required to support clinical “omics” 
publications? Clin Chem 57(5):688–690. 
doi:  10.1373/clinchem.2010.158618      

    73.    Samuel Reich E (2011) Cancer trial errors revealed. 
Nature 469(7329):139–140. doi:  10.1038/469139a      

    74.    Diamandis EP (2003) Point: proteomic patterns in 
biological fl uids: do they represent the future of can-
cer diagnostics? Clin Chem 49(8):1272–1275  

   75.    Diamandis EP (2004) Analysis of serum proteomic 
patterns for early cancer diagnosis: drawing atten-
tion to potential problems. J Natl Cancer Inst 
96(5):353–356  

    76.    Diamandis EP (2007) POINT: EPCA-2: a promising 
new serum biomarker for prostatic carcinoma? 
Clin Biochem 40(18):1437–1439. doi:  10.1016/j.
clinbiochem.2007.09.003      

A. Mordente et al.

http://dx.doi.org/10.1158/1055-9965.EPI-10-0580
http://dx.doi.org/10.1200/JCO.2012.42.6858
http://dx.doi.org/10.1016/j.trsl.2012.01.015
http://dx.doi.org/10.1016/j.trsl.2012.01.015
http://dx.doi.org/10.1186/1741-7015-11-221
http://dx.doi.org/10.1097/GIM.0b013e318184137c
http://dx.doi.org/10.1016/j.breast.2013.07.004
http://dx.doi.org/10.1373/clinchem.2012.182543
http://dx.doi.org/10.1038/nrclinonc.2014.202
http://dx.doi.org/10.1038/nrclinonc.2014.202
http://dx.doi.org/10.1016/j.bbapap.2013.07.018
http://dx.doi.org/10.1043/1543-2165-133.5.743
http://dx.doi.org/10.1515/cclm-2014-0317
http://dx.doi.org/10.1016/j.bbapap.2014.09.006
http://dx.doi.org/10.1016/j.jprot.2011.07.028
http://dx.doi.org/10.5858/arpa.2014-0080-ED
http://dx.doi.org/10.5858/arpa.2014-0080-ED
http://dx.doi.org/10.1373/clinchem.2012.182576
http://dx.doi.org/10.1093/jnci/djp335
http://dx.doi.org/10.1200/JCO.2012.43.3946
http://dx.doi.org/10.1093/jnci/djn326
http://www.nap.edu/openbook.php?record_id=13297
http://dx.doi.org/10.1126/scitranslmed.3005950
http://dx.doi.org/10.1126/scitranslmed.3005950
http://dx.doi.org/10.1186/1741-7015-10-87
http://dx.doi.org/10.1158/0008-5472.CAN-12-3232
http://dx.doi.org/10.1158/0008-5472.CAN-12-3232
http://dx.doi.org/10.1373/clinchem.2012.185801
http://dx.doi.org/10.1373/clinchem.2010.158618
http://dx.doi.org/10.1038/469139a
http://dx.doi.org/10.1016/j.clinbiochem.2007.09.003
http://dx.doi.org/10.1016/j.clinbiochem.2007.09.003


25

    77.    Meacham CE, Morrison SJ (2013) Tumour hetero-
geneity and cancer cell plasticity. Nature 
501(7467):328–337. doi:  10.1038/nature12624      

    78.    Yap TA, Gerlinger M, Futreal PA, Pusztai L, 
Swanton C (2012) Intratumor heterogeneity: seeing 
the wood for the trees. Sci Transl Med 
4(127):127ps110. doi:  10.1126/
scitranslmed.3003854      

    79.    Ginsburg GS, McCarthy JJ (2001) Personalized 
medicine: revolutionizing drug discovery and patient 
care. Trends Biotechnol 19(12):491–496  

   80.    Kalia M (2013) Personalized oncology: recent 
advances and future challenges. Metabolism 
62(Suppl 1):S11–S14. doi:  10.1016/j.
metabol.2012.08.016      

     81.    Rolfo C, Castiglia M, Hong D, Alessandro R, 
Mertens I, Baggerman G, Zwaenepoel K, Gil-Bazo 
I, Passiglia F, Carreca AP, Taverna S, Vento R, 
Peeters M, Russo A, Pauwels P (2014) Liquid biop-
sies in lung cancer: the new ambrosia of researchers. 
Biochim Biophys Acta 1846(2):539–546. 
doi:  10.1016/j.bbcan.2014.10.001      

    82.    Ross JS (2011) Cancer biomarkers, companion diag-
nostics and personalized oncology. Biomark Med 
5(3):277–279. doi:  10.2217/bmm.11.29      

    83.    Schilsky RL, Doroshow JH, Leblanc M, Conley BA 
(2012) Development and use of integral assays in 
clinical trials. Clin Cancer Res 18(6):1540–1546. 
doi:  10.1158/1078-0432.CCR-11-2202      

    84.    Diamandis EP (2014) Towards identifi cation of true 
cancer biomarkers. BMC Med 12(1):156. 
doi:  10.1186/s12916-014-0156-8      

     85.    Alix-Panabieres C, Pantel K (2013) Circulating 
tumor cells: liquid biopsy of cancer. Clin Chem 
59(1):110–118. doi:  10.1373/clinchem.2012.194258      

     86.    Pantel K, Alix-Panabieres C (2013) Real-time liquid 
biopsy in cancer patients: fact or fi ction? Cancer 
Res 73(21):6384–6388. doi:  10.1158/0008-5472.
CAN-13-2030      

    87.    Ilie M, Hofman V, Long E, Bordone O, Selva E, 
Washetine K, Marquette CH, Hofman P (2014) 
Current challenges for detection of circulating tumor 
cells and cell-free circulating nucleic acids, and their 
characterization in non-small cell lung carcinoma 
patients. What is the best blood substrate for person-
alized medicine? Ann Transl Med 2(11):107. 
doi:  10.3978/j.issn.2305-5839.2014.08.11      

     88.    Alix-Panabieres C, Pantel K (2014) Challenges in 
circulating tumour cell research. Nat Rev Cancer 
14(9):623–631. doi:  10.1038/nrc3820      

        89.    Heitzer E, Ulz P, Geigl JB (2014) Circulating tumor 
DNA as a liquid biopsy for cancer. Clin Chem. 
doi:  10.1373/clinchem.2014.222679      

   90.    Diaz LA Jr, Bardelli A (2014) Liquid biopsies: geno-
typing circulating tumor DNA. J Clin Oncol 
32(6):579–586. doi:  10.1200/JCO.2012.45.2011      

     91.    Toss A, Mu Z, Fernandez S, Cristofanilli M (2014) 
CTC enumeration and characterization: moving 

toward personalized medicine. Ann Transl Med 
2(11):108. doi:  10.3978/j.issn.2305-5839.2014.09.06      

    92.    Ashworth TR (1869) A case of cancer in which cells 
similar to those in the tumors were seen in the blood 
after death. Aust Med J 14:146–149  

     93.    Miyamoto DT, Sequist LV, Lee RJ (2014) Circulating 
tumour cells-monitoring treatment response in pros-
tate cancer. Nat Rev Clin Oncol 11(7):401–412. 
doi:  10.1038/nrclinonc.2014.82      

    94.    Heitzer E, Auer M, Gasch C, Pichler M, Ulz P, 
Hoffmann EM, Lax S, Waldispuehl-Geigl J, 
Mauermann O, Lackner C, Hofl er G, Eisner F, Sill 
H, Samonigg H, Pantel K, Riethdorf S, Bauernhofer 
T, Geigl JB, Speicher MR (2013) Complex tumor 
genomes inferred from single circulating tumor cells 
by array-CGH and next-generation sequencing. 
Cancer Res 73(10):2965–2975. doi:  10.1158/0008-
 5472.CAN-12-4140      

    95.    Paterlini-Brechot P, Benali NL (2007) Circulating 
tumor cells (CTC) detection: clinical impact and 
future directions. Cancer Lett 253(2):180–204. 
doi:  10.1016/j.canlet.2006.12.014      

     96.   Joosse SA, Gorges TM, Pantel K (2014) Biology, 
detection, and clinical implications of circulating 
tumor cells. EMBO Mol Med. doi:  10.15252/
emmm.201303698      

   97.    Cristofanilli M (2006) Circulating tumor cells, dis-
ease progression, and survival in metastatic breast 
cancer. Semin Oncol 33(3 Suppl 9):S9–S14. 
doi:  10.1053/j.seminoncol.2006.03.016      

    98.    Truini A, Alama A, Dal Bello MG, Coco S, Vanni I, 
Rijavec E, Genova C, Barletta G, Biello F, Grossi F 
(2014) Clinical applications of circulating tumor 
cells in lung cancer patients by cell search system. 
Front Oncol 4:242. doi:  10.3389/fonc.2014.00242      

    99.    Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall 
FH, Dive C (2014) Molecular analysis of circulating 
tumour cells-biology and biomarkers. Nat Rev Clin 
Oncol 11(3):129–144. doi:  10.1038/nrclinonc.2013.253      

     100.    Diehl F, Schmidt K, Choti MA, Romans K, Goodman 
S, Li M, Thornton K, Agrawal N, Sokoll L, Szabo 
SA, Kinzler KW, Vogelstein B, Diaz LA Jr (2008) 
Circulating mutant DNA to assess tumor dynamics. 
Nat Med 14(9):985–990. doi:  10.1038/nm.1789      

     101.    Yong E (2014) Cancer biomarkers: written in blood. 
Nature 511(7511):524–526. doi:  10.1038/511524a      

    102.    Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang 
Y, Agrawal N, Bartlett BR, Wang H, Luber B, Alani 
RM, Antonarakis ES, Azad NS, Bardelli A, Brem H, 
Cameron JL, Lee CC, Fecher LA, Gallia GL, Gibbs 
P, Le D, Giuntoli RL, Goggins M, Hogarty MD, 
Holdhoff M, Hong SM, Jiao Y, Juhl HH, Kim JJ, 
Siravegna G, Laheru DA, Lauricella C, Lim M, 
Lipson EJ, Marie SK, Netto GJ, Oliner KS, Olivi A, 
Olsson L, Riggins GJ, Sartore-Bianchi A, Schmidt 
K, Shih IM, Oba-Shinjo SM, Siena S, Theodorescu 
D, Tie J, Harkins TT, Veronese S, Wang TL, Weingart 
JD, Wolfgang CL, Wood LD, Xing D, Hruban RH, 
Wu J, Allen PJ, Schmidt CM, Choti MA, Velculescu 

2 Cancer Biomarkers Discovery and Validation: State of the Art, Problems and Future Perspectives

http://dx.doi.org/10.1038/nature12624
http://dx.doi.org/10.1126/scitranslmed.3003854
http://dx.doi.org/10.1126/scitranslmed.3003854
http://dx.doi.org/10.1016/j.metabol.2012.08.016
http://dx.doi.org/10.1016/j.metabol.2012.08.016
http://dx.doi.org/10.1016/j.bbcan.2014.10.001
http://dx.doi.org/10.2217/bmm.11.29
http://dx.doi.org/10.1158/1078-0432.CCR-11-2202
http://dx.doi.org/10.1186/s12916-014-0156-8
http://dx.doi.org/10.1373/clinchem.2012.194258
http://dx.doi.org/10.1158/0008-5472.CAN-13-2030
http://dx.doi.org/10.1158/0008-5472.CAN-13-2030
http://dx.doi.org/10.3978/j.issn.2305-5839.2014.08.11
http://dx.doi.org/10.1038/nrc3820
http://dx.doi.org/10.1373/clinchem.2014.222679
http://dx.doi.org/10.1200/JCO.2012.45.2011
http://dx.doi.org/10.3978/j.issn.2305-5839.2014.09.06
http://dx.doi.org/10.1038/nrclinonc.2014.82
http://dx.doi.org/10.1158/0008-5472.CAN-12-4140
http://dx.doi.org/10.1158/0008-5472.CAN-12-4140
http://dx.doi.org/10.1016/j.canlet.2006.12.014
http://dx.doi.org/10.15252/emmm.201303698
http://dx.doi.org/10.15252/emmm.201303698
http://dx.doi.org/10.1053/j.seminoncol.2006.03.016
http://dx.doi.org/10.3389/fonc.2014.00242
http://dx.doi.org/10.1038/nrclinonc.2013.253
http://dx.doi.org/10.1038/nm.1789
http://dx.doi.org/10.1038/511524a


26

VE, Kinzler KW, Vogelstein B, Papadopoulos N, 
Diaz LA Jr (2014) Detection of circulating tumor 
DNA in early- and late-stage human malignancies. 
Sci Trans Med 6(224):224ra224. doi:  10.1126/
scitranslmed.3007094      

    103.    Heitzer E, Auer M, Ulz P, Geigl JB, Speicher MR 
(2013) Circulating tumor cells and DNA as liquid 
biopsies. Genome Med 5(8):73. doi:  10.1186/gm477      

    104.    Ignatiadis M, Dawson SJ (2014) Circulating tumor 
cells and circulating tumor DNA for precision medi-
cine: dream or reality? Ann Oncol 25(12):2304–
2313. doi:  10.1093/annonc/mdu480      

       105.    Cheng G (2014) Circulating miRNAs: roles in can-
cer diagnosis, prognosis and therapy. Adv Drug 
Deliv Rev. doi:  10.1016/j.addr.2014.09.001      

   106.    Hayes J, Peruzzi PP, Lawler S (2014) MicroRNAs 
in cancer: biomarkers, functions and therapy. 

Trends Mol Med 20(8):460–469. doi:  10.1016/j.
molmed.2014.06.005      

    107.    Shen J, Stass SA, Jiang F (2013) MicroRNAs as 
potential biomarkers in human solid tumors. Cancer 
Lett 329(2):125–136. doi:  10.1016/j.
canlet.2012.11.001      

     108.    Witwer KW (2014) Circulating microRNA bio-
marker studies: pitfalls and potential solutions. Clin 
Chem. doi:  10.1373/clinchem.2014.221341      

      109.    Schwarzenbach H, Nishida N, Calin GA, Pantel K 
(2014) Clinical relevance of circulating cell-free 
microRNAs in cancer. Nat Rev Clin Oncol 
11(3):145–156. doi:  10.1038/nrclinonc.2014.5      

    110.    Wang J, Zhang KY, Liu SM, Sen S (2014) Tumor- 
associated circulating microRNAs as biomarkers of 
cancer. Molecules 19(2):1912–1938.  doi:  10.3390/
molecules19021912                      

A. Mordente et al.

http://dx.doi.org/10.1126/scitranslmed.3007094
http://dx.doi.org/10.1126/scitranslmed.3007094
http://dx.doi.org/10.1186/gm477
http://dx.doi.org/10.1093/annonc/mdu480
http://dx.doi.org/10.1016/j.addr.2014.09.001
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1016/j.canlet.2012.11.001
http://dx.doi.org/10.1016/j.canlet.2012.11.001
http://dx.doi.org/10.1373/clinchem.2014.221341
http://dx.doi.org/10.1038/nrclinonc.2014.5
http://dx.doi.org/10.3390/molecules19021912


27© Springer Science+Business Media Dordrecht 2015 
R. Scatena (ed.), Advances in Cancer Biomarkers, Advances in Experimental 
Medicine and Biology 867, DOI 10.1007/978-94-017-7215-0_3

      Use of Biomarkers in Screening 
for Cancer       

     Michael     J.     Duffy    

    Abstract  

  Screening for premalignant lesions or early invasive disease has the 
potential to reduce mortality from cancer. Because of their ease of mea-
surement, several biomarkers have been evaluated or are currently under-
going evaluation as screening tests for early malignancy. These include the 
use of AFP in screening for hepatocellular cancer in high-risk subjects, 
CA 125 in combination with transvaginal ultrasound (TVU) in screening 
for epithelial ovarian cancer, PSA in screening for prostate cancer, faecal 
occult blood testing (FOBT) in screening for colorectal cancer (CRC) and 
vanillymandelic acid and homovanillic acid in screening for neuroblas-
toma in newborn infants, Of these biomarkers, only the use of FOBT in 
screening for CRC has unequivocally been shown to reduce mortality 
from cancer. Although 2 large randomized prospective trials have evalu-
ated PSA as a screening test for prostate cancer, it is still unclear whether 
the benefi ts outweigh the harms in this setting. Although biomarkers have 
many attractive features as cancer screening tests, lack of sensitivity and 
specifi city, when combined with the low prevalence of specifi c cancer 
types in asymptomatic subjects, limit their application for the early detec-
tion of malignancy.  
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      Screening   has been defi ned as the systematic 
application of a test to identify subjects at suffi -
cient risk of a specifi c disorder to benefi t from 
further investigation or direct preventive action, 
among persons who have not sought medical 
attention on account of symptoms of that disor-
der [ 1 ]. To be of value, screening must detect 
disease earlier and result in an effi cacious treat-
ment and the earlier use of effi cacious treatment 
must lead to a better outcome compared to treat-
ment available at the onset of symptoms [ 2 ]. 
Screening for a disease differs from diagnosis in 
that the aim is to detect disease or a predisease 
state when subjects are asymptomatic.  Diagnosis  , 
on the other hand, involves investigating individu-
als with symptoms that may or may not be due to 
cancer. 

3.1      Criteria for Disease 
Screening   

 Over 40 years ago, the World Health Organization 
(WHO) published a list of criteria that should be 
fulfi lled prior to the introduction of a screening 
programme for a specifi c disease [ 3 ]. These crite-
ria are:

•    The condition should be an important health 
problem.  

•   There should be a treatment for the condition.  
•   Facilities for diagnosis and treatment should 

be available.  
•   There should be a latent stage of the disease.  
•   There should be a test or examination for the 

condition.  
•   The test should be acceptable to the 

population.  
•   The natural history of the disease should be 

adequately understood.  
•   There should be an agreed policy on whom to 

treat.  

•   The total cost of fi nding a case should be eco-
nomically balanced in relation to medical 
expenditure as a whole.    

 Although these criteria were published several 
decades ago, they are still highly relevant and 
should be borne in mind before a new disease 
screening programme is introduced. A new criterion 
however, might be added, i.e., the balance of bene-
fi ts of the screening programme should outweigh 
the harm. This is important as screening is per-
formed on well or healthy individuals. In this situa-
tion, it is therefore important to minimize risk, while 
attempting to enhance benefi t, as much as possible.  

3.2     Advantages and Limitation 
of  Screening   

  Screening   and the early detection of disease has 
intuitive appeal as a process for reducing morbidity 
and mortality from disease. Indeed, it is widely 
believed that the early detection of disease fol-
lowed by treatment results in a better outcome. 
While this is undoubtedly true in many situations, 
screening may not always result in improved out-
come. There are two main prerequisites in order for 
screening to reduce death rates from malignancy 
[ 4 ]. Firstly, the process must bring forward the 
date of diagnosis of cancer that are destined to 
result in death. Secondly, early treatment of these 
cancers must confer an advantage relative to 
treatment at clinical presentation. 

  Screening   for cancer is widely promoted, espe-
cially in the lay media. Most of this promotion 
focuses on the potential benefi ts of the practice, 
with little references to its limitations or its potential 
for harm. Indeed, most of the currently available 
screening tests have limitations that are not widely 
known by the individuals undergoing the process. 

 One of these limitations relates to the lack of 
sensitivity and specifi city of the available screening 
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tests [ 5 ]. For example, all screening tests yield 
false positive results, increasing anxiety and 
stress as well as the possibility of unnecessary 
investigations and treatment. In addition, no 
screening test displays 100 % sensitivity, leading 
to a false sense of security that the subject is free 
of the disease being screened for. Another disad-
vantage of screening is that it may lead to overde-
tection of disease that may never present clinically 
or cause major morbidity or mortality [ 5 ]. Finally, 
the performance of some screening tests may 
cause side effects in subjects undergoing the test. 
An example of this is the possibility of bleeding 
or perforation in subjects undergoing screening 
for colorectal cancer with colonoscopy [ 6 ]. 
Ideally, therefore, before any test is used in popu-
lation screening, it should be shown in a large 
prospective randomized trial to reduce mortality 
and results in overall more benefi t than harm. 

 Because of these limitations, most expert pan-
els currently recommend that prior to undergoing 
screening, at least for cancer, that the individual 
be told about the potential benefi ts and risks asso-
ciated with the process as well as the possible 
diagnostic test and treatment that may result from 
a positive screening test. 

 Before concluding this section, it is important 
to stress that although screening may result in 
harm in some individuals, it can reduce mortality 
from cancer. Indeed, it is widely believed that 
although screening may result in harm in some 
individual, its practice together with the avail-
ability of better treatments are the main reasons 
for the declines in specifi c cancers observed in a 
number of Western countries in recent years. A 
good example of a successful screening test is the 
use of cytology (PAP test) in screening for cervi-
cal cancer. This screening is estimated to have 
reduced the incidence of cervical malignancy by 
at least 60 % and death from cervical cancer by 
20–60 % [ 7 ].  

3.3     Established  Screening   Tests 

 Currently, only a small number of screening tests 
have been shown to reduce mortality from can-
cer. These include mammography in screening 

for breast cancer (especially in women >50 years 
of age), the Papanicalaou (PAP) test in screening 
for cervical cancer, both faecal occult blood test-
ing ( FOBT  ) and fl exible sigmoidoscopy in 
screening for colorectal cancer (CRC) and low- 
dose computed tomography (CT) in screening 
high-risk subjects for lung cancer (for review, see 
refs [ 8 ,  9 ]). The use of mammography to reduce 
mortality from breast cancer, FOBT to decrease 
death from CRC and low dose CT to reduce mor-
tality have all been validated in large randomized 
trials. Although the PAP test has not undergone 
validation in a prospective trial, large population- 
based studies have clearly concluded that it 
reduces mortality from cervical cancer.  

3.4     Biomarkers in  Screening   
for  Cancer   

 Biomarkers have several theoretical advantages 
as cancer screening tests. These include:

•    Biomarkers can be measured in biological fl u-
ids such as blood and urine that can be 
obtained with minimal inconvenience to sub-
jects undergoing screening. This in turn should 
lead to high compliance rates with the 
screening.  

•   For many biomarkers, automated assays are 
available, allowing the processing of large 
numbers of samples in a relatively short period 
of time.  

•   Tests for biomarkers provide quantitative 
results with objective endpoints.  

•   Assays for biomarkers are relatively cheap.    

 In practice however, lack of sensitivity for 
early invasive disease or premalignant lesions 
and lack of specifi city for malignancy, limit the 
use of most existing biomarkers in screening 
asymptomatic subjects for early malignancy [ 10 , 
 11 ]. This lack of sensitivity and specifi city when 
combined with the low prevalence of specifi c 
cancer types in the general population preclude 
the use of most biomarkers in screening asymp-
tomatic populations for cancer. This is especially 
true with single determinations of markers or if 
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markers are used alone, i.e., without backup test-
ing (e.g., transvaginal ultrasound as a follow-up 
test in screening for ovarian cancer). 

 Although these limitations have been known 
for several years, a number of biomarkers have 
undergone evaluation as potential cancer screen-
ing tests (Table  3.1 ). The aim of this chapter is to 
critically review the role of the most widely 
investigated biomarkers in screening for early 
cancer.

3.5        AFP in  Screening   
for Hepatocellular  Cancer   

 Although relatively rare in the West, hepatocel-
lular cancer (HCC) is the 3rd most frequent cause 
of cancer-related deaths world-wide [ 12 ]. HCC is 
particularly prevalent in South-east Asia and sub- 
Saharan Africa. Overall, almost 80 % of the 
newly diagnosed cases of HCC diagnosed each 
year occur in Asia [ 13 ]. These wide variations in 
incidence of HCC are mostly due to variations in 
risk factors, especially exposure to hepatitis B 
virus (HBV) or hepatitis C virus (HCV). HBV is 
responsible for most cases of HCC in China and 
Africa, whereas HCV accounts for most of the 
hepatitis-related cases in the Western world [ 12 , 
 13 ]. As well as infection with HBV or HCV, other 

conditions that increase the risk of HCC include 
alcoholic  cirrhosis  , primary biliary cirrhosis, 
obesity and genetic haemochromatosis [ 14 ]. 

 Since a group of subjects at high risk of devel-
oping HCC can be identifi ed, i.e., patients with 
 cirrhosis   and carriers of hepatitis B or hepatitis C, 
screening using regular surveillance may be per-
formed with the aim of detecting the possible 
development of early HCC. Two tests are widely 
used to screen high-risk subjects for HCC, i.e., 
measurement of serum AFP and performance of 
liver ultrasound [ 14 ]. 

 As mentioned above, the defi nitive procedure 
for validating a screening procedure is a large 
randomized prospective trial. Two such trials 
using AFP and/or liver ultrasound to screen for 
HCC in high-risk subjects have been carried out 
in China. In the one of these trials, almost 19,000 
subjects aged 35–55 years of age with hepatitis B 
infection or chronic hepatitis were offered bi- 
annual AFP measurement and ultrasound or sub-
jected to the usual standard of care [ 15 ,  16 ]. 
Using a cut-off value of 20 μg/L, the sensitivity 
of AFP for HCC was 69 % and the specifi city was 
95 %. The positive predictive value (PPV) how-
ever, was only 3.3 %. Combining ultrasound with 
AFP increased sensitivity to 92 % but decreased 
specifi city to 92.5 %. Outcome analysis showed 
that screening reduced mortality from HCC by 
37 % [ 15 ,  16 ]. 

 In the second randomised trial, screening with 
AFP resulted in the earlier diagnosis of HCC but 
this did not lead to an overall reduction in mortal-
ity [ 17 ]. A major limitation of this trial was that a 
high proportion of subjects with screen-detected 
cancers did not undergo follow-up with surgical 
resection. 

 As well as these large randomized trials, sev-
eral smaller studies have investigated screening 
for early HCC [ 18 ]. Thus, following a systematic 
review of the literature, Singal et al. [ 18 ] identi-
fi ed 13 such studies. Meta-analysis of these 13 
studies gave a sensitivity and specifi city of 94 % 
for ultrasound. However, this sensitivity 
decreased to 63 % in patients with early stage 
HCC. Addition of AFP to ultrasound only mar-
ginally increased sensitivity, i.e., to 69 % 
( p  = 0.65). 

   Table 3.1     Biomarker   investigated in cancer screening   

  Cancer     Biomarker   
 Reduction 
in mortality 

  Prostate     PSA     a Data confl icting 

 Ovarian   CA 125    Unknown 

  b Hepatocellular  AFP  Yes, in a single 
study 

 Colorectal   FOBT    Yes 

 Neuroblastoma   c VMA, 
HVMA 

 No 

  d Gastric  Pepsinogen  Unknown 

 Gestational 
trophoblastic disease 

 HCG  Yes 

   a Results from trials provide confl icting data 
  b High risk patients investigated 
  c Vanillymandelic acid and homovanillic acid 
  d Only used in parts of Asia, where the prevalence of gas-
tric cancer is high  
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 In contrast to this meta-analysis of clinical 
trial data, a large real world study, i.e., carried out 
in a clinical setting, rather than as part of clinical 
trial, concluded that a combination of ultrasound 
and AFP was the most effective strategy to detect 
HCC at an early stage [ 19 ]. In this clinical study 
carried out in patients with  cirrhosis  , AFP had a 
sensitivity and specifi city of 66 % and 91 %, 
respectively. The corresponding values for ultra-
sound were 44 % and 92 %. Combining AFP and 
ultrasound increased sensitivity to 90 % but 
reduced specifi city to 83 %. 

 Although high-level evidence is lacking, espe-
cially in the Western world, several guidelines 
published by expert panels recommend that high- 
risk subjects should undergo surveillance and be 
screened for HCC [ 20 – 24 ]. However, the guide-
lines differ in the specifi c tests that they recom-
mend. According to the National Academy of 
Clinical Biochemistry NACB (USA) [ 20 ], AFP 
should be measured and abdominal ultrasound 
performed at 6-monthly intervals in subjects at 
high risk of HCC, especially in those with hepa-
titis B and hepatitis C-related liver  cirrhosis  . AFP 
concentrations that are >20 μg/L and increasing 
should prompt further investigation, even if ultra-
sound is negative [ 20 ]. Similarly, the National 
Comprehensive  Cancer   Network (NCCN) rec-
ommends both regular AFP and ultrasound deter-
mination in screening high risk subjects for HCC 
[ 21 ]. According to this organization, additional 
imaging with CT or MRI is necessary if AFP lev-
els are increasing. 

 In contrast to the NACB and NCCN, the 
American Association for the Study of Liver 
Disease (AASLD) state that AFP should not be 
used in the surveillance of high-risk groups for 
HCC unless ultrasound is not available [ 22 ]. 
According to the AASLD, AFP lacks the necessary 
sensitivity as a screening test for early HCC [ 22 , 
 23 ]. Similarly, joint guidelines published by the 
European Association for the Study of Liver 
(EASL) and the European Organization for 
Research and Treatment of  Cancer   (EORTC) are 
opposed to the use of AFP in surveillance for HCC, 
claiming that the small increase in sensitivity with 
AFP measurement does not counterbalance the 
increased rate of false-positive results [ 23 ].  

3.6     Use of  PSA   in  Screening   
for  Prostate    Cancer   

  Prostate   cancer is the most commonly diagnosed 
cancer in men, world-wide [ 25 ]. In recent, 
decades the prevalence of this malignancy has 
greatly increased, mainly due to an aging popula-
tion and an increased use of  PSA   screening. 
 Screening   asymptomatic men for prostate cancer 
however is controversial. Some of the reasons for 
this controversy are as follows [ 26 ]:

•     Screening   may lead to overdiagnosis and con-
sequently overtreatment of indolent disease.  

•   The optimum treatment for early prostate can-
cer is unclear, i.e., whether it should be radical 
prostatectomy, radiotherapy or merely active 
surveillance.  

•    PSA   alone is a non-ideal screening test for 
early prostate cancer, lacking sensitivity and 
specifi city.  

•   Consistent data from randomised prospective 
trials showing that screening decreases mor-
tality from prostate cancer or does more good 
than harm is lacking.    

 In an attempt to address the effectiveness of 
 PSA   screening in decreasing mortality from 
prostate cancer, two large prospective random-
ized controlled trials have been carried out, i.e., 
the European Randomized Study of  Prostate   
 Cancer   (ERSPC) [ 27 ] and the Prostate, Lung, 
Colon and Ovary trial (PLCO) [ 28 ]. The ERSPC 
trial was performed in 7 different European coun-
tries while the PLCO trial was based at 10 differ-
ent sites in the US. Both these trials started in the 
middle 1990s and by 2002, over 200,000 men 
had been randomised [ 29 ]. 

 Preliminary results from both the ERSPC and 
PLCO studies were fi rst published in 2009. In the 
PLCO trial, 76,693 men were randomized to 
either annual screening or standard care [ 28 ]. 
After 7–10 years of follow-up, the incidence of 
prostate cancer per 10,000 person-years was 116 
(2,820 cancers) in the screened group and 95 
(2,322 cancers) in the control group (rate ratio, 
1.22; 95 % CI, 1.16–1.29). The incidence of 
death per 10,000 person-years was 2.0 (50 deaths) 
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in the screened group and 1.7 (44 deaths) in the 
control group (rate ratio, 1.13; 95 % CI, 0.75–
1.70). Thus, after 7–10 years of follow-up, simi-
lar rates of death were found in the screened and 
control groups. 

 This trial had several limitations [ 30 ,  31 ]. One 
of these was that approximately 50 % of men in 
the control group underwent  PSA   testing during 
the study. This trial might thus be regarded as a 
comparison between annual and ad hoc screen-
ing. A further limitation was that almost 50 % of 
the men participating in the study had undergone 
PSA testing before the trial had commenced. 
This pre-trial testing was likely to have reduced 
the number of aggressive cancers in both arms. A 
further limitation of this trial was that the biopsy 
rate was only approximately 40 % in men who 
gave a positive screening test. 

 In the ERSPC study, 162,243 men, 55–69 
years of age, were randomly assigned to  PSA   
screening at an average of once every 4 years or 
to a control group not subjected to screening 
[ 27 ]. During a median follow-up of 9 years, the 
cumulative incidence of prostate cancer was 
8.2 % in the screened group and 4.8 % in the con-
trol group. The rate ratio for death from prostate 
cancer in the screened group, as compared with 
the control group, was 0.80 (95 % CI, 0.65–0.98; 
adjusted  p  = 0.04), i.e., screening reduced death 
rates by 20 %. 

 Although  PSA  -based screening reduced the 
rate of death from prostate cancer by 20 %, the 
authors calculated that 1410 men would have to 
be screened and 48 cases of prostate cancer 
would have to undergo treatment to prevent one 
death from prostate cancer. These high rates how-
ever, are likely to decrease with further patient 
follow-up. Updated analysis of the PLCO and 
ERSPC studies published in 2012 gave essen-
tially similar fi ndings [ 32 ,  33 ], to that in the origi-
nal analyses. 

 Because of the uncertainty of whether  PSA   
screening does more good than harm, published 
guidelines differ as to whether men should 
undergo screening for prostate cancer [ 8 ,  34 – 37 ]. 
Thus, according to the American  Cancer   Society 
(ACS) [ 8 ], men should “make an informed deci-
sion with their doctor about whether to be tested”. 

The ACS also state “that men should not be tested 
without learning about what we know and don’t 
know about the risks and possible benefi ts of test-
ing and treatment. If men decide to be tested, they 
should have the PSA blood test with or without a 
rectal exam”. On the other hand the US Preventive 
Services Task Force (USPSTF) recommends 
against PSA-based screening for prostate cancer 
[ 34 ]. According to USPSTF, the benefi ts of PSA- 
based screening do not outweigh the harms.  

3.7     Use of  CA 125   in  Screening   
for  Ovarian Cancer   

 Although epithelial ovarian cancer is relatively 
rare, it is the 4th most common cause of tumor- 
related death in women and the most lethal gyn-
aecological malignancy [ 38 ]. Unlike the situation 
in many cancers such as prostate and breast can-
cer, most (approximately 70 %) cases of ovarian 
cancer are diagnosed at an advanced stage and 
thus have poor outcome. Because of this large 
difference in outcome, it has been argued that 
early detection by screening should lead to a bet-
ter prognosis. The main screening tests undergo-
ing investigations for ovarian cancer are  CA 125   
and transvaginal ultrasound (TVU) [ 39 ,  40 ]. 

 Due to the low prevalence of ovarian cancer in 
asymptomatic women, it is widely accepted that 
a screening strategy for ovarian cancer should 
have a PPV of at least 10 % to be clinically useful 
[ 41 ,  42 ]. With a PPV of 10 %, 10 women would 
be required to have surgery for every case of 
ovarian cancer detected. In order to achieve a 
PPV >10 %, a highly stringent screening strategy 
is required, i.e., it should possess a sensitivity of 
>75 % for early disease and a specifi city of 
>99.6 % [ 41 ,  42 ]. 

 Although widely used in monitoring treatment 
in patients with diagnosed ovarian cancer, inade-
quate sensitivity for stage 1 disease and lack of 
specifi city for cancer of the ovary, preclude the 
use of  CA 125   alone, in screening healthy women 
for ovarian cancer [ 40 – 42 ]. In order to enhance the 
clinical utility of CA 125 as a screening test for 
ovarian cancer, a variety of strategies have been 
attempted, including the assay of biomarkers 
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complementary to CA 125 in addition to CA 125, 
sequential assays of CA 125 and a combination 
of CA 125 with TVU (i.e., multi-modal screen-
ing) [ 40 – 42 ]. 

 It is the latter approach that has been used 
most frequently used in the ovarian cancer 
screening studies reported to date (for review, see 
refs. [ 43 – 49 ]). In multi-modal screening,  CA 125   
is assayed initially and TVU only performed if 
elevated marker concentrations are found. The 
advantage of this approach is that only a minority 
of women need to undergo TVU which reduces 
costs and the need for a clinical examination. 

 Two large randomized trials have or are cur-
rently evaluating the role of  CA 125   and TVU in 
screening for early ovarian cancer in asymptom-
atic women. One of the trials known as the 
 Prostate  , Lung, Colorectal and Ovarian (PLCO) 
 Cancer    Screening   Trial has been ongoing in the 
US for over a decade [ 50 ,  51 ]. This trial random-
ized 78,216 asymptomatic women, aged 55–74 
years, to either annual screening or standard care. 
Women assigned to screening were offered 
annual  CA 125 measurement  s for 6 years and 
TVU for 4 years. CA 125 levels >35 kU/L were 
regarded as positive. 

 Despite this relatively intensive screening, 
similar rates of mortality were found in the 
screened and control groups after a median fol-
low- up of 12.4 years [ 51 ]. In addition to having 
no signifi cant impact on mortality, screening was 
also associated with a relatively high number of 
false-positive fi ndings, i.e., 3285 [ 51 ]. Due to 
these false-fi nding, 1080 (33 %) women were 
subjected to surgery, of whom, 163 suffered at 
least one serious complication (15 %). 

 The second large randomized trial evaluating 
 CA 125   and TVU in screening for ovarian cancer 
is currently taking place in the UK, i.e., the UK 
Collaborative Trial of  Ovarian Cancer    Screening   
(UKCTOCS) trial [ 52 ]. In this trial, approxi-
mately 200,000 asymptomatic postmenopausal 
women, aged 50–74 years were randomized to 
annual TVU, annual CA 125 assay and a control 
group. All CA 125 assays were measured in the 
same center, using the same method. 

 Rather than relying on an absolute cut-off 
value for  CA 125   concentrations as in the PLCO 

study, this trial is using a risk of ovarian cancer 
(ROC) algorithm. The algorithm includes the age 
of subject, rate of change in CA 125 level and 
absolute level of CA 125 [ 45 ,  47 ]. The inclusion 
of the rate of change in CA 125 concentration in 
the algorithm was based on the prior observation 
that while women with ovarian malignancy gen-
erally have rising marker concentrations, women 
with benign diseases are likely to have constant 
or declining values [ 47 ]. The algorithm calcu-
lates the slope (change in marker levels over 
time) and intercept (initial value) of the best-fi t 
line between sequential CA 125 values. The 
greater the slope or intercept, the higher was the 
risk of ovarian cancer. The ROC algorithm was 
found in a preliminary analysis to be superior to 
that of a fi xed cut-off concentration of CA 125 in 
early detection of ovarian cancer in postmeno-
pausal women [ 45 ]. 

 Early results from the UK trial have been pub-
lished [ 52 ]. Of the 58 cancer detected through 
screening, 28 (48 %) were found to be either 
stage I or II. Overall sensitivity, specifi city and 
PPV for primary and tubal malignancies were 
89.4 %, 99.8 % and 35.1 %, respectively, when 
 CA 125   and ultrasound were used in screening. 
 Specifi city   and PPV but not sensitivity was sig-
nifi cantly greater when the combined versus the 
when multimodal screening was used [ 52 ]. Due 
to inadequate follow-up, results on mortality 
were not presented but are expected in 2015/2016. 

 Thus, at present, it is unclear whether screen-
ing asymptomatic women with  CA 125    measure-
ment   and TVU improves outcome in patients 
with ovarian cancer. Based on our current state of 
knowledge, it is therefore not surprising that 
Expert Groups in Europe and the US recommend 
against using CA 125, either alone or in combi-
nation with TVU, in population screening for 
ovarian cancer [ 36 ,  53 – 55 ]. 

 Although screening postmenopausal women 
with  CA 125   and TVU has not yet been shown to 
enhance survival in average-risk women, use of 
these tests in women at high risk of ovarian can-
cer might be benefi cial, as the prevalence of dis-
ease is substantially higher in these women. 
Thus, in a recent study, Rosenthal et al. [ 56 ] 
screened 3563 women with a ≥10 % life-time 
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risk of developing ovarian or fallopian tube can-
cer, using annual CA 125 determination and 
TVU. CA 125 was measured at separate sites 
using the locally available method. 

 Using  CA 125   cut-off values of 35 and 30 IU/
ml for premenopausal and postmenopausal 
women, respectively, sensitivity for the detection 
of ovarian or fallopian tube cancer at 1 year after 
last annual screen was 81.3 % if occult cancers 
were classifi ed as false negatives and 87.5 %, if 
classifi ed as true positives. Positive and negative 
predictive values were 25.5 and 99 %, respec-
tively. Of the 13 incident cancer detected, 4 were 
either stages 1 or 2, while 9 were stage 3. A fol-
low- up phase 2 trial to above is currently in prog-
ress. In this new trial, screening is performed 
every 4 months and CA 125 is being measured in 
a single laboratory. This single laboratory mea-
surement should reduce inter-laboratory varia-
tion. Furthermore, in this follow-up trial, serial 
CA 125 levels are being interpreted with the ROC 
algorithm mentioned above.  

3.8     Use of Faecal Occult Blood 
Tests in  Screening   
for  Colorectal Cancer   

 Colorectal cancer (CRC) is the third most com-
mon cancer, worldwide with an estimated one 
million new cases and a half million deaths each 
year [ 57 ]. CRC possess several characteristic that 
make it a suitable disease for population-based 
screening.

•    Firstly, as mentioned above, it is a common 
serious condition and thus a major public 
health problem.  

•   Secondly, outcome is closely related to the 
disease stage at diagnosis. Thus, 5-year sur-
vival is approximately 90 % if the disease is 
detected while still localized, but only approx-
imately 70 % when metastasis to lymph nodes 
are present and only about 10 % when distant 
metastasis are present [ 57 ].  

•   Thirdly, most CRCs are derived from precur-
sor lesions known as adenomas, some of 
which may progress slowly to malignancy via 

an advanced adenoma state. Removal of these 
advanced adenomas reduces the risk of devel-
oping CRC.  

•   Fourthly, many of the molecular alterations 
involved in the progression of adenomas to 
carcinomas are now known [ 58 ]. Indeed, the 
specifi c DNA alterations responsible for this 
transition are potential markers for CRC 
screening.    

 Although several types of screening tests are 
available for CRC such as colonoscopy, fl exible 
sigmoidoscopy and faecal marker testing 
(Table  3.2 ) [ 59 – 61 ], this article will focus exclu-
sively on faecal-based markers. It should be 
stated that compared to endoscopic techniques 
(e.g., colonoscopy or sigmoidoscopy), measure-
ment of faecal markers is relatively simple, low 
cost, non-invasive and can be carried out in the 
individual’s own home. These tests are thus suit-
able for large population-based screening. A pos-
itive faecal occult blood test ( FOBT  ) however, 
must be followed-up with a colonoscopy. A fur-
ther disadvantage of FOBT is that it must be per-
formed on a regular basis such as annually or 
biannually.

    FOBT   may be measured, either by the guaiac 
test which detects the pseudo peroxidase activity 
of haem/haemoglobin or with a faecal immuno-
chemical test (FIT) which detects the globin anti-
gen in haemoglobin [ 60 ,  62 – 64 ]. Of these two 
 methods  , the older guaiac test has been the more 
widely evaluated, especially in large randomized 
controlled trials. Indeed, to date, FITs have not 
undergone evaluation in a large prospective trial. 

 A systematic review of the literature identifi ed 
11 articles containing results from 4 prospective 
randomized controlled trials that evaluated the 

   Table 3.2     Screening    tests   for colorectal cancer and 
advanced colorectal adenomas.  FOBT  , faecal occult blood 
test   

 Colonoscopy 

 Flexible sigmoidoscopy 

 Computed tomographic colonography 

 Guaiac-based  FOBT   (gFOBTs) 

 Immunochemical  FOBT   (FITs) 

 Stool panel of DNA markers 
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guaiac  FOBT   in population-based screening 
studies for CRC [ 65 ]. Overall, the combined tri-
als involved >300,000 subjects, with follow-up 
ranging from 8 to 18 years. Cumulative results 
from the four randomized studies showed that the 
subjects allocated to screening had a 16 % reduc-
tion in the relative risk of CRC mortality. Many 
individual invited however, did not participate in 
the screening programme. Following statistical 
adjustment of for non-attendances, the overall 
predicted relative mortality reduction was 25 % 
for the screened group. The authors concluded 
that FOBT screening had the potential to reduce 
approximately 1 in 6 deaths from CRC. Although 
deaths from CRC were reduced in this meta- 
analysis, overall mortality was not decreased. 

 Although screening with the guaiac test has 
clearly been shown to reduce mortality from 
CRC, this test is currently being replaced with 
FITs. Some of the advantages of the FIT tests 
compared to guaiac tests include [ 60 – 64 ]:

•    FITs have better analytical sensitivity and 
specifi city for human haemoglobin than 
guaiac-based test.  

•   Some FITs can be automated, thus increasing 
throughput and reproducibility.  

•   Some FITs can be quantitated, enabling 
adjustment of sensitivity, specifi city and posi-
tivity rates to meet local requirements.  

•   Unlike the guaiac tests which may be affected 
by certain dietary components (e.g., red meat, 
vitamin C) and some medications (e.g., aspi-
rin), FITs are free from interference by these 
factors.    

 FITs however, are more expensive to perform 
than guaiac-based tests. Furthermore, as men-
tioned above, FITs have not to-date been shown 
to reduce mortality from CRC in randomized 
clinical trials. However, since their accuracy in 
detecting CRC and advanced adenomas, is at 
least as good, if not better than guaiac-based tests 
[ 60 – 64 ], such validation should not be necessary. 
It is likely that FITs will replace guaiac-based 
tests in screening for CRC, in the future. 

 Based on the available evidence, it is not 
surprising that most, if not all expert panels, 

recommend that subjects 50 years or older should 
undergo screening for CRC [ 36 ,  59 ,  66 – 69 ]. 
Since the optimum screening test/strategy is still 
unclear, some organizations are not prescriptive 
as to the specifi c screening procedure to be used. 
A joint statement from the American  Cancer   
Society, the US Multi-Society Task Force and the 
American College of Radiology [ 59 ] thus, stated 
that “clinicians should make patients aware of the 
full range of screening options but at a minimum, 
they should be prepared to offer patients a choice 
between a screening test that is effective at both 
early cancer detection and cancer prevention 
(e.g., colonoscopy) and a screening test that pri-
marily is effective at early cancer detection (e.g., 
 FOBT  )”. It was the strong opinion of these three 
organizations that colon cancer prevention should 
be the main goal of cancer screening. The EGTM 
panel, on the other hand, recommend FOBT 
using a FIT in screening for CRC [ 69 ].  

3.9     Use of hCG in  Screening   
for  Gestational Trophoblastic 
Neoplasia   

 Women who develop hydatidiform molar preg-
nancies have an increased risk of developing ges-
tational trophoblastic neoplasia (GTN) such as an 
invasive mole or choriocarcinoma. Data from the 
UK suggests that malignancy can occur in 
approximately 1 % of women who have had a 
partial mole and in about 15 % of those with a 
complete hydatidiform mole. Because of this 
increased risk, such women undergo regular sur-
veillance with hCG measurements [ 70 ,  71 ]. 
According to the International Federation of 
Gynecology and Obstetrics (FIGO) committee 
on gynaecological oncology [ 72 ], early onset of 
malignancy can be detected when:

•    The plateau of hCG lasts for four measure-
ments over a period of 3 weeks or longer; that 
is, days 1, 7, 14, 21.  

•   If there is a rise of hCG of three weekly 
consecutive measurements or longer, over 
at least a period of 2 weeks or more; 
days 1, 7, 14.  
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•   If hCG level remains elevated for 6 months or 
more.  

•   If there is a histologic diagnosis of 
choriocarcinoma.    

 The measurement of serial levels of hCG and 
the early initiation of  chemotherapy   when these 
levels suggest early malignancy, has greatly 
reduced deaths from GTN in recent decades. 
Indeed, death from GTD is now extremely rare. 
In contrast, prior to the use of this strict monitor-
ing with hCG, mortality from GTD was relatively 
common.  

3.10     Conclusion 

 Although intuitively appealing, the success of bio-
markers in screening for early cancer has been dis-
appointing. Indeed, the discovery and validation of 
biomarkers for this purpose presents a major chal-
lenge. Despite efforts by the Early Detection 
Research Network (EDRN) [ 73 ], few new promis-
ing cancer screening biomarkers have emerged in 
recent years. Furthermore, new technologies such 
as gene expression microarray and proteomics 
have so far been slow in providing useful leads. 
The “holy grail” of a simple blood test for the early 
detection of cancer therefore remains. 

 Indeed, the question needs to be addressed 
whether the measurement of a single biomarker 
in serum can provide a reliable test for the early 
detection of cancer. Small or surgically resect-
able cancers are likely to release relatively low 
concentrations of biomarkers into blood. This, 
coupled with the large dilution in blood follow-
ing release, presents a major challenge in devis-
ing assays to detect biomarker levels above 
background. Rather than using blood as the 
source of biomarker, an alternative might be to 
use proximal fl uids, i.e., fl uids that are released 
from adjacent tumors. In this context, it should be 
pointed out that preliminary results suggest that 
the measurement of methylated genes in sputum 
is a promising new test for the early detection of 
lung cancer [ 74 ]. Similarly, the measurement fae-
cal molecular marker is a promising new 
approach for the early diagnosis of CRC [ 75 ].     
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Abstract

This chapter introduces the emerging field of metabolomics and its appli-
cation in the context of cancer biomarker research. Taking advantage of 
modern high-throughput technologies, and enhanced computational 
power, metabolomics has a high potential for cancer biomarker identifica-
tion and the development of diagnostic tools. This chapter describes cur-
rent metabolomics technologies used in cancer research, starting with 
metabolomics sample preparation, elaborating on current analytical meth-
odologies for metabolomics measurement and introducing existing soft-
ware for data analysis. The last part of this chapter deals with the statistical 
analysis of very large metabolomics datasets and their relevance for cancer 
biomarker identification.
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4.1  Introduction 
to Metabolomics

Cancer is one of the most prevailing causes for
death in developed countries. In order to 
meet all the necessary requirements and facili-
tate uncontrolled cell proliferation, tumor cells 
are forced to alter their metabolism. First
approaches in cancer metabolism date back to 
the 1920s, when Otto Warburg showed an alter-
ation of the cancer cell metabolism. He
observed that cancer cells show an increase in 
glucose uptake and lactic acid production com-
bined with reduced oxygen consumption. Even
in sufficient presence of oxygen, cancer cells 
seem to prefer metabolizing glucose into lactic
acid instead of pursuing oxidative phosphoryla-
tion [1, 2]. However, not much is known about
the underlying metabolic mechanisms of the 
“Warburg effect”, which is still highly dis-
cussed in the research community [3]. 
Therefore, the ultimate goal of cancer metabo-
lomics is to understand its “biochemical finger-
print” and to take this information for
diagnostic, prognostic and predictive purposes.

In the last decades, much effort was put into 
the optimization of sensitive high-throughput
metabolomics technologies, the development of 
sophisticated computational algorithms and sta-
tistical data analysis pipelines. This chapter high-
lights the potential of metabolomics for cancer 
biomarker identification and the development of 
diagnostic tools.

The emerging field of metabolomics involves 
the comprehensive analysis of the metabolome 
(the total set of metabolites or small molecules)
of a given cell, tissue or organism and can be seen 
as the integrated output of cellular reactions 
involving its genome, its transcriptome, its pro-
teome as well as environmental influences. All 
components of these different “omics” levels
have a strong interaction within a biological sys-
tem (Fig. 4.1). Analyzing the metabolome may
provide the most sensitive approach for detecting 
cellular and environmental changes in a biologi-
cal system. As an example, an enzyme perturba-
tion generally remains undetected on the level of 

the genome, transcriptome or proteome, but is 
detectable at the metabolomics level. On the
other hand, a genetic perturbation (e.g. mutation)
can also be detected by analyzing the metabo-
lome. As metabolomics is depicting the final phe-
notype of a given cell or organism, it has a very 
high potential as a suitable cancer biomarker dis-
covery and analysis tool.

Metabolomics studies can basically be 
divided into two classes: Targeted and non- 
targeted. A targeted analysis is used for the iden-
tification and quantification of pre-defined
metabolites [4, 5]. A non-targeted study consists 
of analyzing all accessible metabolites in a given
sample. Although non-targeted approaches are 
by far not as specific and sensitive as targeted 
approaches, in cancer biomarker discovery stud-
ies, non-targeted approaches are the first choice 
as the whole metabolic profile including unknown 
compounds is screened. Thus, differentiation of 
the different experimental classes (case vs. con-
trol) becomes possible by statistical analysis of
the different metabolic profiles. Later on, tar-
geted approaches may further elaborate the can-
cer biomarker study by more specific analysis of 
the previously determined biomarkers.
One of the most important characteristics of

every metabolism is its very fast turnover. Many
metabolites have a very limited half-life as they 
are constantly produced and degraded by bio-
chemical reactions [6]. This characteristic is one 
of the major challenges for any metabolomics 
study as processing time can easily become a 
limiting factor in terms of sensitivity and repro-
ducibility. In addition to constant dynamic 
changes, physical and chemical properties of 
metabolites are further complicating their analy-
sis. In contrast to the analytical accessibility of 
the relatively homogeneous macromolecules of 
the genome (4 nucleotides), the transcriptome
and the proteome (20 amino acids), the metabo-
lome represents a vast diversity of chemical 
structures.
Formally, metabolites or small molecules are 

defined as molecules with a molecular mass 
below 1500 Da and are involved in thousands of
enzyme-catalyzed biochemical processes. They
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link intra- and extracellular biochemical reac-
tions to metabolic pathways crucial for a well- 
coordinated functioning within a cell. Therefore, 
metabolites are directly linked to the actual 
in vivo state of a given organism. Up till now, the
total number of metabolites participating in 
human metabolism is still unknown. The human 
metabolome database (http://www.hmdb.ca) lists
over 7900 metabolites that had been measured
and identified in humans, whereas only 2000 of
them are of direct human origin [7].
Metabolites can be divided in two main

groups: primary metabolites and secondary 
metabolites. The former are essential metabolites 
involved in fundamental life processes, such as 

reproduction or growth. This group consists of a 
multitude of metabolites corresponding to differ-
ent substance classes e.g. sugars, organic acids, 
amino acids, lipids, nucleotides etc. Without
these metabolites, the organism would not be 
viable. Secondary metabolites are mostly non-
essential metabolites that appear to play impor-
tant roles in very specific pathways or under 
special conditions and are not directly involved in 
essential life processes. Plant-derived secondary
metabolites, such as quinones (e.g. plumbagin,
juglone and thymoquinone) have been shown to
possess anti-metastasis and anti-proliferation 
effects in different in vitro and in vivo cancer 
models [8].

Fig. 4.1 Position of metabolomics in Systems Biology. Metabolomics is downstream of all other ‘-omes’ and thus
probably the most sensitive approach for detecting cellular and environmental changes in a biological system
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4.2  Analytical Technologies

Although many analytical techniques for metab-
olite measurement have been developed, mainly 
three technologies are applied: liquid chromatog-
raphy coupled to mass spectrometry (LC/MS),
gas chromatography coupled to mass 
spectrometry (GC/MS) and nuclear magnetic
resonance (NMR) spectroscopy.

4.2.1  NMR

NMR spectroscopy is a quantitative high-
throughput technology based on the magnetic 
properties of metabolite atom nuclei. Nuclear
energy levels are defined by “spin states”, charac-
terizing the spinning behavior of the electrical
charge of a nucleus. In metabolomics, primarily 
1H and 13C NMR spectroscopy are applied. These
atoms are of high interest as they can only have 
two spin states: spin-up (+½) and spin-down
(−½). In a given metabolite, there will also be a
mixture of different 1H or 13C spin states [9]. 
Applying a strong electromagnetic field makes 
the magnetic nuclei move from a low-energy spin 
level to a high-energy spin level by absorbing 
electromagnetic radiation coming from a second 
electromagnetic field (radiofrequency). After a
certain time, the nuclei emit electromagnetic 
radiation and move back to a low-energy state. 
Each chemical group is characterized by the
range of frequencies (chemical shift, showing the
electron density around nuclei) applied on the
electromagnetic field [9]. As an example, in  
–CH3 (methyl) groups the chemical shift will be
lower than for –CHO (aldehyde) groups because
of the higher electronegativity of the oxygen 
atom that forces the electrons to move in its 
direction instead of staying nearby the H atoms.
The main advantages of NMR spectroscopy

are that it is non-destructive (non-invasive), there
is normally no prior metabolite separation or 
chemical modification required and the metabo-
lites are easily quantifiable. NMR can also be
considered as a non-biased method, as every 
metabolite containing atoms with an odd number 
of electrons (1H, 13C) can be detected. Therefore,

NMR spectroscopy represents an effective quan-
tification and identification method. However,
due to the low sensitivity compared to mass spec-
trometry approaches (e.g. LC/MS), low abun-
dance metabolites cannot be detected and signal 
overlaps can occur when measuring complex 
samples, such as human blood serum. Ludwig
et al. [5] proposed a targeted NMRmetabolomics
approach to reduce this issue and could detect a 
metabolic signature in colorectal cancer in human 
blood serum. Many other promising NMR cancer
studies have been published, e.g. for oral squa-
mous cell carcinoma, breast cancer, colorectal 
cancer and pancreatic cancer [10–13].

4.2.2  Mass Spectrometry

In contrast to NMR-based studies, mass spectro-
metric analyses typically rely on a metabolite 
separation prior to MS measurement, especially
for complex samples such as human blood serum 
or plasma. Therefore, mass spectrometry is rarely 
used alone and is often coupled to separation 
techniques such as gas chromatography (GC) or
liquid chromatography (LC).
Modern liquid chromatography devices, like 

high-performance liquid chromatography
(HPLC) instruments are equipped with an HPLC
column operating under high pressure which has 
shown great potential in enhancing the chromato-
graphic separation [14, 15]. Applying high pres-
sures, the metabolites are forced through the 
column and provide a better resolution compared 
to conventional LC methods. After separation,
metabolites need to be ionized prior to detection.
Ionization techniques such as electrospray ion-
ization (ESI) have to be performed [16].
However, soft ESI methods do not provide

much compound characterization information
due to the absence of compound fragmentation 
during ionization. To circumvent this problem,
several methods are used in LC/MS studies.
Tandem mass spectrometry (MS/MS) is the com-
bination of two mass analyzers, e.g. quadrupole
(Q) and time-of-flight (TOF) analyzers (Fig. 4.2).
In the quadrupole analyzer (MS1), specific ions
(precursor ions) are selected and subsequently
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fragmented in a collision cell (CID). The product
ions are transmitted to a time-of-flight analyzer
(MS2) to obtain a complete mass spectrum of the
dissociated precursor ion.
Several other techniques follow this principle:

(1) ionization, (2) precursor ion selection, (3)
collision-induced dissociation (CID), (4) mass
analysis, (5) Detection (D). These techniques are
highly relevant in targeted approaches due to 
their specific ion filtering. The most common 
techniques are triple quadrupole analyzers (QqQ)
or quadrupole ion trap analyzers (QTRAP).
Besides the measurement of ion mass over charge
ratio (m/z), QTRAPs are able to confine ions of
interest by electrostatic attraction [17]. For
metabolomics purposes, QTRAP analyzers,
Orbitraps [18] and Fourier transform mass spec-
trometers [19] provide good accurate masses.
Using LC-MS/MS metabolomics strategies,

Zhang et al. found that epoxy docosapentaenoic 
acid, which is synthesized from the omega-3
fatty acid docosahexaenoic acid, is inhibiting 
angiogenesis in vivo and in vitro. Apart from 
inhibiting angiogenesis, the authors show that 
EDP is also inhibiting VEGF Receptor 2 signal-
ing, the primary tumor growth and tumor metas-
tasis [20].
In most cases and in contrast to GC/MS, LC/

MS does not need any chemical modification on
the initial sample. Compared to NMR spectros-
copy, LC/MS-based studies usually require sig-
nificantly smaller sample volumes.

Gas chromatography coupled to mass spec-
trometry (GC/MS) is a metabolite separation and
analysis technique that can only cope with vola-
tile metabolites. For that reason, the metabolites

have to be chemically modified. The volatility of 
a metabolite depends directly on its physico- 
chemical properties. Thus, the chemical modifi-
cation has to act on the polarity of the molecule. 
This is done by a process called derivatization
consisting of a chemical substitution which 
replaces the active protons of functional groups, 
e.g. –OH, −COOH etc. with non-polar groups.
The most widely used derivatization is N-methyl-
N-(trimethylsilyl) trifluoroacetamide (MSTFA)
in combination with methoxyamine hydrochlo-
ride. Methoxyamine hydrochloride derivatizes
aldehydes or ketones by adding methoxyamine 
(MOX) groups. In sugars, for example, this
derivatization prevents the formation of cyclic
forms and open-chain forms will be conserved to 
reduce the complexity of the chromatogram (Fig.
4.3).
After injection of the derivatized sample into

the GC, metabolites are transported by an inert
carrier gas (generally helium or hydrogen)
through a fused silica column coated with a liq-
uid stationary phase on which the actual separa-
tion takes place. Gas chromatographs can be
operated in either a temperature-gradient or an 
isothermal modus. For more complex metabolo-
mics samples, such as blood plasma, a 
temperature-gradient is used. Consequently, the
metabolites are interacting with the liquid sta-
tionary phase inside the column. Metabolites
have different retention times due to the different 
boiling points, molecular structure and polarities. 
The retention time is defined as the time that the 
metabolite needs to pass through the GC column
before reaching the MS and depends on the
applied temperature gradient, installed column 

Fig. 4.2 Schematic overview of a Q-TOF analyser. 
After ionization, target ions are selected by the quadru-
pole analyser (Q/MS1) and deviated into a collision cell
(CID) where they collide with gas molecules and thereby

get fragmented. Finally, the fragment ions reach the TOF
analyser (MS2) in which their complete mass spectrum is
recorded based on flight time (Courtesy of Dr. Christian
Jäger)
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and carrier gas flow. Once entered the mass spec-
trometer through the GC/MS interface, the
metabolites are ionized. Typically, electron ion-
ization (EI), chemical ionization (CI) or atmo-
spheric pressure chemical ionization (APCI) are
performed in combination with GC. CI andAPCI
belong to soft ionization techniques in which the
molecular ion remains intact. This provides use-
ful information for structure elucidation. In con-
trast to CI and APCI, EI is a hard ionization
technique but provides reproducible metabolite
fragmentation patterns. The fragmentation pat-
tern of each metabolite is unique and can be used
for reliable and unambiguous compound identifi-
cation. The resulting ions are continuously 
scanned by the mass analyzer according to their
m/z ratio before reaching the detector.
Although GC/MS measurements have many

advantages over NMR, such as low sample vol-
umes, low cost and separation prior to MS, a
drawback of GC/MS measurements is that the
derivatized metabolites have a higher molecular
weight than the initial metabolites. Furthermore,
derivatization complicates metabolite identifica-
tion since it “masks” the true metabolite structure
[14]. In contrast to GC/MS, LC/MS techniques
usually have a wider range of detectable metabo-
lites and do not require chemical derivatization of
the samples. However, GC/MS techniques enable
better compound identification than LC/MS tech-

niques. Furthermore, both techniques use differ-
ent ionization modes. Whereas GC/MS devices
are most often equipped with EI sources, LC/MS
are generally equipped with ESI sources. Hard EI
provides better fragmentation patterns than soft 
ESI. In destructive LC and GC/MS techniques
losses of analytes occur due to several physico- 
chemical factors which is not the case in NMR
spectroscopy.

4.3  Sample Collection 
and Processing

Due to the fast turnover rates and the high sensi-
tivity of certain metabolites, biological samples 
have to be delicately treated to obtain the best 
possible readout. The correct sample handling 
and processing is without any doubt a very cru-
cial step in every metabolomics analysis. For
metabolomics studies, it is of great importance to 
maintain the collected samples as close to the 
in vivo state as possible. Previous studies on pre-
analytical handling of human blood and urine 
have shown that the processing temperature and 
time have a high impact on the stability of these 
samples [21]. After blood collection, biochemi-
cal reactions for example in erythrocytes con-
tinue and thereby change the metabolic profile of 
the plasma sample.

Fig. 4.3 Chemical derivatization. GC only separates
hydrophobic and volatile compounds. Therefore, metabo-
lites have to be modified via chemical derivatization. In
the case of the illustrated derivatization of dihydroxyace-
tone (a), methoxyamine substitutes carbonyl groups (red).

N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)
is used to replace active protons of functional groups such 
as carboxyl, hydroxyl, amines, amides and thiol groups by 
trimethylsilyl groups (green). The derivatized metabolite
(b) can then be separated by GC and measured by MS
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Metabolomics sample processing procedures
depend on the aim of the study and the nature of 
the biological sample. However, almost every
metabolomics experiment includes the following 
crucial steps (Fig. 4.4):

 – Quick sample collection
 – Quenching (Stopping any metabolic activity
in the sample)

 – Metabolite extraction

A quick and standardized sample with-
drawal is essential to maintain the sample qual-
ity as close as possible to the in vivo state. As 
most biochemical reactions will still remain 
active in freshly collected samples, a quick han-
dling and low storage temperatures are crucial to 
stabilize the sample. Ideally, the sample prepara-
tion should be performed immediately after sam-
ple collection. However, especially in clinical
studies, it is often not possible to process the 
samples immediately. Therefore, there is an 
urgent need for highly controlled and standard-
ized protocols to assure optimal sample quality.

Quenching is a rapid procedure by which bio-
chemical processes are stopped and the metabo-
lism is instantly inactivated. Classic quenching
methods are performed by extreme changes in 
temperature or pH of the sample. Perchloric acid
is mainly used for pH-dependent quenching.
Quenching by cold methanol is widely used in 
metabolomics due to its high quenching effective-

ness. Quenching can be either performed with 
pure methanol or methanol/water mixtures. In cell 
culture based metabolomics conventional quench-
ing methods are problematic due to metabolite 
leakage from cells. It has been shown that reduc-
ing the methanol proportion in such mixtures 
reduces cellular metabolite leakage. The longer 
the quenching step takes, the lower the accuracy
of the measurement, because the delayed inactiva-
tion of biochemical reactions significantly con-
tributes to variations in metabolite concentrations 
compared to the in vivo state [22].
Adequate metabolite extraction (Box 4.1)

has a high impact on the outcome quality of a
metabolomics study. For human body fluids,
such as blood plasma, saliva and urine, metabo-
lite extraction and quenching are performed
together in one step by directly adding an ice- 
cold methanol/water mixture to the sample. This 
mixture is firstly homogenized by soft shaking
and then centrifuged. These steps should prefer-
ably be performed at lower temperatures (e.g. on 
ice, 4 °C). After centrifugation, the obtained pel-
let is composed of all kinds of macromolecules, 
such as DNA, RNA and proteins whereas the
supernatant contains polar metabolites. In a GC/
MS based study, different metabolite extraction
protocols for cells in culture cells were compared 
and it was found that methanol/water mixtures 
were the most reproducible in terms of metabo-
lite recovery, although this method could not be 
universally used [23].

Fig. 4.4 A classical metabolomics workflow. After 
sampling, the metabolism has to be stopped (quenched) as
quickly as possible prior to metabolite extraction.
Extracted metabolites can be either stored at −80 °C or

directly be measured using methods like NMR or mass
spectrometry. Finally, a computational data analysis is
applied on the obtained raw data to extract information 
relevant for the experiment
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4.4  Metabolomics Analysis 
of Body Fluids

4.4.1  Blood

Human blood is one of the most sampled body 
fluids in research due to its direct contact to 
nearly every component of the human body and 
is, therefore, also widely used in cancer related 
metabolomics studies. In metabolomics, the 

blood collection tubes have to be carefully 
selected. Blood collection tubes for plasma often
contain anticoagulants, such as EDTA or citrate.
Whereas EDTA provides unwanted peaks in the
chromatogram, citrate heavily interferes with 
endogenous peaks. For serum generation, the
whole blood tubes have to clot for about half an 
hour at room temperature. This is problematic as 
during this time, biochemical processes continue 
and change the metabolic profile of the sample. It 
has been shown that plasma has a better repro-
ducibility and is from a metabolomics point of 
view more stable than serum. On the other hand,
serum shows higher metabolite concentrations 
than plasma which makes serum analysis attrac-
tive for biomarker studies [24].
In a large-scale LC/MS based study, the meta-

bolic profiles of blood plasma from 120 healthy
controls, 120 patients with adenomatous polyps
and 120 patients with colorectal cancer has been
analyzed. It was shown that choline-containing
phospholipids decrease with the progression of 
colorectal cancer and are, therefore, highly rele-
vant as colorectal cancer prognostic biomarkers 
[25]. Another GC/MS based study of human
blood serum revealed that 2-hydroxybutyrate,
aspartic acid, kynurenine and cystamine have the 
potential of being early colorectal cancer diag-
nostic biomarkers [26]. These studies show the 
high potential of human blood based metabolo-
mics studies as cancer biomarker discovery tool 
for both diagnosis and prognosis.

4.4.2  Urine

Urine is an easily accessible body fluid. Sampling
is very easy and non-invasive. However, urinary
urea levels are high and tend to interfere with 
other endogenous metabolite peaks. In order to 
avoid this interference, urine is pre-treated with 
urease, which digests urea to ammonia and car-
bon dioxide.

Acylcarnitines might be considered as poten-
tial prognostic biomarkers of kidney cancer. 
Comparing metabolomics profiles of urine sam-
ples from early-stage kidney cancer patients with 
those from late-stage kidney cancer patients, acyl-

Box 4.1: Metabolite Extraction from Human 

Body Fluids for MS Analysis

In cancer metabolomics, proper and stan-
dardized sample handling is crucial to
guarantee high quality samples and ade-
quate results. The metabolite extraction
from human body fluids, such as blood 
plasma and serum, saliva and cerebrospinal 
fluid requires a quick inactivation of all
biochemical processes (quenching). One
example for a classical metabolite extrac-
tion protocol for human body fluids 
involves the following steps:

 1. Add 1 volume sample in 9 volumes ice- 
cold Methanol/Water mixture (8:1).
Typically, not more than 5–20 μl of 
sample volume is needed for an MS
measurement.

2. Homogenize the mix by shaking at 4 °C
for 5 min

3. Centrifuge the homogenized mix at
16,000g for 5 min at 4 °C

4. Pipet the supernatant in analytical vials
5. Dry the samples by centrivap at −4 °C
6. The dried metabolite extracts can either
be stored at −80 °C or directly be pre-
pared for mass spectrometric measure-
ment. In the case of an LC/MS
measurement the metabolites need to be 
dissolved in an appropriate solvent; in 
the case of GC/MS a two step derivatiza-
tion using MSTFA and methoxyamine
hydrochloride can be performed.
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carnitines were found to be significantly increased 
in late-stage kidney cancer. Interestingly, acylcar-
nitine levels in early-stage kidney cancer were 
significantly lower compared to control samples. 
These findings complicate the use of acylcarni-
tines as early-stage diagnostic biomarkers of kid-
ney cancer [27]. Surprisingly, urine analysis is
also suitable for oral cancer biomarker research. 
Xie et al. [28] analyzed urine samples from 37
patients with oral squamous cell carcinoma
(OSCC), 32 patients with oral leukoplakia (OLK)
and 34 healthy controls. They found that OSCC
samples have significantly changed levels of 
6-hydroxynicotic acid and valine compared to
healthy subjects. The difference between OSCC
and OLK urine samples could be best explained
by changes in 6-hydroxynicotic acid, cysteine and
tyrosine levels [28]. Taken together, all these find-
ings point to a promising tool of urine metabolo-
mics for various forms of cancer.

4.4.3  Saliva

Saliva has a very high potential as diagnostic 
body fluid due the ease, rapidness and non- 
invasiveness of its collection. However, saliva
shows a high variability across different samples. 
The salivary metabolite composition differs when 
the sampling is performed from different mouth 
regions. Also smoking habits, gender and the use 
of salivation stimulants shows significant changes 
in metabolite levels [29]. Saliva sampling can be
performed by either simple spitting or swabbing. 
One swabbing method is the use of cotton rolls or
“eye sponges” absorbing saliva when applied in
the mouth of the donor. Given that cotton rolls
give an uncomfortable sensation in the mouth, 
eye sponges showed to be best suited for saliva 
collection [30]. Due to the high number of bacte-
rial colonies in the mouth region, it is required to
rinse the mouth with water before sampling to 
reduce the number of bacteria-derived metabolic 
artifacts.

As an extension of the urine based study of 
Xie et al. [28] described above, saliva was tested 
on the same patients. It has been found that levels 
of lactic acid and valine were different when 

comparing OSCC to healthy controls [31]. 
Although this study demonstrates the potential of 
saliva as an adequate body fluid for cancer bio-
marker determination, its sampling is more com-
plicated compared to urine and blood.

4.4.4  Cerebrospinal Fluid (CSF)

CSF is not only providing a protective environ-
ment for the brain but is also in direct contact with 
all components of the central nervous system. 
This characteristic makes CSF a very attractive
body fluid for analyzing the metabolic changes in
the central nervous system. The sampling itself is 
a limiting factor for such studies, as it is painful 
and needs hospitalization of the patient. In com-
parison to human blood plasma, CSF has a lower
biological variation. Although metabolite levels in 
plasma are higher as in CSF, the number of detect-
able metabolites is similar [32].

In a study based on glioma biomarker discov-
ery, CSF of 32 glioma patients has been analyzed
in three groups: grades I–II (early-stage), grade
III (invasive) and glioblastomas (grade IV).
Primarily, two metabolites were significantly
altered when comparing the different groups: 
Citric acid and isocitric acid. Both metabolites
were significantly lower in grade I–II than in the 
glioblastoma group. Similarly, the levels of citric
acid and isocitric acid were lower in grade III 
samples compared to gliobastoma samples [33].

4.4.5  Feces

An NMR-based study of fecal water extracts 
from patients with colorectal cancer showed a 
complementary analysis to fecal metabolomics 
studies. The authors showed that acetate and 
butyrate levels are lower in colorectal cancer 
patients compared to healthy controls whereas 
proline and cysteine levels were higher [11].

In conclusion, all described body fluids are 
suitable for profiling the metabolome. Although 
blood is one of the most sampled biospecimen, 
its sampling is invasive and needs a trained per-
son for sampling. On the other hand, urine sam-
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pling is non-invasive but needs special treatment 
beforeMS analysis. Saliva collection is extremely
easy and non-invasive, but results can be more 
variable, and thus less predictive.

4.5  Data Analysis

During a typical GC or LC/MS measurement,
mass spectra are continuously recorded resulting 
in a 3 dimensional dataset. This means that a
mass spectrum exists for every time-point of the 
chromatographic separation. An example of a 
small GC/MS dataset is depicted in Fig. 4.5.
The challenge of every MS based metabolo-

mics study is to determine metabolite abundances 
within this complex dataset and align those across 
many measurements to make them accessible for 
further statistical analyses. Typically, a metabo-
lomics data analysis consists of the following 
steps: (1) peak detection, (2) peak alignment, (3)
deconvolution and detection of compound spec-
tra, (4) mapping of deconvoluted mass spectra
across several chromatograms, (5) quantification

of metabolite amounts, (6) statistical analysis
(Fig. 4.6).

4.5.1  Raw Data Processing

After raw data acquisition by mass spectrometry,
sophisticated bioinformatics tools are needed for 
proper data processing. Most of modern MS
instruments enable the conversion of the vendor- 
specific data formats into vendor-neutral formats, 
such as netCDF or mzXML, which can be
imported into metabolomics data analysis soft-
ware programs [34].
Depending on the instrument, MS data can be

recorded in two different modes: centroid or pro-
file. In centroid mode, each ion is represented as 
a discrete m/z, intensity pair. In profile mode the
ions are represented by peaks each containing a 
collection of points. Although a profile mass 
spectrum is useful to better evaluate the quality of
the measurement, it needs to be converted to a 
centroid spectrum before further analyses can be 
performed.

Fig. 4.5 3D representation 
of a GC/MS data-set. Due to
the complexity of GC/MS
data, sophisticated data 
analysis algorithms have to be 
applied. Every data point
represents an intensity (ion 
count) for a specific m/z value
at a specific retention time
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The next step involves the detection of all ion- 
chromatographic peaks. This means, for every 
detected ion (m/z value), exact maximizations
over time are determined. Since ions originating
from one compound maximize at the same reten-
tion time, all peaks with an identical maximization
time are combined to a mass spectrum. This proce-
dure is known as ion-chromatographic deconvo-
lution and allows to obtain pure mass spectra even 
for co-eluting compounds. This process is very 
important as pure compound mass spectra are the 
basis for compound identification and chromato-
gram alignment. In summary, ion- chromatographic 
deconvolution filters out individual peaks to make 
them accessible for analysis [14]. Many deconvo-
lution algorithms are already included in vendor-
provided software but can also be performed by 
freely available software [35, 36].
Over time, instrumental variations, such as

changes in pressure, column aging and tempera-
ture can occur which directly affects the retention 
time of a given metabolite over different runs [14]. 
To circumvent this problem, an alignment of the 
same metabolite detected in different samples has 
to be performed. Compound alignment algorithms
are generally based on time correlation optimized
warping, parametric time warping and dynamic 
time warping [37]. Since the mass spectrum of a
compound serves as its specific fingerprint, the 
best alignment is obtained if these data are included 
in the alignment algorithm [35, 36].

In the case of a gas chromatographic separa-
tion (as in GC/MS), the retention time of a com-
pound depends on the installed GC column, the
applied temperature profile as well as other 

instrument specific factors. To make the time axis 
of GC/MS chromatograms which have been
acquired under different conditions or by differ-
ent labs compatible, a retention index calibration 
is often performed. This calibration transforms 
the retention time of every detected metabolite to 
a defined retention index based on the measure-
ment of reference compounds. For that purpose,
an internal or external alkane solution containing 
a mixture of n-alkanes is measured and the reten-
tion times of known and unknown metabolites 
are related to the retention times of the n-alkanes 
acquired under the same GC conditions. This
procedure provides a very effective way of cali-
brating all raw data according to pre-defined 
retention indexes [38].

4.5.2  Metabolomics Data Analysis 
Software and Databases

Due to the complexity of raw data processing,
high-throughput metabolomics data has to be 
analyzed by specific software. Apart from com-
mercial vendor-specific software (e.g. Sieve,
ThermoFischer and Markerlynx, Waters), ade-
quate software is also freely available as stand-
alone or plugin for other software (Table 4.1).
Many metabolomics data analysis R packages

are freely available, such as the “Metabonomics
Package” for the statistical analysis of NMR data
[39] and “XCMS2 package” for LC/MS raw data
processing [40]. Besides R-based software, free
web-based software such as MetDAT can be
applied for mass spectrometric data processing, 

Fig. 4.6 Typical metabolomics data analysis pipeline
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analysis and visualization [41]. Furthermore,
there exist numerous open-source standalone 
programs mainly based on C++ or Java program-
ming language. MetAlign [42], 
MetaboliteDetector [35], MetaQuant [43] and 
MAVEN [44] are freely available standalone 
applications for mass spectrometry-based data 
processing and analysis.
The MetAlign software program (http://www.

metalign.nl) allows the analysis of GC/MS and
LC/MS-based data by the application of sophisti-
cated data pre-processing algorithms. The most 
relevant features of this software are the calcula-
tion of accurate masses, baseline correction and 
mass-peak artifact filtering. Furthermore, the data
pre-processing output is compatible with most sta-
tistical software programs [42]. The 
MetaboliteDetector software (http://metabolitede-
tector.tu-bs.de) was designed for GC/MS data
analysis. The main features of this software 
include ion-chromatographic deconvolution, peak 
detection and compound identification [35] as well 
as the alignment of chromatograms derived from 
different measurements. Compound identification
requires a GC/MS reference compound library
which can be created by the MetaboliteDetector
software itself or by importing existing libraries, 
such as the NIST library [45].
MetaQuant (http://bioinformatics.org/

metaquant/) is a Java-based GC/MS data analysis

software. The MetaQuant software enables auto-
matic peak recognition, calibration and quantifi-
cation. Furthermore, compound classification
options are available and compatible with data-
bases, such as KEGG. Build-in regression algo-
rithms facilitate GC/MS data analysis. The
MAVEN software (http://maven.princeton.edu)
allows LC/MS-based data analysis by sophisti-
cated computational algorithms. Besides peak
detection, sum formula prediction and natural 
isotope abundance calculation, the software 
enables pathway visualization and isotope flux
animation.

In addition to compound detection and align-
ment, compound identification is requested by
most metabolomics studies. Due to the combina-
tion of superior chromatographic separation and 
compound fragmentation during EI ionization,
GC/MS derived compound spectra can easily be
identified by matching against a compound 
library. Currently, there are several libraries avail-
able: The commercial NIST library http://www.
nist.gov/srd/nist1a.cfm contains more than 200 k
entries [45] and the commercial Fiehn library
(http://fiehnlab.ucdavis.edu/projects/FiehnLib/)
contains more than 1000 entries [46]. In addition, 
there exist the freely available Golm database
(http://gmd.mpimp-golm.mpg.de/) containing
more than 500 entries [47]. Although there 
already exist reference spectra libraries for LC/

Table 4.1 Metabolomics data analysis tools

Name Platform User interface Link

MAVEN LC/MS Standalone application http://maven.princeton.edu/

XCMS2 LC-MS/MS R and Web http://metlin.scripps.edu/xcms/

MetaboliteDetector GC/MS Standalone application http://md.tu-bs.de

MetAlign GC/MS and LC/MS Standalone application http://www.metalign.nl

MetaQuant GC/MS Standalone application http://bioinformatics.org/metaquant

MSFACTs GC/MS Standalone application http://www.noble.org/plantbio/sumner/msfacts/

Met-Idea GC/MS Standalone application http://bioinfo.noble.org/download/

COLMAR NMR Web http://spinportal.magnet.fsu.edu/

MetaboID NMR Standalone application http://rams.biop.lsa.umich.edu/research/
metabolomics

MZMine2 LC/MS Standalone application http://mzmine.sourceforge.net/

tagfinder GC/MS Standalone application http://www-en.mpimp-golm.mpg.de/03-
research/researchGroups/01-dept1/Root_
Metabolism/smp/TagFinder
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MS as for example Metlin (http://metlin.scripps.
edu/) [48], compound identification is in most 
cases more challenging and mostly more than 90
% of the detected compounds remain unidenti-
fied. However, taking benefit of the high mass
accuracy of most current mass spectrometers, it 
is easily possible to derive potential sum formu-
las for unidentified metabolites of interest.

4.5.3  Data Normalization

Data normalization is the process by which 
meaningful and hidden information is extracted 
from raw data. In most cases, this step is required
to perform adequate statistical analysis.
Metabolomics data normalization can be divided
in three main classes: centering, scaling and 
transformations.

Centering is subtracting the mean of the total 
number of variables (metabolite intensities) in
each sample. Thereby, metabolite levels can be 
compared to fluctuations around 0 which is an
adjustment of the differences between low and 
high metabolite levels. Normalization based on
scaling divide each variable by the scaling factor 
which can be the standard deviation or the mean 
calculated from the total metabolite intensities in 
the sample. In autoscaling, the centered metabo-
lite intensity is divided by the standard deviation. 
Autoscaling thereby enables the comparison of 
metabolite levels across samples as all metabolite 
levels are equally important. However, this
method also increases the measurement- 
dependent errors. In contrast to autoscaling, pare-
toscaling uses the square root of the standard
deviation and is thereby closer to the original not 
normalized data than autoscaled data. However,
this method is very sensitive to large fold changes 
that are not as dominant as in the raw data. The 
last class of normalization, transformations, is 
often based on log transformation which reduces 
heteroscedasticity. However, when approaching a
value close to zero, the transformed value tends
to approach minus infinity which is problematic 
for the analysis of low abundant metabolites [49].
For a more detailed and complete review of

metabolomics data normalization, the reader

should consult the excellent review of van den 
Berg et al. [49] which also highlights the impor-
tance of choosing the correct normalization
method for the biological question to be answered.

4.6  Statistical 
Analysis/Biomarker 
Determination

High-throughput metabolomics technologies
generate very large amounts of data. In a typical 
metabolomics experiment, the number N of 
observations (i.e., samples) can be in the order of
a few dozens, while the number p of variables 
(e.g., metabolite concentrations) can be in the
order of hundreds or more. This is known in the 
statistical literature as the p N  scenario, 
which often calls for novel statistical analysis 
methods that go beyond the classical t-test and 
ANOVA [50].

In general, there are two classical approaches 
to the statistical analysis of multivariate data. In 
the first approach, known as unsupervised learn-
ing, each observation x x xp= ¼( , , )1  is treated as 
a point in a high-dimensional space and the analy-
sis attempts to find patterns or regularities among 
all points in the data set. The latter may involve 
projecting the data to a low-dimensional subspace 
for visualization, estimating the probability den-
sity function of the data, or clustering the data. A 
classical unsupervised learning method is princi-
pal component analysis (PCA). This is a linear
dimension reduction method aiming to reduce the 
number p of variables in the dataset, while still 
maintaining as much variation of the original data 
as possible [51]. PCA is the most widely used
method in metabolomics studies for providing a 
rapid overview of the data [52]. However, PCA is
a linear projection method that may fail to capture 
possible non-linear structure in the data. Recently,
several powerful nonlinear dimension reduction 
methods have appeared in the machine learning 
literature, which are better suited to visualizing
high- dimensional data [53, 54].

The second main approach to multivariate 
data analysis is known as supervised learning. 
Here, each observation xn is labelled with an extra 
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‘class’ variable yn Î -{ , }1 1  that indicates the 
 context or condition, e.g., cancer patients vs. 
healthy controls, different cell types, etc. The 
archetypal supervised learning problem is clas-
sification, which amounts to computing a func-
tion or rule that helps predicting the unknown 
class of an observation. Two popular classifica-
tion methods are logistic regression and the sup-
port vector machine (SVM). Their popularity 
mainly stems from their good theoretical proper-
ties and the existence of efficient solvers [55–57]. 
In the p N  scenario we consider, both logistic 
regression and SVM aim at finding a separating 
hyperplane of the data. Formally, this amounts to
estimating p +1 parameters

 w w w w= ¼( , , , )0 1 p  

such that the linear projection of the input data to 
the vector ω, i.e., the function

 
f x x

i

p

i i( );w w w= +å
=1

0

 

minimizes a certain misclassification ‘loss’. In
the simplest two-class case (e.g., cases vs. con-
trols), both logistic regression and SVM can be
shown to solve the following convex optimization 
problem:

 
min ( , ( ))
w

w lwå
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+
n

N

n nL y f x
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2
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Where L(y, f) is a loss function, ‖ω‖2 denotes the 
Euclidean normofω, and λ is a nonnegative constant 
(possibly zero). The only difference between logistic
regression and SVM is the choice of loss function:

 L y f yf SVM( ) max{ , }( ), = -1 0  

 L y f yf Logistic regression( ) log[ exp ( )]( )., = + -1

Both methods are ‘margin maximization’ meth-
ods, which means that, in the case of separable 
data and at the limit l® 0 , they compute an 
optimal separating hyperplane.

Another supervised learning problem, which 
is of major interest for knowledge discovery and 
data interpretation in the context of cancer metab-
olomics, is variable selection. This involves 

choosing a subset of the original set of p variables 
that discriminate well the different classes. In our 
context, that could amount to finding a subset of 
metabolites that are responsible for significant 
changes in the metabolic profile, and that allow 
predicting cases from controls [58]. In the p N  
scenario of interest, variable selection is typically 
obtained as a byproduct of sparse regularization,
as we explain next. Guyon and Elisseeff [59] dis-
cuss different approaches to variable selection.

An important issue that has to be carefully 
addressed in all above methods is the problem of 
overfitting, i.e., the tendency of a learned classi-
fier to model noise instead of the real signal in the 
data. In theory, overfitting can be avoided if a 
learning algorithm is tuned to optimize the gener-
alization error of the classifier, i.e., the average 
prediction error that the classifier makes on inde-
pendent, off-sample data. However, directly esti-
mating the generalization error is not easy. A
simple and practical approximation is obtained 
via K-fold cross-validation: The dataset is ran-
domly split into K equally sized subsets, and each
of the K subsets is held out as a test set while the 
classifier is trained on the remaining K -1 sub-
sets. The average prediction error of the classifier 
on the K held-out subsets is then used to assess 
the generalization performance of the classifier.
Cross-validation is a simple procedure, which, if
done properly, allows for efficient model selec-
tion and parameter tuning. We refer to Hastie
et al. [50] and Ambroise and McLachlan [60] for 
detailed discussions, including common pitfalls.

In the p N  scenario, the suggested way to 
tackle overfitting is by a combined use of cross- 
validation and regularization [50]. Regularization
amounts to adding a penalty term to the objective 
function of the optimization problem (as in the
optimization problems for logistic regression and
SVM above), as a way to constrain the search
towards the most useful (signal-wise) model
parameters. A popular regularization approach is
Lasso [61], in which the penalty term involves 
the L1-norm of the model parameters (instead of
the Euclidean norm as above), thereby encourag-
ing sparse models, i.e., models that have only 
few (e.g., N or less) nonzero parameters. Sparse
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regularization automatically selects a good sub-
set of variables that increase the signal-to-noise 
ratio in classification.
Ideally, the regularization penalty should be

defined in a way that leverages domain knowl-
edge. Recent work by the authors demonstrates
how to incorporate contextual biological knowl-
edge that is given in the form of pairwise simi-
larities between variables, e.g., a molecular 
network. This can be regarded as a generalization
of the fused Lasso approach [62] to more general 
structured sparsity induced priors, which have 
recently attracted much attention by the statisti-
cal machine learning community (see Bach et al.
[63] and references therein). More generally, a
challenging problem in metabolomics research 
for cancer is how to best capture existing biomed-
ical knowledge into mathematical models for 
learning.
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in the Study of Cancer Biomarkers 
and in the Development 
of Diagnostic Tools       
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    Abstract  

  Epigenetics plays a key role in cancer development. Genetics alone cannot 
explain sporadic cancer and cancer development in individuals with no 
family history or a weak family history of cancer. Epigenetics provides a 
mechanism to explain the development of cancer in such situations. 
Alterations in epigenetic profi ling may provide important insights into the 
etiology and natural history of cancer. Because several epigenetic changes 
occur before histopathological changes, they can serve as biomarkers for 
cancer diagnosis and risk assessment. Many cancers may remain asymp-
tomatic until relatively late stages; in managing the disease, efforts should 
be focused on early detection, accurate prediction of disease progression, 
and frequent monitoring. This chapter describes epigenetic biomarkers as 
they are expressed during cancer development and their potential use in 
cancer diagnosis and prognosis. Based on epigenomic information, bio-
markers have been identifi ed that may serve as diagnostic tools; some such 
biomarkers also may be useful in identifying individuals who will respond 
to therapy and survive longer. The importance of analytical and clinical 
validation of biomarkers is discussed, along with challenges and opportu-
nities in this fi eld.  
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5.1         Introduction 

 The need to identify and characterize biomark-
ers for cancer diagnosis is critical, because can-
cer is a heterogeneous disease and patients’ 
individual molecular profi ling—which results 
from the tumor microenvironment—determines 
disease development and response to treatment. 
The tumor microenvironment is affected by all 
of the epigenomic components in the cell. In 
addition, epigenetics is an integral part of 
cancer initiation, development, and recurrence 
[ 1 – 7 ].  Epigenetics   involves alterations in pro-
moters, histones,  microRNA   (miRNA) expres-
sion, and chromatin structure (sometimes called 
“epimutations”) [ 8 – 10 ].  Cancer  -specifi c meth-
ylation alterations are hallmarks of different 
cancers [ 11 ] and may cause genomic instabil-
ity, genomic alterations, and changes in gene 
expression [ 11 – 13 ]. Polycomb group (PcG) 
protein loci that are targeted by tumor suppres-
sors also are regulated by methylation during 
stem cell differentiation into different types of 
cells [ 14 ]. A systematic approach to following 
epigenetic changes in tumor development may 
lead to the identifi cation of diagnostic biomark-
ers for cancer. Baylin’s group has suggested 
that integration of the genome and hypermethy-
lome may provide insights into major pathways 
in cancer development and enable the identifi -
cation of new biomarkers for cancer diagnosis 
and prognosis [ 15 ]. Functional methylation 
analysis of clinical samples from individuals 
diagnosed with breast cancer and controls iden-
tifi ed early epigenetic biomarkers for diagnosis 
and prognosis [ 16 ]. In addition, a recent char-

acterization of the methylome by age may be 
useful in studying disease- associated changes 
in the methylome [ 17 ].  

5.2     Technological 
Advancements 

 Next-generation sequencing and other techno-
logical advancements in the epigenomic fi eld 
have made it possible to conduct epigenomic 
analysis at the genomic level [ 4 ,  8 ,  15 ,  18 ,  19 ]. 
As an example, epigenome-wide analysis of 
215 adult B-cell acute lymphoblastic leukemia 
(ALL) patients and matched controls identifi ed 
hypomethylation of selected genes and overex-
pression of fusion proteins [ 19 ]. A microarray-
based methylated CpG island recovery assay 
followed by bisulfi te sequencing was used to 
identify cervical cancer-specifi c genes that 
could distinguish cervical squamous cell carci-
noma (SCC)/CIN2-3 from CIN1/normal [ 20 ]. 
Polymorphisms of the miRNA coding region 
also have been utilized in cancer diagnosis 
[ 21 ]. Diagnostic dendrograms created with a 
combination of hypermethylated markers and 
CpG island microarrays, and similar to those 
generated in gene-expression analyses, are 
complementary to gene-expression profi les and 
can be developed from archived material. 
Genome-wide methylation analysis of gastric 
cancer patients with  Helicobacter pylori  ( H. 
pylori ) infection indicated that infl ammatory 
pathways are involved in gastric cancer devel-
opment [ 22 ]. Genome-wide methylation analy-
sis also has been completed for renal cancer 
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[ 23 ], and global histone profi ling was con-
ducted in lung cancer to identify disease-asso-
ciated biomarkers [ 24 ]. 

 An ideal diagnostic biomarker should have 
high sensitivity and specifi city. To determine the 
sensitivity and specifi city of biomarkers, the area 
under the curve (AUC) of a receiver operating 
characteristic (ROC) curve is measured. The 
AUC of an ROC curve is a measure of the ability 
of a continuous marker to accurately classify 
tumor and nontumor tissue. Such a curve is a plot 
of sensitivity versus 1 minus specifi city (1—
specifi city) values associated with all dichoto-
mous markers that can be formed by varying the 
value threshold used to designate a marker as 
“positive” [ 25 ]. An AUC of 1 corresponds to a 
marker with perfect accuracy, whereas an AUC of 
0.5 corresponds to an uninformative marker. 
Most of the epigenetic diagnostic biomarkers 
described below are methylation biomarkers; 
however, in a few cancers, histone and miRNA 
biomarkers also have been identifi ed.  

5.3     Epigenomic Markers 
in  Cancer    Diagnosis   

 The complexity and heterogeneity of cancer pro-
gression suggests that a single biomarker and/or a 
small panel of biomarkers is needed to character-
ize cancer [ 26 – 37 ]. Biomarkers also may distin-
guish between indolent and aggressive forms of 
cancer. Vogelstein et al. proposed 12 pathways 
for pancreatic cancer that may distinguish 
between normal and cancer patients [ 38 ]. In 
breast cancer, different molecular subtypes exist 
that are diffi cult to distinguish by morphology 
alone [ 18 ,  26 ,  39 ]. In invasive ductal carcinoma, 
diverse phenotypes with distinct characteristics 
have been reported [ 40 ,  41 ]. Further analysis sug-
gests that different subtypes can be identifi ed by 
different epigenetic biomarkers.  Diagnosis   of 
such disease and its subtypes can be conducted 
using CpG island methylation phenotype (CIMP) 
biomarkers [ 11 ].  Methylation   markers also are 
useful in determining the response to treatment. 
In the next section, examples of different epigen-
etic biomarkers in a variety of tumor types are 

discussed. A summary of epigenetic biomarkers 
useful in diagnosing different cancer types is pro-
vided in Table  5.1 .

5.3.1        Bladder Cancer   

 Among genitourinary neoplasms, bladder cancer 
incidence and prevalence are surpassed only by 
prostate cancer [ 42 ]. Those biomarkers that have 
implications for diagnosis and prognosis include 
DNA methylation of  APC, RARB2, RASSF1A, 
JUP, DAL1, APAF1 , and  DAPK1  [ 9 ,  43 – 46 ]; his-
tone modifi cations in the coding regions of 
 RASSF1A, PTGS2, PTEN , and  CDH1  (H3K4me2, 
H3K18Ac, H3K4m31, H3K4me2, H3K4me3, 
H3K18Ac) [ 47 ]; and abnormal expression of 
miRNAs (miR-141, miR-155, miR-1233, and 
miR-32 [ 48 ]. Mutations were not detected in 
those genes that were hypermethylated during 
bladder cancer development.  TIMP3  methylation 
was associated with disease-free survival [ 49 ]. 
Compared to using routine sonogram examina-
tion and cystoscopy (an invasive and expensive 
technology) to detect bladder cancer, epigenetic 
biomarkers may provide a better alternative that 
uses noninvasive technologies to collect samples 
and an easy assay method to diagnose bladder 
cancer, including identifi cation of different blad-
der cancer subtypes [ 9 ,  50 ]. The concept of fi eld 
effect (an area of tissue that is susceptible to 
transformation) also has been proposed for 
detecting bladder cancer that may lead to cancer 
recurrence [ 49 ].  

5.3.2     Blood  Cancer   ( Leukemia 
and Lymphoma  ) 

 Hypomethylation and overexpression of the 
 IL2RA(CD25)  and  E2aPBX1  fusion proteins 
were observed in adult B-cell precursor ALL 
[ 19 ]. Ishihara et al. reported overexpression of 
plasma miR-155 and underexpression of miR- 
126 in adult T-cell leukemia (ATL) [ 51 ]. A pro-
fi le of miRNAs overexpressed in chronic 
lymphocytic leukemia (CLL) was reported by 
Moussay et al. [ 52 ].  Methylation   patterns of  p16  
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and  MGMT  correlated with disease stratifi cation 
in acute myeloid leukemia (AML) [ 53 ]. In 
genome-wide methylation analyses, specifi c 
CpG island methylation was reported in classical 
Hodgkin lymphoma, an atypical germinal center- 
derived B cell lymphoma that has lost its B cell 
identity [ 54 ].  p16 (INK4A)  hypermethylation was 
found to be a negative prognostic marker in B 
cell lymphoma [ 55 ].  

5.3.3     Brain  Cancer   

  Glioblastoma     Promoter hypermethylation of 
 BEX1, BEX2 ,  p16INK4, p14ARF, GATA6, 
EMP3, RAR-beta, TES,  and  TIMP3  was observed 
in glioblastoma [ 56 ,  57 ]. The  p16INK/Rb  path-
way is the most frequently altered pathway in 
this tumor type.  Rb  is considered a tumor sup-
pressor gene as it functions as an inhibitor of cell 
cycle regulation. The protein product of this 
gene, pRB, binds with the E2 family of tran-
scription factors to repress the target gene by 
epigenetic mechanisms (which is achieved by 
recruitment of a co- repressor that affects chro-
matin compaction) [ 58 ]. In terms of histone 
modifi cations, the loss of H3K9 acetylation and 
H3K9 methylation, loss of H4K16 acetylation, 
and H4K20 trimethylation were reported in glio-
blastoma [ 59 ].  

   Glioma       Genes that are inactivated by hyper-
methylation in glioma include  ANKDD1A, 
GAD1, HIS1H3E, PCDHA8, PHOX2B, SIX3 , 
and  SST ; and miR-185 expression that resulted in 
activation of DNA methyltransferase-1 ( DNMT1 ) 
in tissue samples from a case–control study [ 60 ]. 
DiVinci et al. reported correlation of methylation 
status of  HOXA  genes and subgroups of glioma 
and proposed therapeutic implications for this 
research [ 61 ].   

5.3.4     Breast  Cancer   

 Enhancer of Zeste 2 (EZH2) and polycomb 
repressor complex 2 contribute to the alteration 
of histones, especially the trimethylation of 

H3K27 in breast cancer. This results in genomic 
instability and the inactivation of several genes 
[ 62 ].  Breast cancer   methylation markers include 
 BRCA1, RASSFA, APC,  and  RAR-beta  [ 63 ]. 
Other epigenetic regulation of breast cancer 
includes methylation of  NDRG2  and  HOXD1,  
used for diagnosis [ 16 ]; methylation of  CDO1, 
CKM, CRIP1, KL,  and  TAC1,  used for prognosis 
[ 16 ]; functional hypermethylation of the combi-
nation of  KL  and  TAC1,  used for survival [ 16 ]; 
and CIMP, used for detection [ 11 ]. miRNA pro-
fi ling of miR-122 and miR-375 helped in distin-
guishing breast cancer patients from controls 
[ 64 ]. Levels of these miRNAs were determined 
in blood (the collection of which is considered a 
noninvasive process, as opposed to tissue 
biopsies).  

5.3.5     Cervical  Cancer   

  SOX9  hypermethylation status could distinguish 
cervical SCC/CIN2-3 from CIN1/normal and was 
proposed as a diagnostic marker for cervical can-
cer [ 20 ]. The methylation status of different genes 
of the human papillomavirus (HPV) was pro-
posed to be useful in cervical cancer diagnosis 
and disease stratifi cation [ 65 ,  66 ].  DKK3  methyl-
ation status correlated with disease-free survival 
in cervical cancer [ 67 ]. Abudukadeer et al. pro-
posed using the hypermethylation of  CDH1  in 
cervical  cancer prognosis   [ 68 ]. The reactivation 
of tumor suppressor genes in cervical cancer has 
been achieved by trichostatin treatment [ 69 ]. Jha 
et al. reported methylation of  p16(INK4a)  and 
 p15(INK4b)  in cervical cancer patient samples 
and found an association between passive smok-
ing and contraceptive use with the methylation 
levels of these two genes [ 70 ]. Other genes found 
to be hypermethylated in cervical cancer include 
 PCTH  [ 71 ];  TIMP-3  [ 71 ,  72 ];  SFRP1, SFRP2,  
and  SFRP4  [ 73 ]; and  vimentin  [ 74 ].  

5.3.6      Colorectal Cancer   (CRC) 

 Both the candidate gene approach and genome- 
wide association studies have been conducted to 
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identify genes associated with CRC [ 75 – 79 ]. 
Some of the genes regulated by methylation in 
CRC include  EBN2  [ 80 ];  p14 ARF, RASSF1A,  
and  APC1a  [ 81 ];  Kiss-1  [ 82 ]; and  MLH1, MSH2, 
SLIT2, HIC1, MGMT, SFRP1,  and  CDKN2A  
[ 76 ].  Methylation   analysis of 111 primary CRC 
patients and 46 matched normal colorectal 
mucosa controls was followed for 20 years to 
evaluate the role of  p14 ARF, RASSF1A,  and 
 APC1a  in survival. The methylation of these 
genes was found to be a prognostic factor in CRC 
[ 81 ]. The role of long interspersed nuclear ele-
ments 1 (LINE-1) in familial CRC was evaluated 
by Ogino et al. in a retrospective study, and heri-
table predisposition of LINE-1 methylation was 
observed [ 83 ]. The prognostic impact of CIMP 
and microsatellite instability (MSI) on the 
response to CRC treatment also has been studied 
[ 75 ]. Methylation of genes targeted by the CRC 
of suppressor proteins was demonstrated by 
Dallol et al. [ 76 ]. The development of CRC 
involves interaction between a network of 
miRNA expressions and methylation of specifi c 
genes [ 84 ].  Histone   modifi cations also contribute 
to CRC development; Tamagawa et al. recently 
demonstrated a correlation between global his-
tone modifi cations and overall survival in meta-
chronous liver metastases in CRC [ 85 ]. In 
addition, H3K9me2 showed chromatin remodel-
ing in CRC [ 86 ].  

5.3.7     Endometrial  Cancer   

 The involvement of methylation and miRNA 
expression in endometrial cancer has been demon-
strated [ 87 – 89 ]. Selected genes that become inacti-
vated by hypermethylation in endometrial cancer 
include  APC, CHFR, Sprouty 2, RASSF1A, GPR54, 
CDH1,  and  RSK4  [ 87 ]; as well as  CDH1, MGMT, 
hMLH1, p16, PR-B, PTEN,  and  RARb2  [ 90 ].  

5.3.8     Gastric  Cancer   (Stomach 
Cancer) 

 A number of genes, such as  GATA4  [ 91 ];  SOX9  
[ 92 ];  MDM2, DYRK2,  and  LYZ  [ 93 ];  TSPYL5  

[ 94 ]; and  TPEF/HPP1  [ 95 ], are regulated epige-
netically and may be biomarkers of stomach can-
cer. Another group demonstrated an association 
between mutations in selected genes and CIMP in 
gastric cancer [ 96 ].  H. pylori  infection is a risk 
factor for gastric cancer and induces an epigeneti-
cally regulated infl ammatory pathway [ 97 ,  98 ]. 
miRNAs have been proposed as a bridge from  H. 
pylori  infection to gastritis to gastric cancer [ 99 ]. 
Other groups also observed similar results [ 100 ]. 
 Histone   markers for gastric cancer diagnosis also 
have been proposed [ 101 ,  102 ]. ChIP-on-chip 
analyses indicated higher levels of H3K9 acetyla-
tion, H4K16 acetylation, and H3K9me3 correla-
tion of H3K9me3 with tumor stage and recurrence 
[ 102 ]. Genome-wide CpG island profi les in more 
than 200 samples showed CIMP in gastric cancer 
patients [ 103 ]. Hypermethylation of  N-myc down-
stream regulated gene 2  ( NDRG2 ) was correlated 
with higher metastasis of gastric cancer in tissue 
samples from patients [ 104 ]. Hypermethylation 
of  RASGRF1  was observed in intestinal or diffuse 
type gastric cancer in mucosa from patients as 
compared with mucosa from healthy individuals 
[ 105 ].  CDH1  hypermethylation indicated poor 
prognosis in gastric cancer [ 106 ]. Alves et al. 
reported inactivation of  COX2, CDKN2A , and 
 HLMH1  by hypermethylation in  H. pylori - 
positive  patient samples [ 107 ]. Ando et al. 
observed miRNA-mediated inactivation of 
selected genes in previously infected or currently 
infected gastric cancer patients and reported an 
epigenetic fi eld effect in some cases [ 108 ]. In 
addition,  vimentin  hypermethylation in serum 
samples was reported as a diagnostic marker for 
this cancer [ 109 ].  

5.3.9     Head and Neck  Cancer   

 Hypermethylation of several genes was observed 
in saliva and tissue samples; some of these 
genes could be good candidates for use in diag-
nosing head and neck cancer [ 110 – 116 ]. Genes 
that are methylated in head and neck cancer 
include  FOXM1  [ 111 ];  p16(INK4a)  [ 112 ]; and 
 DAPK1, CDH1,  and  ADAM23  [ 115 ].  Genomic 
instability   and hypermethylation of mismatch 
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repair genes ( hMLH1, hMSH2 ) in head and neck 
cancer were reported by Demokan et al. [ 117 ]. 
 Histone   methyltransferase is another biomarker 
that has potential in diagnosing head and neck 
cancer [ 118 ].  

5.3.10     Kidney  Cancer   (Renal Cancer) 

  Methylation   of a number of genes, such as 
CpGs in the promoter of  GATA5  [ 119 ],  HIC1  
[ 120 ], and  SFRP1  [ 121 ], was found to be asso-
ciated with renal cancer [ 42 ,  47 ]. LINE-1 meth-
ylation also has been shown to contribute to the 
development of renal cancer [ 122 ].  Histone   
deacetylases 1 and 2 were found in higher quan-
tities in specimens from renal cancer patients 
compared to healthy people, indicating the 
presence of aggressive cancer [ 123 ]. Hildebrandt 
et al. demonstrated the involvement of miRNA 
in renal cancer development [ 124 ]. In addition, 
genome-wide methylation analysis indicated 
hypermethylation of a large number of genes 
that could be potential diagnostic biomarkers 
for renal cancer [ 23 ].  

5.3.11     Liver  Cancer   (Hepatocellular 
Carcinoma) 

 Zhou et al. demonstrated the contribution of sin-
gle nucleotide polymorphisms in miRNA coding 
regions to the development of liver cancer [ 21 ]. 
They reported fi nding miR-146a (rs2910164 
G > C) and miR-499 (rs3746444T > C) polymor-
phisms in a Chinese population while analyzing 
tissue from 186 primary liver cancer patients and 
483 controls. The methylation status of genes tar-
geted by CRC suppressor proteins was studied 
for markers that were involved in stem cell dif-
ferentiation to liver cells, and  RASSF1A  was 
found to be involved in the early stages of liver 
carcinogenesis [ 14 ].  Liver cancer   etiology 
involves infection with hepatitis viruses (HBV, 
HCV, and HDV) and other factors, resulting in 
chronic liver disease such as  cirrhosis   [ 125 ]. An 
abnormal gene expression profi le, high genomic 
instability, and overall hypomethylation were 

observed in liver cancer samples compared to 
samples from healthy participants [ 126 ,  127 ]. 
Abnormal methylation was reported in liver can-
cer associated with HBV and HCV infection 
[ 128 ]. Selected genes regulated by abnormal 
methylation include  RASSF1A, GSTP1, 
CHRNA3 , and  DOK1  [ 128 ].  Histone   H3K4me3 
also has been used in diagnosing liver cancer 
[ 129 ].  

5.3.12     Lung  Cancer   

 miRNAs are excellent tools for use in diagnosing 
lung cancer [ 130 – 133 ]. These miRNAs were col-
lected from tissue or serum [ 132 ] or in free- 
circulating form [ 131 ]. Global histone 
modifi cation analysis was performed on lung 
cancer patient samples (non-small cell lung car-
cinoma, NSCLC). H3K9Ac, H3K9TriMe, and 
H4K16Ac were found to be associated with can-
cer recurrence; H4K20triMe was not found to be 
associated with lung cancer recurrence or sur-
vival [ 24 ].  Methylation   markers for lung cancer 
diagnosis include  p16(INK4a)  [ 134 ];  GDNF, 
MTHFR, OPCML, TNFRSF25, TCF21, PAX8, 
PTPRN2,  and  PITX2  [ 135 ];  PAX5alpha, GATA5,  
and  SULF2  [ 136 ];  RUNX-3  [ 137 ];  SHOX2  [ 138 , 
 139 ]; and  APC, CDH1, MGMT, DCC, RASSF1A , 
and  AIM1  [ 140 ]. It is known that half of all new 
lung cancer cases belong to former smokers and 
never smokers; therefore, proper representation 
of lung cancer from never smokers should be 
included in any screening analyses.  

5.3.13      Ovarian Cancer   

 Ovarian cancer is one of the deadliest cancers 
because it frequently is asymptomatic until it has 
reached advanced stages [ 141 ]. A set of methyla-
tion biomarkers was identifi ed for diagnosing 
ovarian cancer with 72 % sensitivity and 94 % 
specifi city. These markers were  NKIRAS1/
RPL15, THRB, RBPS3 (CTDSPL), IQSEC1, 
NBEAL2, ZIC4, LOC285205,  and  FOXP1  [ 142 ]. 
These investigators also characterized additional 
biomarkers and identifi ed  LOC285205, CGGBP1, 
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EPHB1,  and  NKIRAS1/RPL15  as able to distin-
guish between stage I and II and stage III and IV 
ovarian cancer with a sensitivity of 80 % and 
specifi city of 88 % [ 142 ]. Additional potential 
epigenetic markers for ovarian cancer include: 
 MLH1, RASSF1A, HIC1, DAPK, OPCML, 
CCBE1, FZD4, DVL1, NFATC3, ROCK1, LRP5, 
AXIN1, NDK1 , and  FBXO32  [ 141 ].  

5.3.14     Pancreatic  Cancer   

 No effective therapeutic strategies have been 
developed for pancreatic ductal adenocarcinoma, 
an aggressive tumor, because it is diagnosed late. 
Epigenetic markers might improve early diagno-
sis of this tumor type.  KRAS  mutations generally 
are present in pancreatic cancer. Therefore, in 
many studies methylation markers are selected in 
 KRAS -positive samples [ 143 ].  p16  methylation 
has been reported in pancreatic cancer [ 144 ]; and 
Li et al. reported hypermethylation of mis-
matched repair genes ( hMLH1  and  hMLH2 ) in a 
population-based study [ 145 ]. In an exploratory 
study, cell-free DNA from pancreatic cancer 
patients and pancreatitis patients was analyzed 
by methylation and a distinct pattern of methyla-
tion was observed [ 146 ].  Methylation   of  cyclin 
D2  also was reported by investigators [ 147 ]. 
Other genes that have been shown by their meth-
ylation status to be involved in pancreatic cancer 
include  TFP1, BN1P3 , and  RELN  [ 148 ]. In addi-
tion, it has been proposed that the chromatin- 
modeling PcG proteins could contribute to the 
development of pancreatic cancer [ 149 ].  

5.3.15      Prostate    Cancer   

 A number of genes, such as  GSTP1, cyclin D2, 
IGFBP7, KLK6,  and  KLK10 , have been reported 
to be methylated in prostate cancer [ 150 – 153 ]. 
Based on the clustering analysis of expressed 
genes in moderately and poorly differentiated 
prostate glands and normal glands using whole 
genome oligonucleotide microarrays, 12 epige-
netically regulated genes were identifi ed [ 154 ]. 
In prostate cancer,  TDRD1, IGF2, DICER1, 

ADARB1, HILS1, GLMN,  and  TRIM27  were 
upregulated; and  TNRC6A  and  DGCR8  were 
downregulated. Based on levels of the acetylated 
histones H3K9, H3K18, and H4K12, and dimeth-
ylated H4R3 and H3K4, low-grade prostate can-
cer ( Gleason score   of 6 or less) was shown to be 
divided into two prognostically separate groups 
[ 150 ]. miRNAs can function as oncomirs or 
tumor suppressor miRs, and miRNA profi ling 
was reported to be altered during prostate cancer 
development [ 155 ,  156 ]. miR-34 has been shown 
to modulate chromatin in prostate cancer cells 
via the AKT pathway [ 157 ].  Circulating miRNAs   
 miR-16  ,  miR-195  , and miR-26a were shown to 
distinguish between prostate cancer and benign 
prostate hyperplasia with a sensitivity of 78.4 % 
and a specifi city of 66.7 % [ 158 ]. Global meth-
ylation profi ling also was shown to predict pros-
tate cancer [ 159 ].  

5.3.16     Skin  Cancer   (Melanoma) 

 When 195 samples (basal cell carcinoma, squa-
mous cell carcinoma, and active keratosis) were 
analyzed by methylation-specifi c, high- resolution 
melting, the  AKAP12  gene showed differential 
methylation levels that correlated with the 
advancement of skin cancer [ 160 ].  Methylation   
of arsenic in drinking water causes the formation 
of mono- and dimethylated arsenite and 
contributes to skin cancer [ 161 ,  162 ]. 
5- hydroxymethylcytosine (5hmC) is an interme-
diate of DNA demethylation, and its low levels 
have been observed in  melanoma   [ 163 ]. Its grad-
ual loss was correlated with the advancement of 
skin cancer. In addition,  miR-29  c and DNMT3B 
were reported to be involved in melanoma dis-
ease outcome [ 164 ]. 

5.3.16.1     Suitable Samples to Assay 
 Epigenomic Biomarkers   

 Table  5.2  summarizes different types of samples 
that were used to assay epigenetic diagnostic 
markers. Blood and tissue samples were the most 
commonly used samples. In a few examples, 
multiple epigenetic markers were analyzed in the 
same sample [ 165 ]. In some cases, samples are 
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stored for long periods of time before epigenetic 
changes are assayed, and sample stability must 
be assessed before studies are conducted. One 
such study assessed the stability of stool samples 
and analyzed and validated methylation results to 
evaluate potential markers for CRC diagnosis 
[ 166 ]. In another study, Elliott et al. compared 
methylation results from DNA isolated from 
stool with mucosa biopsies and observed similar 
results [ 167 ]. LINE-1 methylation patterns were 
compared in exfoliated cells, tissues, and blood 
from bladder cancer patients, and it was con-
cluded that exfoliated cells are suitable for detect-
ing cancer and for screening high-risk populations 
[ 168 ]. For detecting breast cancer, matched sam-
ples of nipple aspirate and mammary ductoscopy 
were analyzed by quantitative methylation analy-
sis and comparable results were obtained [ 169 ]. 
Dulaimi et al. observed that during methylation 
analysis, if some genes are unmethylated in tis-
sue samples, they also are unmethylated in 
matched serum samples [ 170 ]. All of these exam-
ples indicate that noninvasively collected sam-
ples can be used for epigenetic analysis.

5.3.16.2        Epidemiologic Studies 
in  Cancer    Epigenetics   

 Epigenetic alterations are a common event in 
cancer, and their identifi cation can provide 
insights into the carcinogenic process and sug-
gest clinically relevant biomarkers [ 28 ,  37 ]. 
Research focused on biomarker-based early 
detection has the potential to reduce mortality 
rates. After potential epigenetic biomarkers are 
identifi ed, they should be validated for potential 
use in screening to identify those who are at risk 
of developing cancer. Examples of the use of epi-
demiology and epigenetics in cancer are 
described below in which biomarkers played a 
signifi cant role in cancer diagnosis, disease strati-
fi cation, outcome, and prognosis. 

 Based on high-density microarray analysis, 
Nelson et al. identifi ed methylation profi ling that 
could distinguish between lung cancer subtypes 
and controls in three populations with hundreds 
of participants [ 171 ]. These investigators sug-
gested including these genes in translational 
studies aimed at developing a screening method 

to detect early lung cancer. In a case–control 
study (92 head and neck squamous cell carci-
noma [HNSCC] cases and 92 cancer-free con-
trols), blood DNA methylation profi ling of the 
 FGD4, SERPING1, WDR39, IL27, HYAL2 , and 
 PLEKHA6  genes was used to generate ROC 
curves. After adjusting for age, gender, smoking, 
and alcohol consumption, results indicated that 
hypermethylation of these six genes was associ-
ated with HNSCC [ 172 ]. In renal cell carcinoma 
(RCC), methylation of  HIC1  was associated with 
disease stratifi cation [ 120 ]. Tissues used in this 
study consisted of clear cell RCC, papillary RCC, 
and mixed histologies. Tumor-free tissues from 
areas at least 2 cm away from the primary tumor 
site were obtained from the same patients. In 
another study, Marsit et al. identifi ed methylated 
markers associated with the aggressiveness of 
bladder cancer in two independent, nonconsecu-
tive, population-based bladder cancer series 
(tumors from 344 individuals involved in a case–
control study of incident bladder cancer diag-
nosed between 1994–1998 in the fi rst series; and 
tumors from 264 individuals diagnosed between 
2002 and 2004 in the second series) [ 173 ]. 
 HOXB2  hypermethylation alone was found to be 
associated with invasive bladder cancer; whereas 
hypermethylation of  HOXB2, KRT13 , and  FRZB  
together was associated with the prediction of 
high-grade, noninvasive disease. These studies 
may suggest genes with potential as clinical 
markers of disease and genes and pathways with 
potential as targets for therapeutic treatment. In 
another study of bladder cancer,  RUNX3  hyper-
methylation was found to be correlated with dis-
ease progression (increased tumor stage and 
grade) in bladder cancer [ 174 ]. In this study, pri-
mary tumors from non-muscle invasive bladder 
cancer (NMIBC) patients with histologically 
verifi ed cell carcinoma who underwent transure-
thral resection at Chungbuk National University, 
Korea, were collected between 1995 and 2009. 

 A study in Tunisian women (tissue from 117 
breast cancer patients and 65 paired normal 
breast tissues, and 16 fi broadenomas and fi ve 
mastopathies from women without carcinoma 
used as controls) found that patients with meth-
ylated  BRCA1  and/or  BRCA2  showed signifi cantly 
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longer survival compared to those with unmeth-
ylated tumors [ 175 ]. Participants in this study 
had no family history of breast cancer.  BRCA1  
methylation correlated well with patient age 
and triple-negative phenotype (ER − , PR − , 
HER2 − ). Poage’s group developed a novel 
approach to CpG grouping (based on genomic 
features and PcG target genes) to identify a 
classifi er that is associated with survival in 
HNSCC [ 176 ]. Biospecimens were obtained 
from an ongoing population-based, case-con-
trol study in the Boston area (Head and Neck 
Oncology Programs in Brigham and Women’s 
Hospital, Beth Israel Deaconess Medical 
Center, Boston Medical Center, Dana Farber 
 Cancer   Institute, Massachusetts General 
Hospital, and New England Medical Center) 
[ 176 ,  177 ]. This study demonstrated the inte-
gration of genetic and epigenetic information. 
Ling et al. conducted a population- based study 
in esophageal squamous cell carcinoma (ESCC) 
(209 specimens were collected prospectively 
from ESCC patients in Zhejiang Province 
Cancer Hospital between 2004 and 2010, and 
matching morphologically normal esophageal 
epithelium tissues were collected 6–10 cm 
away from tumors during surgery) and observed 
that MSH2 promoter methylation levels were 
associated with disease survival [ 178 ]. Plasma-
circulating DNA was used to follow up disease-
free survival. 

 In another epidemiologic study, histone 
profi ling in 408 patient samples (tissues) was 
performed by tissue microarray and immuno-
histochemical analysis. In this case- control 
study of NSCLC, histone profi ling of H3 
(H3K9Ac, H3K9TriMeth), and H4 (H4K16Ac, 
H4K20TriMeth) was determined to evaluate its 
association with disease recurrence and survival 
[ 24 ]. After the analysis, subjects were grouped 
into different categories based on profi le: acety-
lation dominant, methylation dominant, co- 
dominant, and modifi cation-defi cient. Compared 
to other groups, the acetylation-dominant group 
showed better prognosis in survival analysis 
[ 24 ]. Previously, histone profi ling was studied 
in regard to recurrence and survival in liver can-
cer and gastric cancer [ 85 ,  102 ]. 

 In another study of NSCLC, circulating 
miRNA levels were associated with survival 
[ 179 ]. Serum miRNA signatures were identifi ed 
in a genome-wide serum miRNA profi ling of 
patients with stages I to IIIa lung adenocarci-
noma and squamous carcinoma (treated with 
both surgery and adjuvant chemotherapies). 
Four specifi c miRNA signatures were identifi ed 
that might be markers for following survival in 
lung cancer. A total of 303 patients were 
included in this analysis: 60 patients were 
selected for the discovery stage for Solexa 
sequencing—30 patients who survived more 
than 30 months on the last follow-up were clas-
sifi ed as the longer survival group, and 30 
patients who survived less than 25 months were 
classifi ed as the shorter survival group. The 
remaining 243 participants were in the training 
or testing groups. Another group of investiga-
tors reported similar results in tissue samples, 
with the additional information that histology 
was associated with miRNA expression [ 180 ]. 
To repress transcription, miRNA binds to the 
messenger RNA (mRNA) of the transcribed 
gene. If the binding site of miRNA is mutated or 
has a polymorphism, gene transcription contin-
ues. In a case-control study of more than 700 
cases of bladder cancer (undergoing radiother-
apy) and more than 700 controls, polymor-
phisms in an miRNA-binding site were 
evaluated, and correlations with therapy out-
come were observed [ 181 ]. These investigators 
are applying a similar approach in breast cancer 
patients undergoing treatment. 

 These examples indicate the role of the epig-
enome in cancer diagnosis as well as processes 
involved in carcinogenesis.  

5.3.16.3      Epigenetic Inhibitors   in  Cancer   
Treatment 

 Four epigenetic inhibitors have been approved 
by the U.S. Food and Drug Administration 
(FDA) for the treatment of specifi c cancers 
[ 182 ]. DNA demethylating agents azacitidine 
(Vidaza®, sold by Celgene, New Jersey), and 
decitabine (Dacogen®, sold by Eisai, Japan) are 
used to treat myelodysplastic syndrome, which 
is the precursor of AML.  Histone   deacetylase 
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inhibitors (sold by Celgene and Merck, New 
Jersey) are used to treat cutaneous lymphoma. 
Yan et al. treated AML with decitabine and per-
formed methylome analysis [ 183 ]. The results 
indicated the feasibility of methylome analysis 
as a pharmacodynamic endpoint in methylating 
agent therapy [ 183 ]. In another study, the 
deacetylating agent vorinostat was used in com-
bination with paclitaxel and bevacizumab for 
breast cancer therapy in a small group of patients 
to assess the effi cacy of the treatment [ 184 ]. A 
clinical study conducted at The Johns Hopkins 
University showed that the combination of a 
demethylating agent and a histone deacetylase 
inhibitor lead to reduced lung tumor size [ 185 ]. 
Based on his results, Baylin has suggested that 
including epigenetic drugs in regular cancer 
treatment leads cells to become susceptible to 
routine drugs and improves drug effi cacy. 
Challenges remain, however, in the fi eld of epi-
genetic inhibitors, including a lack of predictive 
markers, relatively unclear mechanisms of 
response and resistance to treatment, and low 
response in solid tumors.    

5.4     Potential Challenges 
and Opportunities 

 Clinical validation of identifi ed epigenetic bio-
markers is the key challenge in the fi eld of cancer 
diagnosis. Pepe et al. have proposed fi ve phases 
of biomarker validation [ 186 ]. Analytical validity 
is defi ned as the ability of an assay to accurately 
and reliably measure an analyte in the laboratory 
as well as in clinical samples. Clinical validation 
requires the detection or prediction of the associ-
ated disease (cancer) in specimens from targeted 
patients. After epigenetic biomarkers are identi-
fi ed, the assay and biomarker must be approved 
by the FDA before these biomarkers can be uti-
lized in clinical samples. The FDA has provided 
guidelines for this process, including specifi c 
analytical and clinical validation tests that bio-
markers must pass. If biomarkers, assays, or 
devices are intended for clinical use in patient 
samples, they should be reviewed by the FDA’s 
Center for Devices and Radiological Health for 

their ability to analytically measure the biomarker. 
Biomarkers and devices for quantifi cation are 
expected to yield equivalent results.  Biomarker   
qualifi cation by the FDA enables collaboration 
among stakeholders, reduces costs for individual 
stakeholders, and provides biomarkers that are 
useful for the general public and the private 
sector. 

 Another challenge in the fi eld of epigenetic 
biomarkers is identifying which epigenetic alter-
ations are the “drivers” and which are the “pas-
sengers” during cancer progression. “Driver” 
epimutations may appear as low-frequency alter-
ations, requiring many samples to be screened 
before tumor-specifi c “driver” epimutations can 
be identifi ed. Integrating genomic information 
with epigenomic information presents another 
challenge. In addition, limitations exist in identi-
fying morphometric biomarkers (in vivo imag-
ing), such as in chromatin remodeling during 
cancer progression. These changes occur much 
earlier than any phenotypic changes are observed 
in tumor development. 

 Combining multiple markers may increase the 
sensitivity and specifi city of biomarkers [ 4 ,  28 , 
 32 ,  37 ,  187 – 191 ]. Integrating genomic and 
 proteomic markers with epigenetic markers may 
facilitate distinguishing between different cancer 
subtypes and cancer stages [ 15 ,  26 ,  37 ], as has 
been accomplished for breast cancer by the inte-
gration of genomic DNA copy number arrays, 
exome sequencing, methylation profi ling, mRNA 
arrays, miRNA sequencing, and reverse-phase 
protein arrays [ 18 ]. 

 The results of methylation profi ling from 
blood and tissues often differ [ 192 ]. Koestler 
et al. conducted a systematic epigenome-wide 
methylation analysis and demonstrated that 
shifts in leukocyte subpopulations may account 
for a considerable proportion of variability in 
these patterns [ 193 ]. Sturgeon et al. could not 
distinguish breast cancer cases and controls in 
a clinical setting when serum or plasma DNA 
methylation patterns of selected genes were 
evaluated [ 194 ]. Insuffi cient material, techni-
cal shortcomings, or lack of experience are 
other challenges faced by investigators in diag-
nosing different cancers, including brain can-
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cer [ 195 ]. Industrial partnerships in major 
projects may produce useful outcomes in these 
areas. Proper sharing of views and dissemina-
tion of knowledge, and collaborations among 
investigators in different disciplines, are the 
key to the successful identifi cation and valida-
tion of candidate epigenetic biomarkers for 
cancer diagnosis. 

 Routine technologies for cancer diagnosis 
cannot detect low-grade cancers or cancers at the 
premalignant stage. Epigenetic markers may be 
useful in these situations. Cost-effective technol-
ogies are needed that have high sensitivity and 
specifi city and can be used with samples that are 
collected through noninvasive means. The avail-
ability of genome-wide methylation, histone, and 
miRNA analysis technologies, and our rapidly 
accumulating knowledge regarding the epig-
enome, may make the translation of fi ndings dis-
cussed in this article possible in the near future. 
Epigenetic biomarkers also may be useful in 
identifying patients who will benefi t from drug 
therapy without developing a resistance to the 
drugs being taken. Recently developed drugs for 
cancer treatment are based on specifi c pathways 
and may be useful for individuals in whom these 
pathways are altered. This approach can be 
designed for personalized medicine and precision 
medicine. Epigenetic biomarkers may be useful 
in such approaches.     
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6.1         Introduction: Biomarkers, 
Promise and Pitfalls 

  Predictive biomarker  s, or “responder 
identifi cation” biomarkers, are molecular or 
other characteristics of a patient or a patient’s 
malignancy which predict increased benefi t (or 
toxicity) from a particular drug. Predictive 
classifi ers, which may be constructed from one 
biomarker or a composite of biomarkers, 
identify patients more likely to benefi t (or 
experience toxicity). With increasing knowledge 
of the molecular biology of cancer, the number 
and potential of these predictive biomarkers and 
classifi ers is increasing. 

 Currently, the risk of cancer drug development 
is high due to a high failure rate of clinical trials. 
This may be due to heterogeneity between 
patients’ tumors, leading to trials where most of 
the patients cannot benefi t from the drug. In this 
situation, the “signal” from the patients who ben-
efi t may be lost in the “noise” from the patients 
who do not benefi t. By applying predictive bio-
markers, we can select the patients who will ben-
efi t more precisely, ultimately leading to a greater 
chance of detection of the signal of benefi t. For 
example, trastuzumab was studied in metastatic 
breast cancer patients whose tumors over- 
expressed its target, the Her2-neu protein [ 14 , 
 26 ]. This therapy has been very successful in 
benefi ting approximately 20 % of metastatic 
breast cancer patients, but if the clinical trial had 
been done in an unselected metastatic breast can-
cer population it almost certainly would have 
been negative. Thus, predictive biomarkers offer 
an increased probability of success of oncology 
trials. 

 Clinical trials which are performed in an 
unselected population have a small average ben-
efi t because patients who cannot benefi t contrib-
ute to the average. The number of patients 
required to detect a small benefi t in a randomized 
trial is much higher than that required to detect a 
large benefi t. In fact, the size of the trial is pro-
portional to the  inverse square  of the benefi t size. 
For example, by doubling the size of the average 
benefi t, you can reduce the required size of the 
randomized trials to detect it by a factor of 4. This 

also can lead to a decreased cost of clinical 
development. 

 National health authorities and payors are 
increasingly demanding value for medicines. 
Value is measured in cost per quality adjusted life 
year (QALY), and the UK National Institute for 
Clinical Excellence (NICE) generally expects this 
cost to be 30,000 British pounds or less. Most can-
cer medicines exceed this cost because of the high 
cost of their development and the low average ben-
efi t. The high cost is driven by low probabilities of 
success and high cost of clinical development pro-
grams, and the low average benefi t by treatment of 
many patients who will not benefi t. 

 Clearly, predictive biomarkers have the poten-
tial to increase the value of cancer medicines and 
decrease their cost. Examples of successful appli-
cations of predictive biomarkers include her2neu 
expression for trastuzumab therapy of breast can-
cer [ 14 ,  26 ], sensitizing mutations in the epider-
mal growth factor  receptor   (EGFR) gene for 
gefi tinib and erlotinib therapy of non-small cell 
lung cancer [ 20 ,  21 ], ras wild type status for ther-
apy of colorectal cancer with anti-EGFR therapy 
using cetuximab or panitumumab [ 1 ,  7 ,  19 ,  28 ], 
alk translocations for crizotinib therapy of lung 
cancer [ 24 ], and V600E mutations for vemu-
rafenib therapy of  melanoma   [ 8 ]. 

 However, predictive biomarkers do not always 
work. A notable exception was found when 
patients without measurable EGFR  receptor   
expression were found to benefi t from anti-EGFR 
antibody therapy in colorectal cancer. This may 
have been due to insuffi cient assay sensitivity, 
loss of EGFR antigen on storage of clinical speci-
mens, sampling error within a heterogeneous 
tumor, or evolution of the tumor between when 
the specimen was obtained (often at diagnosis) 
and the time of treatment (frequently ar relapse) 
[ 22 ,  29 ]. These practical pitfalls affect the real 
clinical performance of every predictive bio-
marker. Thus, the value of a predictive biomarker 
can only be measured by its clinical performance, 
not by its theoretical value or value in the labora-
tory. Although it seemed self-evident that anti- 
EGFR antibody therapy should require measured 
EGFR expression, this was not the case in actual 
clinical practice. 
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 In addition to the reasons cited above, predic-
tive biomarkers may fail if they represent an 
overly simplifi ed summary of very complex and 
partially understood cancer biology. In the labo-
ratory, animal models may be designed to high-
light simple biological features. But in the patient, 
more complex and varied mechanisms will often 
be at play. Importantly, members of drug devel-
opment teams may have contributed to the devel-
opment of leading predictive biomarker 
hypotheses. These same members may have dif-
fi culty objectively assessing the uncertainty in 
the clinical application of the hypotheses, leading 
to drug development programs which overem-
phasize predictive biomarkers. 

 When predictive biomarkers fail, they can 
lead to an unnecessary narrowing of the treated 
population, or to narrowing it in the wrong way 
(for colorectal cancer treated with anti-EGFR 
therapy, EGFR expression was the wrong predic-
tive biomarker, whereas  k-ras   mutation, the right 
predictive biomarker, was discovered much 
later). 

 The use of predictive biomarkers involves 
various costs and challenges. Signifi cant 
resources must be invested in order to discover 
biomarkers, develop assays for biomarkers, and 
formally develop a “companion diagnostic assay” 
which meets regulatory requirements for co- 
approval with the therapy as a means of selecting 
patients [ 18 ]. Patient selection requires the avail-
ability of suitable diagnostic tissue, and patients 
who have insuffi cient diagnostic tissue will be 
ineligible for the trial, leading to recruitment 
diffi culties. 

 The great promise of predictive biomarkers, 
together with inconsistent results, and the signifi -
cant investment of time and money required, 
have led to variable attitudes ranging from uncrit-
ical enthusiasm to harsh skepticism [ 15 ,  23 ]. The 
skepticism is well expressed by Ratain and 
Glassman [ 23 ]: “Whereas ‘wins’ have occurred 
here,… most attempts to identify such biomark-
ers have been nothing more than expensive fi sh-
ing expeditions. Drug response is multifactorial; 
patient populations are heterogeneous; potential 
markers are innumerable; and scientifi c under-
pinnings to marker development are imperfect.” 

 These issues and legitimate concerns may hin-
der the development of a fi eld which is increasing 
in promise with increasing molecular under-
standing of cancer. The lack of consensus on 
interdisciplinary drug development teams about 
if, when, and how to apply predictive classifi ers 
is manifest in the many clinical trials we still 
observe today which lack a meaningful use of 
these classifi ers. 

 Key dilemmas include:

•    When and to what degree to invest in predic-
tive biomarkers  

•   When to select only for patients who are “pos-
itive” for the predictive biomarkers and when 
to include some patients who are “negative” 
for the biomarker.    

 An approach for predictive biomarker inte-
gration into oncology clinical development is 
presented in this chapter. It was developed after 
extensive cross functional discussions among 
discovery scientists, translational medicine 
experts, clinicians, statisticians, regulatory 
affairs experts, and commercial experts from 
several pharmaceutical and biotechnology fi rms, 
and is inspired by a broad consensus from these 
discussions, although not representing the offi -
cial position of the fi rms [ 5 ]. This chapter will 
fi rst outline the principles behind the recom-
mended approach, then describe key tactics, and 
fi nally discuss the signifi cance as well as new 
developments in the personalized strategies for 
cancer therapy.  

6.2     Central Principle 

 The central principle is validation of predictive 
biomarkers through documentation of their pre-
dictive value in the clinic. This implies early 
investment in preclinical predictive biomarker 
discovery programs and assay development, and 
in early phase clinical studies involving biomark-
ers in every case. However, the degree of empha-
sis of predictive biomarkers in Phase 3 will 
depend on how well they have predicted clinical 
data in earlier trials. 
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 This central principle has two corollaries: (1) 
“biomarker negative” patients must be included 
in some of the early studies to demonstrate that 
the predictive biomarker can distinguish between 
patients who benefi t and those who don’t. (2) the 
predictive biomarker hypothesis must undergo 
formal statistical testing. This implies that a sin-
gle predictive biomarker hypothesis must be pri-
oritized prospectively (ideally before the start of 
Phase 2). Statistical testing cannot be effective 
for multiple candidate predictive biomarker 
hypotheses. 

 The inclusion of “biomarker negative” patients 
can create ethical issues. If we believe, based on 
understanding of cancer biology or on preclinical 
data, that biomarker negative patients may not 
benefi t, is it ethical to treat them? Ethicists gener-
ally use the term  equipoise  as a criterion for treat-
ment in this case. That is, in a randomized 
controlled trial, there must be a level of uncer-
tainty about which arm is better, which in this 
case corresponds to an uncertainty about whether 
the experimental therapy will benefi t biomarker 
negative patients. As discussed in the introduc-
tion, equipoise tends to be underestimated in 
many instances. Members of the drug develop-
ment team may be biased in favor of their discov-
eries and hypotheses. The complexity of the 
human setting compared to the simple preclinical 
models may be underestimated. Publication bias, 
which leads to more frequent and prominent pub-
lication of biomarker success stories than cau-
tionary tales, can also lead to underestimation of 
equipoise. Because of equipoise, there may be an 
ethical concern with denying an experimental 
therapy to a “biomarker negative” patient when 
the truth of the predictive biomarker hypothesis 
is unknown and the patient has few other options. 
Some anti-EGFR therapies, such as gefi tinib and 
erlotinib, offer benefi t to biomarker negative 
patients although it is less than that offered bio-
marker positive patients. Other anti-EGFR thera-
pies such as cetuximab offer benefi t in patients in 
whom EGFR expression cannot be detected. 

 Nonetheless, we do not favor single agent 
treatment of biomarker negative patients with an 
experimental therapy designed for biomarker 
positive patients in instances where the mecha-

nism of the therapy is well understood and the 
scientifi c rationale behind the predictive bio-
marker hypothesis is strong. As an alternative, 
we propose combination therapy by a random-
ized add-on design: background therapy ± experi-
mental therapy. Ordinarily, the background 
therapy will be the standard of care therapy for 
that clinical cancer scenario. However, in some 
instances the standard of care therapy and the 
proposed experimental therapy may antagonize 
each other. Preclinical work should attempt to 
determine if this is a risk. In such cases, it may be 
necessary to develop a combination of experi-
mental agents, where one experimental agent is 
the background therapy and the other is the test 
therapy to which the predictive biomarker 
hypothesis applies. In both cases, there should be 
the expectation that biomarker negative patients 
may benefi t from the background therapy. 

 The second corollary of the central principle is 
that one predictive biomarker or classifi er must 
be prioritized for formal statistical testing in 
 Phase 2 clinical studies  . This predictive bio-
marker hypothesis must be chosen in advance of 
the Phase 2 data being available. The hypothesis 
is also termed a “clinical benefi t identifi cation 
hypothesis” [ 5 ], where clinical benefi t can be 
defi ned in a variety of ways depending on the 
Phase 2 study, and the hypothesis is that “bio-
marker positive” patients will have more clinical 
benefi t than “biomarker negative” patients. It is 
all too common for multiple candidate predictive 
biomarkers to be used and for teams to retrospec-
tively examine the data looking for a predictive 
biomarker hypothesis that “works”. This is pre-
cisely what Ratain and Glassman call “a fi shing 
expedition” [ 23 ]. Testing a large number of pre-
dictive biomarker hypotheses increases the false 
positive rate in nearly direct proportion to the 
number of hypotheses tested, a phenomenon 
called  the multiple comparisons problem.  If the 
team looks for additional hypotheses after data is 
available, the chance of fi nding something that 
“works” coincidentally is even higher. This then 
leads to failed phase 3 studies. 

 Often it is unclear which biomarker hypothe-
sis should be prioritized for formal statistical 
testing, due to the complexity of the biology. 
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Although the prioritized hypothesis is formally 
tested in Phase 2, other candidate hypotheses can 
be examined in an exploratory fashion. If the pri-
mary prioritized hypothesis fails, and one of the 
exploratory hypothesis appears to work, this is a 
lower level of evidence, and needs to be con-
fi rmed in a second Phase 2 study wherein the for-
mer exploratory hypothesis is prospectively 
chosen as the primary biomarker hypothesis. 
Repeating phase 2 may seem like a setback, but 
in fact it is progress. Such an iterative process 
may often be required, and refl ects evolving 
understanding. It is common for a lead drug can-
didate to have backups, and similarly we should 
expect a lead biomarker hypothesis to have 
backups. 

 Choosing the primary predictive biomarker 
hypothesis should be based on scientifi c evidence 
from in vitro and in vivo models,  Phase 1 clinical 
studies  , Phase 2a exploratory unrandomized 
studies, neoadjuvant studies where tissue for 
exploratory biomarker work can be readily 
obtained, and where applicable, experimental 
medicine studies in patients or volunteers. 
Moreover, studies of tissue banks should have 
determined the expected prevalence of biomarker 
positive and negative subgroups in the proposed 
PoC indications. If the biomarker positive sub-
group is too small, it may be diffi cult to enroll a 
suitable trial, and if the biomarker negative sub-
group is too small, it may not be cost effective to 
screen when the error rate of the assay is 
considered. 

 Ideally, the primary predictive biomarker 
hypothesis should be chosen prior to the begin-
ning of the Phase 2 study. This will allow  stratifi -
cation  for the predictive biomarker status in 
phase 2, ensuring that the experimental and con-
trol groups have equal proportions of biomarker 
negative patients and reducing confounding of 
conclusions in Phase 2 due to imbalances in other 
factors that may infl uence clinical benefi t. 

 If the primary predictive biomarker hypothe-
sis is chosen prior to Phase 2, the drug developer 
may choose to begin formal development of an 
in vitro diagnostic (IVD) candidate assay. This 
assay must be suffi ciently robust and well charac-
terized to be independently approved by health 

authorities. This includes full analytic validation 
for linearity, sensitivity, specifi city, and repro-
ducibility, and understanding of pre-analytical 
variables such as sample preparation and age, to 
allow the assurance that patients can be reliably 
selected under actual clinical practice conditions. 
Development of an IVD candidate is a substantial 
investment. However, as the process can take 1–2 
years, it must be begun early to avoid delay in 
starting Phase 3. Generally, phase 3 is expected 
to be performed with an IVD candidate assay 
since it is that assay which must be clinically 
validated by the Phase 3 result. 

 If the primary predictive biomarker hypothe-
sis cannot be chosen in advance of Phase 2, it is 
possible to delay the specifi cation of the hypoth-
esis until just before the Phase 2 samples are ana-
lyzed, the so-called “prospective retrospective 
approach” [ 25 ]. The analysis is still prospective if 
the hypothesis is stated and documented prior to 
sample analysis. The most rigorous way to docu-
ment the primary predictive biomarker  hypothesis 
is to amend the clinical study to incorporate it 
into the Phase 2 primary endpoint. For internal 
decision making by a drug development team, 
amending the statistical analysis plan may be 
suffi cient. 

 The prospective-retrospective approach will 
have disadvantages. Failure to stratify for the pre-
dictive biomarker hypothesis means the bio-
marker positive and negative subgroups may be 
imbalanced with respect to other factors that 
affect clinical benefi t. Development of an IVD 
candidate assay may well delay the start of Phase 
3 in this scenario.  

6.3     Other Fundamental 
Principles 

 A second fundamental principle is maximization 
of the effi ciency of clinical development. This is 
very important given the need to develop both a 
therapy and a predictive biomarker hypothesis 
simultaneously while controlling the numbers of 
patients required and the costs. 

 Effi ciency is defi ned by a benefi t-cost ratio 
(BCR). Chen and Beckman [ 9 – 11 ] examined the 
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optimal size for a randomized Phase 2 proof of 
concept (PoC) study that maximizes the 
BCR. Benefi t is defi ned as the risk adjusted num-
ber of “true positives” identifi ed by a Phase 2 
program: i.e. therapies that truly work for the 
indications. Cost is defi ned as the risk adjusted 
number of patients that will be used in the Phase 
2 and Phase 3 programs combined. “Risk 
adjusted” accounts for the possibility of wrong 
decisions due to the statistical limitations of 
Phase 2 studies. For example, if the Phase 2 study 
is false positive, the drug development team will 
spend money on a Phase 3 study which will be 
negative, increasing the cost. Conversely, if a 
Phase 2 study is falsely negative, the drug devel-
opment team will not choose to do a Phase 3 
study even though the therapy actually works, 
reducing the benefi t. 

 The false positive (Type I) and false negative 
(Type II) error rates can be reduced by doing a 
larger Phase 2 trial. However, this increases the 
cost of the Phase 2 trial. Chen and Beckman [ 9 ] 
modeled the realistic scenario in which there is a 
limited budget for Phase 2 PoC studies. This is 
universally true both in pharmaceutical and bio-
tech settings and in academic programs funded 
by public sources. The number of potential PoC 
studies is always large given multiple available 
therapies, therapeutic combinations, and indica-
tions. At any given time, on the order of 1000 
therapies are under development for oncology, 
creating a number of possible PoC studies well 
exceeding available budgets. 

 In this scenario, a larger Phase 2 study will 
have lower Type I and Type II error rates but con-
sume more of the resources. If the Phase 2 PoC 
study budget is not suffi cient to pay for all the 
PoC studies of interest, the larger study will result 
in an opportunity cost. There will be a PoC study 
of interest which is not funded. If this study 
would have been successful, that opportunity is 
lost. Chen and Beckman termed this opportunity 
cost “ Type III error ” [ 5 ]. 

 Statisticians traditionally require a study large 
enough to lower the type I and II errors to 10 % 
and 20 % respectively. However, Chen and 
Beckman [ 9 – 11 ] showed that it is 10–30 % more 
effi cient as judged by the BCR to reduce the size 

of a PoC study and increase the Type II error to 
40 %, but allow more hypotheses to be tested. This 
is true because of the important effect of Type III 
error. The resulting non-traditional, but optimally 
effi cient PoC powering scheme is termed  “Chen-
Beckman powering”  or  “Chen- Beckman power”.  

 The above results assume a variety of hypoth-
eses to be tested, of equal merit. However, based 
on preclinical information or other considerations, 
the drug development team may judge some 
hypotheses to have greater value and/or probabil-
ity of success than others. The same mathematics 
can be used to fi nd the corresponding optimal 
Type I error rate and Type II error rate for each 
hypothesis, and the optimal allocation of 
resources, in which PoC trials based on particu-
larly strong hypotheses get more than their share 
of resources, PoC trials based on weaker hypoth-
eses get less resources, and still other PoC trials 
based on the weakest hypotheses are not done. In 
the case of two hypotheses, if one is much stron-
ger than the other, the algorithm may recommend 
devoting all of the resources to the stronger 
hypothesis, mirroring the traditional paradigm. 

 Maximizing effi ciency and utility of clinical 
development will be evident in the tactics 
described below, including the Phase 2 study, the 
decision of what type of Phase 3 study to per-
form, and the design of an adaptive Phase 3 study 
when the truth of the predictive biomarker 
hypothesis is uncertain after Phase 2. 

 Two other principles were considered funda-
mental. Firstly, decision making must be adap-
tive. Secondly, there must be continuous 
integration of biomarker and clinical data. These 
principles are demonstrated in the tactics eluci-
dated below.  

6.4     Tactics 

6.4.1     The Effi ciency Optimized 
Biomarker Stratifi ed 
Randomized Phase 2 Study 

 Three options exist for randomized Phase 2 
designs incorporating predictive biomarkers. In 
the enrichment design, only biomarker positive 
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patients are studied. In the biomarker strategy 
design, patients are randomized either to (a) ran-
domly chosen therapy, or (b) predictive biomarker 
directed therapy. In the biomarker stratifi ed 
design, both biomarker positive and biomarker 
negative patients are randomly assigned to either 
control or experimental therapy. Thus, the study 
has four groups: biomarker positive experimental, 
biomarker positive control, biomarker negative 
experimental, and biomarker negative control. 
 Stratifi cation   means that the positive and negative 
groups are independent strata and are randomized 
independently to ensure that there is no accidental 
confounding by other factors that might affect 
clinical benefi t. It has been demonstrated that, 
when there is equipoise, the most effi cient design 
is the biomarker stratifi ed design [ 17 ]. 

 A randomized biomarker stratifi ed Phase 2 
PoC study is essentially testing two hypotheses at 
once: the hypothesis that the therapy works in bio-
marker positive patients, and the hypothesis that 
the therapy works in biomarker negative patients. 
This may alternately be formulated as the trial is 
testing a hypothesis about the drug and a hypoth-
esis about the predictive biomarker. In any case, 
testing two hypotheses at once would ordinarily 
imply a doubling of the Phase 2 sample size and 
cost. However, one can reduce the cost and opti-
mize the effi ciency by powering each hypothesis 
test at the Chen-Beckman power [ 5 ]. 

 In judging clinical benefi t, we recommend 
using a continuous endpoint like progression free 
survival (PFS, the time to tumor worsening or 
death, whichever comes fi rst) as opposed to a dis-
crete endpoint such as response rate (RR, per-
centage of patients whose tumors shrink a 
standard minimum percentage), since the former 
is informative for all patients even when RR is 
low (as is the case for some targeted therapies). In 
addition, PFS is more highly correlated with the 
outcome variable of greatest interest, overall sur-
vival (OS, time to death) [ 27 ]. Mathematical 
techniques exist for adjusting for the imperfect 
correlation between PFS and OS [ 13 ]. Drug 
developers rarely wait for defi nitive OS data from 
phase 2 to make a decision about whether or not 
to proceed with Phase 3, as that would signifi -
cantly slow development.  

6.4.2     Decision Analysis Guided 
Phase 2–3 Predictive 
Biomarker Transition 

 At the end of the biomarker stratifi ed randomized 
phase 2 study, there are four possible outcomes, 
which can be graphed as regions on a two dimen-
sional graph [ 5 ]:

•    Region 1: the therapy does not work in either 
biomarker negative or positive patients. This 
results in a “No Go” decision to not perform 
Phase 3 studies.  

•   Region 2: the therapy works in biomarker pos-
itive patients only. Proceed to a Phase 3 study 
enriched for biomarker positive patients only.  

•   Region 3: the therapy works equally well in 
biomarker positive and biomarker negative 
patients. That is, the therapy works, but the 
predictive biomarker hypothesis does not. 
Proceed to a traditional phase 3 study in an 
unselected patient population.  

•   Region 4: the therapy works in biomarker pos-
itive patients, and there is a trend towards effi -
cacy in biomarker negative patients which is 
insuffi cient to reach statistical signifi cance. 
Nonetheless, there may be some ambiguity 
due to the limited statistical power of phase 2. 
Proceed to collect more information in an 
adaptive Phase 3 design described in the next 
section.    

 Drawing the exact borders between these four 
regions in order to make a quantitative decision 
requires decision analysis. Each possible course 
of action has a certain benefi t or utility if it is the 
correct decision and a certain harm or negative 
utility if it is the wrong one. Assigning these utili-
ties is a subjective process that is done with the 
aid of experts on the drug development team. For 
example, if we decide to perform an unselected 
Phase 3 study when in fact the therapy works 
only in biomarker positive patients, we may have 
a falsely negative Phase 3 study. However, if we 
perform an enriched study when the therapy 
works in the entire population, we have narrowed 
the potential population that would benefi t 
unnecessarily. 
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 Once utility values are assigned to each possible 
outcome of each possible action, the probabilities 
of different outcomes are calculated as a function 
of the Phase 2 study data (each point on the two 
dimensional graph represents a possible Phase 2 
outcome). The borders between the regions on 
the graph are then drawn to optimize the risk 
adjusted utility, subject to the constraint that the 
false positive rate of proceeding to Phase 3 is 
controlled to be less than a specifi ed level.  

6.4.3     Adaptive, Predictive 
Performance-Based 
Hypothesis Prioritization 
in Phase 3 

 In region 4 of the graph in the previous section, 
there is still some ambiguity regarding the clini-
cal benefi t afforded by the therapy in biomarker 
negative patients. Thus, the Phase 3 study must 
test two hypotheses:

•    Hypothesis 1: The therapy works in an 
unselected population  

•   Hypothesis 2: The therapy works in a 
biomarker- defi ned subset of the unselected 
population    

 Chen and Beckman [ 12 ] developed a Phase 3 
study which tests both hypotheses simultane-
ously. According to health authority regulations, 
the total false positive rate (Type I error) of a 
Phase 3 trial must be 5 % or less. However, this 
Type I error may be apportioned or “split” 
between more than one hypothesis. It is possible 
to defi ne a fi xed split of the Type I error, for exam-
ple 4 % to hypothesis 1 and 1 % to hypothesis 2 
[ 16 ]. However, in the method we suggest, the split 
is optimized, based on the Phase 2 data and the 
Phase 3 data up to an interim analysis point, to 
maximize the power of the Phase 3 study. 

 The optimized Type I error split has the effect 
of emphasizing Hypothesis 2 above to the exact 
degree that the predictive biomarker hypothesis 
has been predictive to that point in development. 
It is a data-driven adaptation which maximizes 
development effi ciency. 

 While some adaptations within Phase 3 can be 
controversial for national health authorities, in 
this case the adaptation does not affect patient 
selection or management, or Type I error. The 
data-driven rules for choosing the Type I error 
split can be defi ned in advance and given to an 
independent Data Monitoring Committee for 
automatic execution. These safeguards make it 
highly likely that the design would be acceptable 
to both national health authorities and local eth-
ics committees.  

6.4.4     The Phase 2+ Method 
for Allowing Phase 2 Data 
to Infl uence Adaptation 
Within Phase 3 

 Continuous adaptation is a cornerstone of our 
approach. Yet real-time adaptation is not optimal 
in oncology in that the endpoint of greatest inter-
est, OS, is delayed relative to other endpoints. 
This means that real-time adaptation is often 
based on other endpoints which do not correlate 
perfectly with OS. 

 In the typical late development oncology pro-
gram, the PFS result in the Phase 2 PoC study is 
used to make a decision to proceed to Phase 3. 
The primary endpoint of the Phase 3 study is 
typically OS, as this is the most signifi cant end-
point for patients and is critical for approval by 
national health authorities. 

 If the Phase 3 is itself adaptive, as in the pre-
ceding section, the adaptation is typically made 
based on Phase 3 interim data. At this time, there 
is very little OS data available, and therefore the 
adaptation must be made based on PFS even 
though the primary endpoint of the study is 
OS. Moreover, unblinding the Phase 3 study at 
the interim analysis to make an adaptation may 
infl ate the Type I error. 

 We have proposed an alternative: the use of 
maturing phase 2 data to infl uence the Phase 3 
adaptation [ 5 ]. Maturing OS data from the Phase 
2 study provides a way for the Phase 3 study to 
adapt based on OS, which is also its primary 
endpoint. By refraining from using data within 
the Phase 3 study for adaptation, there will be 
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no issue with Type I error control. Thus, the 
effectiveness and rigor of the adaptation are 
improved.   

6.5     Conclusion and Future 
Directions in Oncology 
Personalized Medicine 

 This chapter has outlined an approach to integrat-
ing predictive biomarkers into oncology clinical 
development programs. Key principles are for-
mal validation of a single prioritized predictive 
biomarker hypothesis against clinical benefi t 
endpoints, optimization of development effi -
ciency, and continuous adaptation. The result is a 
program which is demanding and may occasion-
ally reject putative predictive biomarkers, but 
which will ultimately result in maximum value 
from biomarkers. The program allows drug 
developers to manage the risk of uncertain thera-
pies and uncertain predictive biomarkers 
optimally. 

 The current oncology personalized medicine 
paradigm is based on matching patients to thera-
pies based on the use of predictive biomarkers. 
This approach generally types patients based on 
the consensus properties of a bulk sample 
obtained either right before treatment or at some 
time in the past. 

 However, tumors are genetically unstable, and 
this is the most effi cient way for them to evolve 
[ 2 – 4 ]. As a consequence, heterogeneity not only 
exists  between  patients, but  within  patients, such 
that no two tumor cells are alike within a single 
patient. Minor sub-clones may have clinical con-
sequences, and continued evolution under ther-
apy suggests limitations of a strategy which is 
reactive to the present state rather than attempt-
ing to anticipate the future. 

 A recent simulation study [ 6 ] demonstrates 
that non-standard personalized medicine strate-
gies which account for minor sub-clones (includ-
ing the risk that they may exist below the 
detection limit) and tumor evolution (by antici-
pating future states) can greatly enhance median 
survival and cure rates for almost all tumor types. 
Ideal application of these non-standard strategies 

requires detailed molecular understanding of 
drug sensitivity phenotypes and their evolution, 
as well as non-invasive tumor sampling  methods   
which have not yet been perfected. However, 
both non-invasive techniques for tumor measure-
ment and our molecular understanding of cancer 
are continuously improving. 

 Non-standard personalized medicine strate-
gies might be likened to a chess master that thinks 
several moves ahead, compared to our current 
state of the art which reacts one move at a time. 
However, in order to play like a master, one must 
fi rst know the chess pieces and how they move. 
 Predictive biomarker  s and their clinical  validation 
defi nes these rules for the large number of moves 
and pieces which make up the very serious strate-
gic contest of cancer therapy.     
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    Abstract  

  In this chapter the use of prostate specifi c antigen (PSA) as a tumor marker 
for prostate cancer is discussed. The chapter provides an overview of bio-
logical and clinical aspects of PSA. The main drawback of total PSA 
(tPSA) is its lack of specifi city for prostate cancer which leads to unneces-
sary biopsies. Moreover, PSA-testing poses a risk of overdiagnosis and 
subsequent overtreatment. Many PSA-based markers have been developed 
to improve the performance characteristics of tPSA. As well as different 
molecular subforms of tPSA, such as proPSA (pPSA) and free PSA 
(fPSA), and PSA derived kinetics as PSA-velocity (PSAV) and PSA- 
doubling time (PSADT). The prostate health index (phi), PSA-density 
(PSAD) and the contribution of non PSA-based markers such as the uri-
nary transcripts of PCA3 and TMPRSS-ERG fusion are also discussed. To 
enable further risk stratifi cation tumor markers are often combined with 
clinical data (e.g. outcome of DRE) in so-called nomograms. Currently the 
role of magnetic resonance imaging (MRI) in the detection and staging of 
prostate cancer is being explored.  
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  Abbreviations 

   % (−2)pPSA     Percent (−2)proPSA (= (−2)
pPSA/ fPSA)   

  %fPSA     Percent free PSA (= fPSA/
tPSA × 100 %)     

  (−2)pPSA    (−2)proPSA (precursor form of 
prostate specifi c antigen)   

  (−4)pPSA    (−4)proPSA (precursor form of 
prostate specifi c antigen)   

  (−5)pPSA    (−5)proPSA (precursor form of 
prostate specifi c antigen)   

  (−7)pPSA    (−7)proPSA (precursor form of 
prostate specifi c antigen)   

  Aa    Amino-acids   
  ADC    Apparent diffusion coeffi cient   
  AUA    American Urological Association   
  BCR    Biochemical recurrence   
  BPH    Benign prostatic hyperplasia   
  BPSA    Benign prostate specifi c antigen   
  cPSA    Complexed prostate specifi c 

antigen   
  DCE    Dynamic contrast-enhanced 

imaging   
  DD3    Differential display clone 3 gene   
  DRE    Digital rectal examination   
  DWI    Diffusion weighted imaging   
  e.g.    Exempli gratia (for example)   
  EAU    European Association of Urology   
  ERSPC    European randomized study of 

screening for prostate cancer   
  FDA    United States Food and Drug 

Administration   
  fPSA    Free prostate specifi c antigen   
  hK1    Human kallikrein 1   
  hK2    Human kallikrein 2   
  hK3    Human kallikrein 3   
  hK4    Human kallikrein 4   
  i.e.    id est (that is)   
  iPSA    Intact prostate specifi c antigen   
  LR    Likelihood ratio   
   mpMRI      Multiparametric MRI   
  MRI    Magnetic resonance imaging   
  mRNA    Messenger ribonucleic acid   
  MRSI    Magnetic resonance spectro-

scopic imaging   
  PC     Prostate   cancer   

   PCA3       Prostate   cancer antigen 3   
  PCPT     Prostate   cancer prevention trial   
  PFS    Progression free survival rate   
  Phi      Prostate health    index   ((−2)pPSA/

fPSA) × √tPSA)   
  PLCO     Prostate  , lung, colorectal and 

ovarian screening trial   
  pPSA    Pro prostate specifi c antigen   
  PPV    Positive predictive value   
   PSA       Prostate   specifi c antigen   
  PSAD     PSA-   density     
  PSADT     PSA-doubling    time     
  PSAV     PSA-   velocity     
  RP    Radical prostatectomy   
  RT    Radiation therapy   
  T2WI    T2- weighted images   
  TMPRRS2    Transmembrane protease serine 2   
  tPSA    Total prostate specifi c antigen   
  TRUS    Transrectal ultrasound   

7.1           Introduction 

7.1.1     The  Prostate   

 The prostate is an exocrine gland located beneath 
the urinary bladder in men. The prostate enve-
lopes the proximal urethra and ejaculatory ducts. 
The main function is the production of an alka-
line fl uid that is part of the semen. About 25–30 
% of the total volume of the ejaculate is produced 
by the prostate. The prostate consist of fi ve zonal 
components: one third of the prostate consist of a 
non-glandular anterior zone and the other two 
third of the prostate is divided in four glandular 
zones: the peripheral zone (70 % of the glandular 
prostate), central zone (25 %), transition zone (5 
%) and periurethral tissue (<1 %). In younger 
men the prostate is about the size of a walnut, 
however in older men the prostate usually 
enlarges. Mainly the transition zone starts grow-
ing, resulting in compression of the central zone 
and stretching of the peripheral zone [ 1 ]. About 
65–70 % of the prostate cancers arise in the 
peripheral zone of the prostate.  
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7.1.2      Prostate   Cancer   

  Prostate   cancer is the second most frequently 
diagnosed cancer and the sixth leading cause of 
cancer death in men worldwide, with an esti-
mated 913,000 new cases and 258,000 deaths in 
2008 [ 2 ]. In the USA and Europe it is even the 
most common cancer type in men in terms of new 
cases and the second respectively third in terms 
of mortality in the USA and Europe [ 3 ,  4 ]. In the 
USA men have about a 1 in 6 lifetime risk (16 %) 
of being diagnosed with prostate cancer [ 4 ]. 
There is a great geographic variety in prostate 
cancer incidence and mortality rates [ 5 ]. A major 
factor of infl uence is the use of prostate specifi c 
antigen ( PSA  ) as a diagnostic tool, a blood test 
that has been available since the early 1990s. In 
addition factors such as cancer registrations, 
genetics, diet, lifestyle and environment play a 
role in prostate cancer incidence and mortality 
rates. The highest prostate cancer incidence rates 
are found in the highest income regions of the 
world since the practice of PSA-testing and sub-
sequent biopsy is common there [ 2 ,  5 ]. Mortality 
rates tend to be higher in low to middle income 
countries of the world including parts of South 
America, the Caribbean, and sub-Saharan Africa 
as compared to high income countries.  

7.1.3     Diagnostic Tools 
in  Prostate   Cancer   

 Early prostate cancer usually causes no clinical 
symptoms. For a long time the only way to exam-
ine the prostate was by digital rectal examination 
(DRE), which is still an important diagnostic tool 
today. A DRE is considered abnormal if a change 
in texture of the prostate gland is palpated, e.g. 
nodularity or induration. A suspicious DRE is 
related with a higher risk of prostate cancer, but 
the fi ndings between medical examiners are mod-
erately reproducible [ 6 ], and still many malignan-
cies are missed. Ultimately, DRE fails to detect a 
signifi cant number of malignancies, and of those 
detected a signifi cant number are at an advanced 
stage. Around the year 1930, needle aspiration 

was introduced to remove prostatic cells for 
microscopic examination. The fi rst techniques 
involved transperineal needle aspiration assisted 
by a fi nger in the rectum to guide the needle in the 
prostate. The next step involved a digital guided 
transrectal biopsy procedure. Digital guidance 
has been replaced by image guidance. The tran-
srectal ultrasound (TRUS) was introduced end 
1960s. TRUS was initially used to direct the 
biopsies, later on also for identifying possible 
cancer foci in the prostate seen as hypo- echoic 
defects on the ultrasound. In 1989, Hodge et al. 
showed that in men with a suspicious DRE the 
ultrasound guided random (sextant) systematic 
prostate biopsies were more effective in detecting 
prostate cancer compared to biopsies just directed 
to the lesion [ 7 ]. Over time biopsy protocols have 
been extended to allow lateral sampling and 
increase the sample density. Since late 1980s – 
early 1990s, the use of  PSA   as an early detection 
tool has become a main topic in the prostate can-
cer research fi eld. Multiple studies have been 
conducted to assess the use of PSA, DRE and 
TRUS, separately or in different combinations, 
for the use of early detection of prostate cancer. 
During the last decade magnetic resonance imag-
ing (MRI) of the prostate has shown promising 
initial results in detecting, localizing and possibly 
staging prostate cancer. In addition MRI can be 
of use in guiding the  prostate biopsy  . Despite all 
these currently used modalities (PSA, DRE and 
TRUS) to estimate the risk of prostate cancer, his-
tological assessment of prostate tissue is still the 
golden standard to confi rm the presence and the 
characteristics of prostate cancer. In 1966, an 
American Pathologist, D.F. Gleason, developed a 
grading system ‘the Gleason Score’ for evaluat-
ing architecture changes in prostate cancer, which 
is still the system used today [ 8 ]. The Gleason 
grading system remains the strongest predictor of 
outcome for men diagnosed with prostate cancer 
[ 9 ]. In 2005, modifi cations to the Gleason grad-
ing system for prostate carcinoma were estab-
lished on the International Society of Urologic 
Pathology (ISUP) meeting, with the aim to help 
pathologists use the Gleason grading system in a 
more uniform manner worldwide [ 10 ].   
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7.2      PSA   

7.2.1      PSA  : Biology and Physiology 

  PSA   is a glycoprotein with a molecular mass of 
33-kD, also known as human kallikrein 3. PSA 
belongs to the tissue kallikrein family. The clus-
ter of genes for the family of tissue kallikreins is 
located on human chromosome 19q13.3–4 [ 11 ]. 
PSA was fi rst isolated and defi ned in the 1970s 
[ 12 – 14 ]. In 1980, PSA was measured quantita-
tively in the serum by Papsidero et al. and the 
protein PSA purifi ed from prostatic tissue was 
shown to be identical to PSA in human serum 
[ 15 ]. Until the beginning of this century, only 
three human tissue kallikreins were identifi ed: 
human kallikrein 1 (hK1, the pancreatic/renal 
kallikrein), human kallikrein 2 (hK2, glandular 
kallikrein) and human kallikrein 3 (hK3, PSA). 
Now a total of 15 tissue kallikrein genes have 
been revealed [ 16 ]. Kallikreins are serine prote-
ases that cleave certain high molecular weight 
proteins that can result in the formation of bioac-
tive peptides such as kinins. Many kallikreins are 
regulated by steroid hormones. PSA, hK2 and 
hK4 seem to be expressed primarily in prostate 
tissue [ 17 ]. Transcription of the PSA gene is pos-
itively and directly regulated by the androgen 
 receptor  . PSA is produced almost exclusively by 
the luminal epithelial cells of all types of pros-
tatic glandular tissue, benign and malignant. The 
majority of glandular tissue in the prostate is 
located in the peripheral zone. The fl uid produced 
by glandular tissue is excreted to the excretory 
ducts and then into the urethra [ 17 ]. Most of the 
produced PSA will be excreted into the seminal 
fl uid. The biological function of PSA is to cleave 
the high molecular weight gel-forming proteins 
semenogelin I and II into smaller polypeptides. 
This seminal vesicle specifi c proteins semenoge-
lin I and II are involved in the seminal coagulum 
(clot) formation. The action of cleaving these 
proteins by PSA results in liquefaction of the 
coagulum [ 18 ], thereby decreasing its viscosity 
and increasing motility of spermatozoa [ 19 ]. In 
normal prostate tissue the tight and ordered pros-
tatic glandular architecture keeps PSA confi ned 
to the prostate gland. Only very small amounts of 

active and inactive PSA produced in the prostate 
end up in the circulation (Fig.  7.1 ). Normally the 
PSA concentration in serum is a million-fold 
lower than in the seminal fl uid [ 20 ]. The calcu-
lated half-life of serum PSA ranges between 2.2 
and 3.2 days [ 21 ,  22 ]. In prostate cancer PSA-
levels in serum are about ten times higher per 
gram of tissue than from benign hyperplasia tis-
sue, potentially due to the loss of the architecture 
of the prostate tissue in prostate cancer [ 21 ].

7.2.2        Molecular Forms of  PSA   

 In normal prostate luminal epithelial cells  PSA   
is initially synthesized as a preproprotein con-
taining 261 amino acids. In the prostatic ducts, a 
244 amino acid precursor is formed after 
removal of the 17 amino acid proleader 
sequence. This inactive precursor enzyme con-
taining a seven amino N-terminal-pro-leader 
peptide is named (−7)proPSA ((−7)pPSA). 
Active, mature PSA is generated when the pro-
leader peptide is removed mainly by hK2, but 
also by hK4 (Fig.  7.1 ) [ 23 ]. 

 The active  PSA   can become inactive PSA 
after proteolysis. Active PSA in serum is bound 
by protease inhibitors to form complexes (cPSA). 
Inactive PSA does not form complexes and circu-
lates in an unbound state as free PSA (fPSA). The 
function of protease inhibitors is to prevent 
potentially damaging protease activity of 
PSA. The serum total PSA (tPSA) is equal to 
fPSA plus cPSA. About 70–90 % of tPSA is 
bound to alpha-1-antichymotrypsin or other pro-
teins such as alpha-2-macroglobulin, alpha- 1- 
proteaseinhibitor, or protein C inhibitor [ 17 ]. 
fPSA represents only 10–30 % of the tPSA [ 17 ] .  
Enzymatically inactive fPSA has three distinct 
molecular forms (Fig.  7.2 ). The fi rst form is 
benign PSA (BPSA) which is expressed prefer-
entially in the transitional zone of the prostate 
gland. BPSA is associated with benign prostatic 
hyperplasia (BPH) [ 24 ]. The second form is 
intact PSA (iPSA) which is similar to native 
active PSA except that it is enzymatically 
 inactive. The third from is proPSA (pPSA) which 
is expressed mostly in the peripheral zone of the 
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  Fig. 7.1    Model of prostate specifi c antigen ( PSA  ) synthe-
sis in normal prostate tissue versus prostate cancer. In nor-
mal secretory epithelial cells inactive preproPSA is 
produced, containing 261 amino-acids (aa). The removal 
of a 17 amino-acid leader sequence results in the inactive 
(−7)proPSA, containing 244 amino-acids. The produced 
proPSA (pPSA) is secreted into the seminal lumen were 
mainly hK2 removes the pro-leader peptide to form 
mature, active PSA, containing 237 amino-acids. Also 
truncated forms of pPSA are formed, which are all enzy-

matically inactive. A small fraction of the active PSA can 
diffuse into the serum were it is bound to protease inhibi-
tors. The largest fraction of active PSA in the lumen under-
goes proteolysis to generate inactive PSA which in small 
portions enters the blood stream were it circulates as free/
unbound PSA (fPSA). In prostate cancer disruption of the 
basal cell layer and basement membrane leads to a decrease 
in luminal processing resulting in increasing levels of com-
plexed PSA (cPSA) and pPSA in serum, and decreasing 
levels of serum fPSA. Figure adapted from Balk et al. [ 17 ]       

  Fig. 7.2    Overview of molecular forms of  PSA         
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prostate. pPSA is associated with prostate cancer 
[ 25 ,  26 ]. pPSA has several truncated forms. 
Partial cleavage of (−7)pPSA results in the short-
ening of the seven amino acid pro-leader peptide 
into respectively (−5)pPSA, (−4)pPSA, and (−2)
pPSA. In prostate cancer there is a loss of basal 
cells, disordering of the basement membrane and 
disruption of normal lumen architecture, which 
appears to allow PSA release into the circulation 
(Fig.  7.1 ) [ 17 ].

7.3          PSA  -Test 

7.3.1      PSA  -Assays 

 It is important to be aware of variation in 
tPSA. This includes biological variation ( PSA  , 
renal elimination) and analytical variation (assay 
performance, laboratory processing). The mea-
surements of tPSA concentrations may vary by 
two in identical samples depending on the assay 
used [ 27 – 29 ]. Since the United States Food and 
Drug Administration (FDA) approval of the 
PSA-test as a diagnostic marker, numerous PSA- 
assays are commercially available. The fi rst 
widely available PSA-test was the Hybritech 
Tandem-R PSA- assay. Many studies and thresh-
olds for PSA are based on this Hybritech stan-
dard. Because of many differences in  PSA-assays   
the WHO adopted a mixture of 90 % cPSA and 
10 % fPSA as one of the new standards in 1999 
(the WHO 90:10 PSA-standard) [ 30 ]. The varia-
tion between assays for tPSA measurements 
declined from 10 % to 15 % in the early nineties 
to 3–5 % today [ 31 ]. The detection limit 
improved from 0.3–0.5 ng/mL to 0.01–0.02 ng/
mL [ 31 ]. Although the differences are small 
nowadays, the use of different PSA-assays may 
affect the result of tPSA-measurements. Many 
clinicians are unaware of the issue that different 
PSA-assays are used, and the possible effect on 
the PSA- measurements. Despite infl uences of 
biological an analytical variations on measured 
PSA-levels, higher serum PSA is generally asso-
ciated with increased specifi city and decreased 
sensitivity.  

7.3.2     The Unknown Optimal  PSA   
Cut-Off Value 

 Serum  PSA   should be regarded a continuous vari-
able where higher levels correspond with a greater 
risk of prostate cancer, rather than ‘normal’ and 
‘abnormal’. Often a cut-off value of 4.0 ng/mL is 
used, but an upper limit of the normal PSA-range 
is unspecifi ed. The  Prostate    Cancer   Prevention 
Trial (PCPT) showed that prostate cancer was 
found in 15.2 % among 2950 men from 62 to 91 
years old, with a PSA-level ≤4.0 ng/mL and a 
normal DRE. 14.9 % of these cancers had a 
 Gleason score   ≥7 (Table  7.1 ) [ 32 ]. These data 
show that there is no threshold below which the 
risk for (high grade) prostate cancer is zero.

7.3.3        Consequences of Low 
 Specifi city   

 The most common cause of an elevated  PSA   is 
BPH. Other benign conditions that could affect 
the serum PSA-level are urinary retention, pros-
tatitis, and ejaculation. Furthermore medication 
(e.g. fi nasteride, dutasteride) and prostate manip-
ulation (e.g. cystoscopy, catheterisation, prostate 
massage, TURP, biopsy) are known to infl uence 
the PSA-level [ 33 ,  34 ]. As indicated, serum PSA 
has a low specifi city for prostate cancer. This is 
especially true in the diagnostic grey zone of 
PSA between 2 and 10 ng/mL. In this grey zone 
benign and malignant prostate diseases fre-
quently co-exist. PSA is a continuum; no single 

   Table 7.1    Prevalence of prostate cancer in men with a 
 PSA   ≤ 4.0 ng/mL. Results of the study by Thompson et al. 
in 2004. Out of the 2950 men, 449 had prostate cancer of 
which 67 where  Gleason score   ≥ 7 [ 32 ]   

  PSA-  level 
(ng/mL) 

 Men with prostate 
cancer (%) 

 Men with  Gleason 
score   ≥ 7 (%) 

 0–0.5  6.6  12.5 

 0.6–1.0  10.1  10.0 

 1.1–2.0  17.0  11.8 

 2.1–3.0  23.9  19.1 

 3.1–4.0  26.9  25.0 

    PSA    prostate specifi c antigen  
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cut-off point yields a high specifi city and sensi-
tivity for prostate cancer simultaneously. Because 
of the low specifi city of PSA many men are 
undergoing unnecessary biopsies. Furthermore a 
signifi cant number of indolent tumors are 
detected (overdiagnosis), because PSA is not 
able to differentiate between potentially aggres-
sive and indolent prostate cancers. Table  7.2  
shows the continuum of prostate cancer risk for 
different PSA ranges in the PCPT. In the placebo-
group of the PCPT, a total of 5587 (65.2 %) men 
received at least one biopsy procedure during the 
7-year study period if PSA was >4 ng/mL or in 
case of a suspicious DRE. A total of 1225 (21.9 
%) men were diagnosed with prostate cancer 
[ 35 ]. The sensitivity, specifi city and likelihood 
ratio (LR) of prostate cancer detection for all 
PSA ranges in relation to Gleason grade are 
shown. Table  7.3  shows similar results for the 

distribution of PSA and prostate cancer detection 
in the European randomized study of screening 
for prostate cancer (ERSPC) [ 36 ]. A total of 9779 
men aged 55–74 years were included and biop-
sied (2267 men) if they presented with a PSA ≥4 
ng/mL and/ or an abnormal DRE or TRUS.

    Draisma et al. developed a simulation model 
to predict overdiagnosis in the ERSPC trial. With 
annual screening from age 55–67 years the esti-
mated overdiagnosis rate was 50 %. With a 4 year 
screening interval this was still 48 % [ 37 ]. 
Overdiagnosis poses the burden of living a life 
with cancer of no consequence to the patient. 
Moreover, overdiagnosis can lead to overtreat-
ment which can subsequently cause unnecessary 
side effects such as sexual dysfunction, urinary 
incontinence and bowel problems. Not to forget 
that unnecessary biopsies, overdiagnosis and 
overtreatment contributes to healthcare costs.   

   Table 7.2     Sensitivity  , specifi city, and likelihood ratio associated with serum  PSA  -levels for prostate cancer detection: 
calculated from PCPT data (Adapted from Thompson et al. [ 35 ])   

 PC vs. no PC 
(all grades)  PC Gleason grade ≥8 vs. Gleason grade <8 or no PC 

  PSA-  level 
(ng/mL) 

  Sensitivity     Specifi city    LR   Sensitivity     Specifi city    LR 

 (%)  (%)  (%)  (%) 

 1.1  83.4  38.9  1.4  94.7  35.9  1.5 

 2.1  52.6  72.5  1.9  86.0  65.9  2.5 

 2.6  40.5  81.1  2.1  78.9  75.1  3.2 

 3.1  32.2  86.7  2.4  68.4  81.0  3.6 

 4.1  20.5  93.8  3.3  50.9  89.1  4.7 

 6.1   4.6  98.5  3.1  26.3  97.5  10.5 

 10.1   0.9  99.7  3.0   5.3  99.5  10.6 

   PC  prostate cancer,   PSA    prostate specifi c antigen,  LR  likelihood ratio,  PCPT  prostate cancer prevention trial  

   Table 7.3    Positive predictive value of different  PSA   values: calculated from ERSPC data (Adapted from Schröder 
et al. [ 36 ])   

  PSA-  level 
(ng/mL)  Men (n)  % of total 

  Prostate   cancer 
diagnosis (n) 

 Proportion of total 
prostate cancers (%)  PPV 

 Biopsies (n) per 
cancer detected 

 0.0–0.09  3559  36.4  4  0.8  2.2  45.8 

 1.0–1.9  3051  31.2  45  9.5  8.8  11.4 

 2.0–2.9  1198  12.3  30  6.3  13.6  7.4 

 3.0–3.9  702  7.2  44  9.3  25.3  3.9 

 4.0–9.9  1063  10.9  241  51.0  24.5  4.1 

 ≥10  206  2.1  109  23.0  56.5  1.8 

 Total  9779  100.0  100.0  100.0  20.9  4.8 

    PSA    prostate specifi c antigen,  ERSPC  European randomized study of screening for prostate cancer,  PPV  positive pre-
dictive value  
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7.4      PSA   Modifi cations 

 Serum tPSA is still the most commonly used can-
cer biomarker for prostate cancer. Several molec-
ular forms of  PSA   and their ratios, as well as 
PSA-derived parameters and dynamics have been 
developed and tested, all with the goal to improve 
specifi city for both the distinction between men 
with and without prostate cancer, and between 
aggressive and indolent prostate cancer. 

7.4.1      Free PSA   and Percent Free 
PSA    

 The decreased luminal proteolytic processing of 
 PSA   produced by tumor cells causes an increase 
in cPSA and a concomitant decrease in fPSA, 
resulting in a lower ratio of serum percent free 
PSA (%fPSA, synonym to f:t PSA-ratio, is free/
total PSA × 100) [ 38 ]. After the identifi cation of 
fPSA [ 39 ], it was approved by the FDA in 1998 
as an aid to prostate cancer detection in men with 
total PSA-levels of 4–10 ng/mL. This was 
decided after the study by Catalona et al. which 
showed that %fPSA can reduce unnecessary 
biopsies with 20 %, while keeping a 95 % detec-
tion rate for prostate cancer [ 40 ]. A %fPSA cut- 
off of ≤25 % was recommended for patients with 
a tPSA-level 4–10 ng/mL and a normal DRE. The 
%fPSA signifi cantly improved the predictive 
accuracy with an area under the curve (AUC) of 
0.72 as compared to 0.53 for tPSA alone. Above 
fi ndings have been confi rmed in several studies 
and reviews [ 41 – 43 ]. %fPSA is used to distin-
guish between prostate cancer and BPH as a 
cause of elevated PSA. An increase in %fPSA 
correlates with a lower risk of prostate cancer and 
vice versa. %fPSA is most useful at extreme val-
ues. Although there is no optimum cut-off, in 
most studies %fPSA is called low when <10 % 
and high when >25 % [ 41 ,  42 ]. A multi-centre 
study by Catalona et al. showed that 56 % of men 
with <10 % fPSA had prostate cancer, compared 
with only 8 % of men with >25 % fPSA [ 43 ]. In 
the Finnish arm of the ERSPC the use of %fPSA 
was evaluated in a screening setting in screen- 
negative men (tPSA < 3 ng/mL) [ 44 ]. The median 

follow-up was 5.8 years. Men with a %fPSA in 
the lowest quartile (<14.2 %) had a 6.9-fold risk 
of being diagnosed with prostate cancer com-
pared with men in the highest quartile group 
(>23.7 %). In summary %fPSA improves cancer 
detection over tPSA alone, while reducing unnec-
essary prostate biopsies. This is especially true in 
men with a tPSA between 4 and 10 ng/mL, the 
diagnostic grey zone, where the clinician is 
unsure whether the PSA-elevation is due to BPH 
or prostate cancer. A limitation is that %fPSA 
lacks clear thresholds balancing specifi city and 
sensitivity for the early detection of prostate can-
cer. As in tPSA, %fPSA should be considered as 
a continuum of risk. The lower the %fPSA, the 
higher the probability of prostate cancer. 
Noteworthy is the fact that fPSA and tPSA should 
be measured using kits obtained from the same 
supplier and that fPSA is less stable than cPSA 
causing a greater analytic variability.  

7.4.2      ProPSA  , Its Derivatives 
and the  Prostate   Health Index 

 Different precursor isoforms of  PSA   (−2, −4, −5 
and −7 pPSA) have been evaluated to improve 
prostate cancer detection, especially in men pre-
senting with a tPSA-level of 2–10 ng/mL [ 45 –
 47 ]. Particularly (−2)pPSA, a molecular isoform 
of fPSA, has shown a higher specifi city for the 
prediction of prostate cancer and detection over 
tPSA or %fPSA. Also its derivatives %(−2)pPSA 
(calculated by (−2)pPSA divided by fPSA) and 
the prostate health index (phi), which is a math-
ematical combination of tPSA, fPSA and (−2)
pPSA, has shown promising results in identifying 
prostate cancer in men with a PSA-level between 
2 and 10 ng/mL. In a review, Hori et al. concluded 
that most studies have found no improvement in 
prostate cancer detection by using (−5, or −7)
pPSA rather than fPSA or other current PSA- 
based measurements [ 48 – 51 ]. The included stud-
ies evaluating (−2)pPSA and its derivatives have 
shown promising results [ 52 ,  53 ]. Both phi and 
%(−2)pPSA substantially improve the predictive 
value of PSA in the detection of early stage 
 prostate cancer and are also able to predict 
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 prostate cancer aggressiveness [ 54 ,  55 ]. A study 
by Jansen et al. retrospectively evaluated the 
value of (−2)pPSA and phi, with the goal to 
improve diagnostic accuracy in prostate cancer 
detection. In two centres a total of 756 European 
men, with a tPSA-level of 2–10 ng/mL with his-
tologically proven prostate cancer on biopsy or 
no biopsy detectable malignancy were included. 
In both centres the highest predictive value for 
prostate cancer was found with phi (AUC’s 0.709 
and 0.750 respectively), closely followed by 
%(−2)pPSA (AUC’s of 0.695 and 0.716 respec-
tively). At 95 % sensitivity, phi and %(−2)pPSA 
also both improved specifi city (23 % resp. 31 % 
for phi and 20 resp. 22 % for %(−2)pPSA), com-
pared to tPSA (10 % resp. 8 %) [ 54 ]. A study by 
Lazzeri et al. confi rmed the positive fi ndings 
regarding phi and (−2)pPSA. In patients with a 
tPSA of 2–10 ng/mL, phi and %(−2)pPSA were 
the most signifi cant and accurate individual pre-
dictors for prostate cancer detection at fi rst biopsy 
(AUC’s both 0.67) [ 55 ]. (−2)pPSA and phi were 
also positively correlated with  Gleason score  s. 
The subforms (−2)pPSA and phi were studied in 
a case–control trial by Stephan et al. in 2013 [ 56 ]. 
The aim of this multicentre study was to reduce 
unnecessary biopsy and improve detection of 
aggressive cancer by the use of (−2)pPSA and 
phi. A total of 1362 patients (694 men having 
prostate cancer) with a tPSA-level of 1.6–8.0 ng/
mL who underwent initial or repeat TRUS guided 
core biopsy were included (≥10 biopsies). %(−2)
pPSA and phi were superior in predicting pros-
tate cancer when used separately, but also when 
used in a model including age, prostate volume, 
DRE, tPSA and %fPSA. In addition phi was sig-
nifi cantly higher in patients with Gleason ≥7 
tumors. In conclusion both phi and (−2)pPSA 
improve specifi city over tPSA, in prostate cancer 
detection in the PSA range 2–10 ng/mL.  

7.4.3      PSA   Derived Parameters 
and Kinetics 

 Several calculated parameters and kinetics based 
on  PSA   have been developed and studied, with 
the goal to increase specifi city of tPSA-based 

testing.  PSA-density   (PSAD),  PSA-velocity   
(PSAV), and  PSA-doubling time   (PSADT) will 
be discussed briefl y. 

7.4.3.1      PSA  -Density 
 The concept of PSAD is to evaluate  PSA  -level in 
relation to prostate volume and is calculated by 
dividing the tPSA-level by the prostate volume, 
expressed in ng/mL/mL. PSAD was fi rst intro-
duced in 1992 to make a distinction between an 
elevated PSA-level being caused by BPH or pros-
tate cancer [ 57 ], again crucial in men with a tPSA 
in the grey-zone [ 58 ]. One of the practical prob-
lems with PSAD is the volume assessment [ 59 ]. 
DRE assessed volume can be unreliable. TRUS is 
more accurate but here also the problem of inter- 
examiner differences exists. Another disadvan-
tage is that a TRUS is an invasive procedure and 
mostly performed at the time of the TRUS guided 
biopsy. Therefore PSAD is less useful in deter-
mining the need for  prostate biopsy  . PSAD could 
be of use in prognostication of prostate cancer 
aggressiveness to determine which treatment to 
employ [ 43 ]. However, %fPSA provides compa-
rable results to PSAD in terms of prostate cancer 
detection and prediction of aggressiveness, and a 
blood test is not as inconvenient as a TRUS and is 
performed anyway when the PSA is obtained 
[ 43 ].  

7.4.3.2      PSA  -Velocity 
 PSAV is the rate of change in  PSA   over time. 
There are several  methods   to calculate PSAV 
with different outcomes [ 60 ]. It is used as a pre- 
treatment and post-treatment indicator. First the 
pre-treatment use will be discussed. In 1992, 
Carter et al. introduced PSAV and reported that in 
men with a tPSA 4–10 ng/mL a PSAV of >0.75 
ng/mL/year was found as a signifi cant predictor 
of prostate cancer diagnosis with a sensitivity of 
72 % and a specifi city of 95 % [ 61 ]. 

 In 2006 another study by Carter et al. showed 
that in 980 men (124 men with prostate cancer) 
with a PSAV >0.35 ng/mL/year at 10–15 years 
before diagnosis, were signifi cantly more likely 
to die from prostate cancer than men with a PSAV 
≤0.35 ng/mL/year (RR 4.7, 95 % CI 1.3–16.5; 
 p  = 0.02) [ 62 ]. In 2009, in the Swedish and Dutch 
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arm of the ERSPC trial, it was found that PSAV 
only marginally enhanced the predictive accu-
racy of baseline models including tPSA, age and 
%fPSA [ 63 ]. Also in the ERPSC and PCPT stud-
ies, PSAV was not found to be an independent 
predictor for detecting (signifi cant) prostate can-
cer on biopsy and when PSAV is used as a biopsy 
indicator, a large number of clinically signifi cant 
prostate cancers would be missed. When using a 
PSAV cut-off ≥0.15, a number of 69 (11.1 %) 
signifi cant prostate cancers would have been 
missed [ 64 ,  65 ]. All the men in the ERSPC and 
PCPT had undergone biopsy, minimizing the 
verifi cation bias. In many other studies, espe-
cially those reporting additional value of PSAV, 
not all men were biopsied. Men not biopsied 
were assumed not to have prostate cancer, result-
ing in a biased estimate of the predictive value of 
PSAV. A recent study in 2013 found that long- 
term PSAV in addition to baseline  PSA  -levels 
could improve classifi cation of prostate cancer 
risk and mortality [ 66 ]. A systematic review on 
the use of PSAV before defi nitive treatment by 
Vickers et al. in 2009, concluded about pre- 
treatment PSAV that many studies had defi cien-
cies and that there is little evidence that 
measurement of PSAV in untreated men provided 
predictive information beyond that available 
from tPSA alone [ 67 ]. Despite this observation, 
the National  Cancer   Center Comprehensive 
Network recommends PSAV for the use in early 
prostate cancer detection. Men with a high PSAV 
(>0.35 ng/mL/year) are recommended to be 
biopsied, even in the absence of other indica-
tions. Vickers et al. evaluated the guidelines and 
again did not found evidence that supported this 
recommendation [ 68 ]. PSAV is also evaluated for 
post-treatment use. D’Amico et al. reported in 
two studies about the association between PSAV 
and prostate cancer mortality after treatment [ 69 , 
 70 ]. In the fi rst study, 1095 men with localized 
prostate cancer treated with radical prostatec-
tomy were included. In 262 men the year prior to 
diagnosis the PSAV increased by more than 2 ng/
mL/year. In this group 24 events of prostate can-
cer deaths were reported, compared to 3 events in 
the group of 833 men with a PSAV ≤2.0 ng/mL/yr 

(relative risk 20.4, 95 % CI (6.2–67.9),  p  < 0.001). 
Men with a PSAV >2.0 ng/mL/yr had a signifi -
cantly higher risk of dying from prostate cancer 
despite radical prostatectomy [ 69 ]. In the second 
study 358 men with localized prostate cancer 
treated with radiation therapy were evaluated 
with the same purpose. Also in these men the >2 
ng/mL/year increase in PSAV the year prior to 
diagnosis was signifi cantly associated with a 
higher risk of death due to prostate cancer [ 70 ]. 
Out of the 150 men with a PSAV >2.0 ng/mL/yr, 
28 men died of prostate cancer compared to 2 
events in the group of 208 men with a PSAV ≤2.0 
ng/mL/yr. Problems with PSAV are a lack of a 
standardized method for its determination. How 
many measurements are optimal to use, and what 
time interval is the best between the measure-
ments [ 60 ]? There is also no optimum PSAV cut-
off value for separating men at low and high risk. 
Finally there is the problem of lead time when 
PSAV is used in a population based screening. 
 Screening   allows the diagnosis to be made many 
years earlier than its clinical detection. At that 
time PSAV is in the same range for men with and 
without prostate cancer. The European 
Association of Urology (EAU) guidelines state 
that PSAV and PSADT (discussed in next para-
graph) have limited use in the diagnosis of pros-
tate cancer [ 71 ]. In summary, there is evidence 
that PSAV can be useful post-treatment, and to 
distinguish the more aggressive tumors from 
indolent tumors. The use of PSAV in the detec-
tion of prostate cancer (pre-treatment) is an on- 
going discussion.  

7.4.3.3      PSA  -Doubling Time 
 PSADT demonstrates the time period (in months/
years) for a certain level of  PSA   to increase by a 
factor of two. PSADT can be measured and used 
before and after treatment of prostate cancer. 
Post-treatment PSADT is associated with clinical 
progression, recurrence, development of metasta-
sis and prostate cancer mortality. Post radical 
prostatectomy (RP) PSA is usually zero if the 
surgery was successful, so all men start at the 
same level which makes it easier to use and 
assess. PSADT has been used in monitoring 
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recurrence after RP for localized prostate cancer 
by Pound et al. They showed that a PSADT <10 
months is predictive for risk and time to the 
development of metastatic disease [ 72 ]. Freedland 
et al. also investigated the use of PSADT in risk 
assessment for biochemical recurrence (BCR) 
after RP in 379 patients, and concluded that the 
shorter the postoperative PSADT, the higher the 
risk of dying from prostate cancer [ 73 ]. With a 
PSADT <15 months, prostate cancer accounted 
for an estimated 90 % of all deaths by 15 years 
after recurrence. The majority of prostate cancer 
deaths occurred among patients with an interme-
diate PSADT 3.0–8.9 months [ 74 ]. PSADT is 
also used in the pre-treatment setting. For exam-
ple in a large active surveillance cohort (PRIAS) 
a PSADT of <3 years is used as one of the param-
eters to decide if active treatment is recom-
mended [ 75 ]. A systematic review by Vickers 
et al. analysed the use of pre-treatment PSADT 
as a prognostic factor in prostate cancer and con-
cludes as for pre-treatment PSAV that there is 
little evidence for the use of PSADT in untreated 
patients in predicting information beyond that 
provided by tPSA alone [ 67 ]. A problem with 
PSADT in a pre-treatment setting is that men 
start out with very different PSA-levels. PSADT 
is strongly infl uenced by baseline PSA-level, and 
in an untreated prostate the PSA-level can be 
infl uenced by benign and malignant conditions. 
Overall PSADT is more of use post-treatment 
and in assessing tumor aggressiveness than in 
detection of prostate cancer or pre-treatment use.    

7.5     Other Promising Biomarkers 
in  Prostate   Cancer   

 To improve accuracy of diagnosis many other 
biomarkers are being developed. These include 
urine, blood and genetic biomarkers. One of the 
advantages with urine markers is that they are 
easy and non-invasive to collect. We will discuss 
two of the most promising urine markers which 
are most advanced in development: the  PCA3   
(prostate cancer antigen 3) and the 
TMPRSS2: ERG gene fusion  . 

7.5.1      PCA3   

 In 1999, Bussemakers et al. identifi ed and charac-
terized the differential display clone 3 (DD3), later 
called  PCA3   [ 76 ]. PCA3 is a segment of non-cod-
ing messenger ribonucleic acid (mRNA) mapped 
to chromosome 9q21-22. It does not encode a pro-
tein and its biologic role is unknown. PCA3 
mRNA is overexpressed in 95 % of the prostatic 
tumors evaluated as compared to benign tissue 
[ 76 ]. The PCA3-test involves collection of a urine 
sample after DRE to mobilise prostatic (cancer) 
cells and extracellular vesicles (including RNA-
containing prostasomes) into the urethra. This 
urine test is a non-invasive method, which makes it 
highly suitable for clinical purposes. The fi rst urine 
test was developed by Hessels et al. in 2003 [ 77 ]. 
In 2006, a simpler and faster urine test was brought 
on the market [ 78 ]. Since then several assays have 
been developed, and the clinical use of PCA3 has 
been studied extensively. Usually a cut-off value of 
PCA3 ≥ 35 is adopted, resulting in a 47–69 % sen-
sitivity and 72–79 % specifi city [ 78 – 81 ]. Also 
PCA3 has shown to be an independent predictor 
for prostate cancer risk, so it can be used for PCA3-
based nomograms [ 82 ]. PCA3 has shown to be 
independent of age, prostate volume and tPSA, for 
predicting prostate cancer [ 81 ]. The PCA3-test has 
also been analysed in the ERSPC trial for potential 
use as a fi rst-line diagnostic test. A total of 721 pre-
screened men, aged 63–75 years, were invited for 
re-screening. Participants underwent biopsy if 
serum  PSA   ≥ 3.0 ng/mL and/ or the PCA3 score 
was ≥10. In total, 122 prostate cancers were 
detected. A PCA3-score ≥35 showed a 68 % sen-
sitivity and 56 % specifi city. With this cut-off for 
PCA3, fi ve cases of serious prostate cancer (stage 
≥T2a and/ or  Gleason score   >3 + 3) were missed, 
but 52 % biopsies were saved, compared to 
tPSA ≥ 3.0 ng/mL which yields a sensitivity of 35 
%, specifi city of 69 %, number of serious cancers 
missed 11 %, and 68 % biopsies saved [ 83 ]. A 
recent review by Bradley et al. assessed the role of 
PCA3 in biopsy and treatment decision making 
[ 84 ]. The most important conclusion was that 
PCA3 had a higher  diagnostic accuracy than tPSA 
increase, but with a low strength of evidence.  
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7.5.2     TMPRSS2:ERG Gene Fusion 

 In 2005, chromosomal rearrangements were 
identifi ed in prostate cancer that fuse the 5’ 
region of the androgen-regulated gene TMPRSS2 
(transmembrane protease, serine 2) with ERG or 
ETV1 (erythroblastosis virus E26 transformation 
specifi c (ETS) transcription factor family mem-
bers) [ 85 ]. The ERG oncogene is the most com-
mon ETS family member involved in such 
fusions. As a result of this rearrangement, the 
ERG gene becomes androgen-regulated and 
overexpressed as a TMPRSS2:ERG fusion or 
truncated ERG product. The fusion transcript and 
ERG protein overexpression are close to 100 % 
specifi c for the presence of prostate cancer in 
tissue-based studies. Approximately 50 % of 
 PSA  -screened prostate cancers harbour a 
TMPRSS2: ERG gene fusion   [ 85 ]. Reverse 
transcription- polymerase chain reaction 
(RT-PCR)-based assays have been developed to 
detect TMPRSS2:ERG mRNA in urine [ 86 ,  87 ]. 
A sensitivity of 37 % and specifi city of 93 % to 
predict prostate cancer was reported, resulting in 
a positive predictive value of 94 % [ 88 ]. Tomlins 
et al. reported recently about a new 
TMPRSS2:ERG urine test. Urine TMPRSS2:ERG 
was associated with indicators of clinically sig-
nifi cant prostate cancer at biopsy and prostatec-
tomy. Adding TMPRSS2:ERG and  PCA3   to the 
PCPT risk calculator improved performance for 
predicting prostate cancer risk on biopsy (AUC 
0.79,  p  < 0.001) [ 89 ]. 

 In conclusion, the performance characteris-
tics of measuring urinary  PCA3   and 
TMPRSS2:ERG fusion transcripts are encourag-
ing and represent new  methods   for the develop-
ment and expansion of prostate cancer-specifi c 
tests.   

7.6      PSA   in Clinical Management 

  PSA   is used as a marker at all stages of prostate 
cancer; from detection until management. A short 
overview of the clinical use of PSA is presented 
here. 

7.6.1     Monitoring of Therapeutic 
Response and Recurrence 
with  PSA   

 The fi rst work on the clinical use of  PSA   as a 
tumor marker of prostate cancer was carried out 
in the 1980s [ 21 ,  90 ]. In 1986, PSA was approved 
by the United States FDA as a marker to monitor 
treatment in patients with prostate cancer. PSA is 
used in clinical medicine to monitor therapeutic 
response and as an early indicator for recurrence 
of prostate cancer after therapy, e.g. RP or radia-
tion therapy (RT). An elevation in PSA (biochem-
ical recurrence, BCR) is found before clinical 
relapse. Pound et al. showed that no patients who 
were followed up for >5 years after RP, devel-
oped a recurrence without a concomitant rise in 
PSA [ 72 ]. Post-RP PSA-levels should become 
undetectable. A PSA-level ≥0.2 ng/mL confi rmed 
by a second measurement is defi ned as BCR after 
RP by the American Urological Association 
(AUA) [ 91 ], and a similar defi nition is also used 
in the European guideline by the European 
Association of Urology (EAU). PSA is also used 
to assess responses on and recurrence after RT. In 
contrast to post-RP, this is more diffi cult because 
there is still prostate tissue in situ and the PSA-
level is still detectable after treatment. In 2005, 
the Phoenix criteria were established in which 
BCR after RT is defi ned as a PSA rise by ≥2 ng/
mL above the post-radiation nadir value, regard-
less of serum concentration of the nadir [ 92 ].  

7.6.2     Prediction of Future Risk 

 tPSA-levels correlate strongly with the presence 
of prostate cancer and also with the aggressive-
ness of the disease. A study of Antenor et al. in 
2005 reported about 2804 men with stage T1c 
prostate cancer treated with radical prostatec-
tomy. The main endpoint was to try to fi nd a rela-
tion between preoperative  PSA  -levels and the 
presence of organ-confi ned disease, pathologic 
Gleason grade ≥7, and the 10 year progression 
free survival rates (PFS) [ 93 ]. Results are listed 
in Table  7.4 . Men with preoperative PSA-levels 
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between 2.6 and 4.0 ng/mL had the greatest rate 
of organ confi ned disease, the highest 10-year 
PFS rate, and lowest pathologic Gleason grade.

   A study by Vickers et al. showed that the  PSA   
at age 60 years is a strong predictor of developing 
aggressive prostate cancer, metastasis and disease- 
specifi c mortality at age 85 [ 94 ]. In men with a 
PSA-level greater than the median of 1 ng/mL at 
age 60, the benefi ts of screening seem to outweigh 
the harms. Baseline serum PSA-levels at young 
age have been analysed as a marker for predicting 
prostate cancer occurrence in the future. Several 
studies and reviews on the literature about base-
line PSA-testing concluded that higher baseline 
levels of serum PSA were found to be associated 
with a greater risk of prostate cancer diagnosis 
during the next 20–30 years [ 95 – 97 ]. Lilja et al. 
reported that baseline PSA- measurement at or 
before age 50 predicts (advanced) prostate cancer 
diagnosis up to 30 years later. In the age group 
44–50 years, 81 % of the prostate cancers that 
were advanced at diagnosis were found in men 
with a PSA-level above the median of 0.63 ng/
mL. Recently a case–control study was published, 
showing that PSA concentration can be used to 
predict long term risk of metastasis or death from 
prostate cancer [ 98 ]. PSA is used in several pre-
diction models and nomograms to predict for 
example the likelihood of a positive biopsy, 
aggressiveness of the prostate cancer and future 
risk of developing prostate cancer [ 99 ].  

7.6.3      PSA   in  Screening   

 In the late 1980s and early 1990s,  PSA   was anal-
ysed for the use of early detection of prostate can-

cer. One of the fi rst large clinical studies was 
conducted by Catalona et al. [ 100 – 102 ]. They 
concluded that the use of measurement of serum 
PSA in combination with DRE enhances early 
prostate cancer detection over DRE alone. 
Prostatic biopsy was considered in case of a PSA 
cut-off of 4 ng/mL or a suspicious DRE. The 
study showed that PSA-based screening led to 
cancer detection in an earlier and curable stage. In 
1994, PSA was approved by the FDA as an aid in 
the early detection of prostate cancer, using a cut-
off value of 4 ng/mL as the threshold for biopsy. 
Large scale screening for prostate cancer remained 
however controversial. To date, six randomized 
controlled trails are ongoing aiming to analyze the 
possible advantages and harms of PSA-based 
screening [ 103 – 108 ]. The two largest trails com-
paring the difference in prostate cancer mortality 
in men invited to regular PSA-testing versus con-
trols will be discussed briefl y. The fi rst study is the 
 Prostate  , Lung, Colorectal and Ovarian cancer 
screening trial (PLCO) in the U.S.A. [ 103 ]. 
Between 1993 and 2001 a total of 76.693 men, 
aged 55–74 years, were randomized to either 
annual screening (annual PSA for 6 years and 
annual DRE for 4 years) or usual care (including 
opportunistic screening). A cut-off point for PSA 
of 4 ng/mL was used, based on the Hybritech/ 
Beckman Coulter assay. A total of 57 % had com-
plete follow-up to 13 years after randomization. A 
12 % relative increase in prostate cancer incidence 
in the intervention arm was found. After 13 years 
of follow-up there was no evidence of a prostate 
cancer mortality benefi t for annual screening (RR 
1.09, 95 % CI: 0.87–1.36). A limitation of this 
trial is that 52 % of the men in the control group 
underwent screening during the study period, so 
the study was merely a  comparison between 
intense screened men and less intense screened 
men rather than screening versus non-screening. 
In addition, 45 % of men had at least one PSA-test 
in the 3 years preceding randomization. The sec-
ond, and worldwide the largest trial is the 
European Randomized Study of  Screening   for 
 Prostate Cancer   (ERSPC) [ 104 ]. Between 1991 
and 2003, a total of 182.160 men aged 55–74 
years, were included in eight European countries. 
A core age group of 162.388 men, aged 55–69 
years, was predefi ned in the power calculation. 

   Table 7.4    Results of the study by Antenor et al. in 2005. 
All results are statistically signifi cant [ 93 ]   

 Preoperative 
 PSA-  level 
(ng/mL) 

 Organ- 
confi ned 
disease (%) 

 Gleason 
grade ≥7 
(%) 

 10-year 
PFS (%) 

 2.6–4.0  81  23  88 

 4.1–7.0  74  28  80 

 7.1–10.0  72  35  76 

 >10  60  47  61 

    PSA    prostate specifi c antigen,  PFS  progression free sur-
vival rate  
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Men in the screening group underwent PSA-
testing every 2–4 years. A cut- off value for PSA of 
≥3 ng/mL was used in fi ve centers and two cen-
ters used a cut-off value of ≥4 ng/mL, also based 
on the Hybritech/ Beckman Coulter assay. After a 
median follow-up of 11 years in the core age 
group the relative reduction in the risk of death 
form prostate cancer was 21 % in the screening 
group as compared to the control group (RR 0.79, 
95 % CI 0.68–0.91; p = 0.001), and even 29 % 
after adjustment for noncompliance [ 104 ]. A limi-
tation of this study which could also be regarded 
as a strength, is that there are different study pro-
tocols per participating center. For example, dif-
ferent  PSA cut-off value  s are used ranging from 
2.5 to 4 ng/mL. There is a fi ne balance between 
choosing a higher PSA cut-off value which will 
improve biopsy specifi city but with the risk that 
more (signifi cant) cancers will be missed. On the 
other hand using a lower PSA cut-off improves 
sensitivity because of a higher detection rate but 
this also leads to more unnecessary biopsies and 
the identifi cation of more indolent cancers (over-
diagnosis). Before the introduction of PSA-based 
screening in the USA the prostate cancer mortal-
ity had been rising steadily for decades. Between 
1990 and 2009 prostate cancer death rates have 
decreased by 40 % [ 4 ]. This can be ascribed to 
early detection but also improvement in treatment 
of prostate cancer. PSA-testing has also led that 
fewer men present with metastatic disease [ 109 ]. 
However, screening has both benefi ts and harms. 
Recently the U.S. Preventive Service Task Force 
(USPSTF) recommended against serum PSA-
based screening for prostate cancer because of the 
uncertain ratio between harms and benefi ts (grade 
D recommendation) [ 110 ,  111 ]. However, one can 
raise questions about the justifi cation of this rec-
ommendation [ 112 ]. The PLCO and ERSPC trials 
are still ongoing, so conclusions may be prelimi-
nary. Meta-analysis combining the different PSA-
screening studies concluded that there is no effect 
of screening on prostate cancer mortality [ 113 , 
 114 ]. These meta-analyses can be criticized since 
the trials included are very heterogeneous and not 
all designed to address prostate cancer mortality 
reduction [ 115 ].  

7.6.4     Individual Risk Assessment 
by Nomograms 

 Despite contradictory results about the use of 
 PSA  -testing in population-based screening, with 
no doubt PSA has benefi ts on an individual base. 
Knowledge about the use of predictions based on 
PSA and other risk factors associated with pros-
tate cancer, could be used in individual risk strati-
fi cation and for the development of tailored 
screening programs to maximize benefi ts and 
minimize health care costs and prevent potential 
harm of screening: unnecessary tests, overdiag-
nosis, overtreatment, anxiety, decreased quality 
of life. A risk calculator combines multiple pre-
dictive factors to try to predict the probability of 
an outcome: e.g. the chance of prostate cancer 
risk on biopsy, risk of signifi cant cancer, or the 
risk of metastasis. The use of risk calculators 
allows for a more individual assessment of pros-
tate cancer risk instead of the one size fi ts all 
approach, and provides better predictive accu-
racy compared to PSA alone [ 116 ]. Two fre-
quently used calculators are the PCPT and 
ERSPC risk calculators. The PCPT prostate can-
cer risk calculator is a predictive model of pros-
tate cancer based on serum PSA, PSAV, DRE 
result, age, family history of prostate cancer, eth-
nicity and prior biopsy [ 65 ]. Individualized 
assessment of prostate cancer risk and risk of 
high-grade disease for men undergoing  prostate 
biopsy   is possible. The second is the ERSPC 
prostate cancer risk calculator. Six types of calcu-
lators have been developed to help indicate 
whether further investigation is required or to 
predict prostate cancer risk or the aggressiveness 
of prostate cancer. Variables used are age, family 
history of prostate cancer, serum PSA, DRE 
result, TRUS fi ndings, prior biopsy and prostate 
volume [ 99 ,  117 ]. Comparisons between the cal-
culators are published and show that overall, the 
ERSPC risk calculator has better discriminatory 
capability [ 118 ,  119 ]. In conclusion risk calcula-
tors and nomograms can be helpful in making 
individual decisions in daily practice about all 
aspects of prostate cancer; screening, treatment 
and follow-up.   
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7.7     Future Perspectives: 
Multiparametric MRI 
in  Prostate   Cancer   

 Elevated  PSA   and abnormal DRE demonstrate 
poor performance characteristics in prostate can-
cer detection. Despite recent improvements in 
identifying novel prostate cancer biomarkers, it is 
still a long way to use these biomarkers individu-
ally or in a combination panel in clinical practice. 
The last decennium multiparametric MRI 
( mpMRI  ) has been evaluated extensively in the 
research fi eld of prostate cancer. 

7.7.1     Role of  mpMRI   
in  Prostate   Cancer   Detection 

 A combination of  PSA   and DRE, together with 
Magnetic Resonance Imaging (MRI) in the 
detection of prostate cancer has been evaluated in 
numerous patient populations. The use of multi-
parametric MRI ( mpMRI  ) in prostate cancer 
detection is recommended [ 120 ]. mpMRI 
includes a combination of high-resolution 
T2-weighted images (T2WI), and at least two 
functional MRI sequences. T2WI provides high- 
resolution morphologic information of the pros-
tate gland. Functional techniques are Diffusion 
Weighted Imaging (DWI), Dynamic Contrast- 
Enhanced imaging (DCE), and Magnetic 
Resonance Spectroscopic Imaging (MRSI). DWI 
measures the diffusion properties of tissue, which 
is related to the amount of interstitial free water 
molecules and their permeability. Cancerous tis-
sue, with higher cell densities and abundance of 
intra- and intercellular membranes, tends to have 
more restricted diffusion than normal tissue. 
Assessment of relative tissue signal attenuation at 
DWI is used for tumor detection and character-
ization. A more quantitative analysis of DWI is 
achieved by calculating the apparent diffusion 
coeffi cient (ADC) for each pixel of the image, 
which is displayed as a parametric ADC map. 
DCE-MRI is based on repetitive acquisition of 
sequential images during the passage of a con-
trast agent within a tissue of interest. 
Pharmacodynamics of the contrast agent within 
the tissue can be achieved qualitatively, semi- 

quantitatively and quantitatively. Cancerous tis-
sue, with increased vascularity and permeability 
due to neo-angiogenesis, tends to have higher 
contrast enhanced parameters than normal tissue. 
MRSI assesses chemical composition of the 
metabolites citrate, creatine, and choline, which 
have characteristic resonance frequencies that 
can be measured.  Prostate   cancer shows a high 
level of choline and a low level of citrate relative 
to the normal peripheral zone. The sensitivity and 
specifi city of mpMRI for prostate cancer detec-
tion in different patient populations demonstrate 
a range from 69 % to 95 % and 74 % to 94 %, 
respectively [ 121 – 126 ]. mpMRI improves the 
diagnostic accuracy in prostate cancer detection 
compared to T2WI alone, or in combination with 
only one functional technique [ 123 – 126 ]. The 
variety of sensitivity and specifi city is due to the 
signifi cant variability in the patient populations, 
coil designs, magnet strengths, gold standard cor-
relation methodologies (biopsy vs. surgery), and 
level of expertise used in different studies, but 
also due to selection bias, verifi cation bias and 
the absence of blinded study design. Therefore, 
there is an urgent need for randomized controlled 
trials to prove the additional value of 
mpMRI. However, the combination of elevated 
PSA, abnormal DRE, and subsequently the 
mpMRI may demonstrate a better performance 
than the combination of elevated PSA and DRE 
alone. To implement the mpMRI as a cornerstone 
of prostate cancer clinical work-up, still some 
other limitations have to be overcome. The 
 availability and reading experience of mpMRI 
should be increased and cost-effective studies 
should become available. Recently, important 
improvements have been made to standardize 
imaging parameters and scoring systems for the 
interpretation and reporting of mpMRI [ 120 ,  127 , 
 128 ].  

7.7.2     Role of  mpMRI   in Targeted 
Image Guided  Prostate   Biopsy 

 As  mpMRI   may be valuable in detecting signifi -
cant prostate cancer, consequently MRI guidance 
of prostate biopsies has been performed [ 129 ]. 
MRI-derived lesions can be targeted by 
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(1)  cognitive targeting, (2) by the use of registra-
tion or fusion software to allow a lesion defi ned 
on MRI to be identifi ed on ultrasound during a 
TRUS- guided biopsy procedure, either with or 
without a tracking device, and by (3) targeting 
within the MRI magnet (in-bore targeting). A 
recent published systematic review on image 
guided  prostate biopsy   using MRI derived tar-
gets, demonstrates that in men with at least one 
negative prior biopsy, 69 % (328 of 479 men) had 
an MRI abnormality with a similar positive 
biopsy rate of 70 % (229 of 328 men) [ 129 ]. In 
pooled analysis of biopsy-naive cohorts, where 
targeted and systematic cores were reported inde-
pendently, 62 % (374 of 599) had suspicious 
fi ndings on MRI, and 66 % (248 of 374) had 
prostate cancer on biopsy. This review concludes 
that the effi ciency of the targeted sampling 
appeared superior to the standard systematic 
TRUS biopsy approach (70 % vs. 40 %). A tar-
geted biopsy approach by MRI guidance may 
appear to aid in decreasing the number of men 
biopsied overall, increasing the proportion of 
men with clinically signifi cant prostate cancer 
biopsied, and to lower the detection of insignifi -
cant prostate cancer. However, this review also 
concludes that these estimations are based on 
relatively few studies, using different thresholds 
for declaring a target, a variety of  methods   for 
targeting and a host of defi nitions of disease.  

7.7.3     Role of  mpMRI   in PCa Risk 
 Stratifi cation   

 Instead of radical prostatectomy or radiation 
therapy, active surveillance of prostate cancer is a 
viable option for the management of low-risk dis-
ease. Nomograms may stratify patients into low- 
risk, mediate-risk or high-risk disease. Few 
nomograms for prostate cancer have been 
reported to discriminate low-risk disease from 
clinically signifi cant disease in different patient 
cohorts [ 130 ,  131 ].  mpMRI   can provide informa-
tion about the risk of prostate cancer presence 
and prostate cancer aggressiveness. This could be 
used in combination with clinical variables for 
risk stratifi cation. mpMRI is not included in 

 standard clinical decision-making algorithms or 
in nomograms. Recently, T2WI-MRI and MRSI 
were incorporated into Kattan’s nomogram and 
reported an improved prediction of insignifi cant 
prostate cancer [ 132 ]. Obviously, further studies 
should be undertaken, and these results need to 
be validated in larger patient populations and in 
multiple centers. However, these results are 
encouraging. 

 In conclusion, the  mpMRI   has emerged as a 
promising tool for the evaluation of the prostate 
by morphologic assessment, and can display 
altered cellularity, provide metabolic informa-
tion, and aid in non-invasive characterization of 
tissue and tumor vascularity abnormalities, asso-
ciated with prostate cancer. Subsequently, image 
guided  prostate biopsy   using MRI derived targets 
may appear to decrease the number of men biop-
sied overall, increase the detection of clinically 
signifi cant prostate cancer, and lower the detec-
tion of insignifi cant prostate cancer. In individual 
risk stratifi cation, the mpMRI may contribute to 
improve prostate cancer detection, in combina-
tion with  PSA   and many other clinical and bio-
logical variables.      
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    Abstract  

  Lactate dehydrogenase (LDH) among many biochemical parameters repre-
sents a very valuable enzyme in patients with cancer with possibility for 
easy routine measurement in many clinical laboratories. Previous studies 
where mostly based on investigated LDH in serum of patients with cancer 
with aims to estimate their clinical signifi cance. The new directions in 
investigation of LDH where based on the principle that tumor cells release 
intracellular enzymes trough damaged cell membrane, that is mostly con-
sequence in intracellular mitochondrial machinery alteration, and apoptosis 
deregulation. This consideration can be used not only in-vitro assays, but 
also in respect to clinical characteristics of tumor patients. Based on new 
techniques of molecular biology it is shown that intracellular characteris-
tics of LDH enzyme are very sensitive indicators of the cellular metabolic 
state, aerobic or anaerobic direction of glycolysis, activation status and 
malignant transformation. Using different molecular analyses it is very use-
ful to analyzed intracellular LDH activity in different cell line and tumor 
tissues obtained from patients, not only to understanding complexity in 
cancer biochemistry but also in early clinical diagnosis. Based on under-
standings of the LDH altered metabolism, new therapy option is created 
with aims to blocking certain metabolic pathways and stop tumors growth.  
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8.1         LDH Biochemistry in Cancer 

  Lactate dehydrogenase (LDH)   among many bio-
chemical parameters represents a very valuable 
enzyme in patients with cancer with possibility 
for easy routine measurement in many clinical 
and hospital laboratories [ 1 ,  2 ]. Previous studies 
where mostly based on investigated LDH in 
serum of patients with cancer with aims to esti-
mate their clinical signifi cance. Enormous clini-
cal evidence indicates that LDH is an important 
prognostic factor for different tumor. Considering 
that the elevation of serum LDH level correlates 
with bulky tumor mass it represents an indepen-
dent prognostic factor for hematological disease 
and for solid tumors including  melanoma  , lung 
cancer, breast and many other tumors and has 
been used following many years in routine clini-
cal diagnosis [ 3 – 8 ]. 

 LDH is a ubiquitous enzyme that is present in 
high concentrations in liver, kidney, myocardium, 
skeletal muscle and red blood cells. Recent fi nd-
ings show an important role LDH in tumor behav-
ior [ 9 ,  10 ]. LDH plays a crucial role in the  Warburg 
effect   [ 11 ], which is the phenomenon that cancer 
cells switch from an aerobic to a predominantly 
anaerobic mechanism, in which glucose is con-
verted to lactate. The Warburg effect seems to be a 
common feature of malignant cells that is impor-
tant for their tumorigenic potential [ 12 ]. 

 Many cancers show a strongly enhanced gly-
colytic metabolism of carbohydrates even in the 
presence of oxygen (‘aerobic glycolysis’), a phe-
nomenon fi rstly described by Otto Warburg 
(‘ Warburg effect  ’). Tumour cells need energy and 
nucleic acids for proliferation and growth [ 13 ]. 
For most of their energy needs, cancer cells 

depend on glycolysis. It has been suggested that 
the excessive glycolysis in tumors is required to 
support cell growth [ 12 ,  14 ,  15 ]. 

8.1.1     Glucose Metabolism in Cancer 

 Under normal oxygen concentrations (normoxia), 
timor tissues, but not adjacent normal tissues, 
exhibit a high rate of glucose consumption. This 
phenomen, known as aerobic glycolysis or the 
 Warburg effect  , has been widely exploited for the 
diagnosis and staging of human solid cancers [ 11 , 
 16 ]. Today using FDG-PET ([(18)F] fl uorodeoxy- 
glucose positron emission tomography), it is pos-
sible to make an imaging technique for detecting 
increased glucose uptake by tumors [ 17 ]. 

 Glycolysis is a ten step process that breaks 
down glucose to pyruvate, takes place in the 
 cytoplasm of virtually all eukaryotic cells, and 
requires the presence of NAD+, but not oxygen, 
as an oxidizing agent. Under aerobic conditions, 
NAD+ is regenerated from NADH by oxidative 
phosphorylation, a fi ve-step mitochondrial pro-
cess in which a pair of electrons is transferred 
from electron donors, such as NADH and 
NADPH, to oxygen. 

 The energy released during this process is effi -
ciently utilized to generate AT from ADP. In the 
absence of oxygen, NAD+ is regenerated in mam-
malian cells through the action of LDH-A, an 
enzyme that uses NADH as a cofactor to convert 
pyruvate to lactate. To sustain glycolysis under 
anaerobic conditions, known as anaerobic glycol-
ysis, lactate is excreted from the cells as a waste 
product. Thus, in the absence of oxygen, the net 
cellular gain from glycolytic breakdown of one 
glucose molecule is two ATP molecules, which 
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constitute less than 7 % of the total ATP generated 
by complete oxidation of glucose to CO 2  and H 2 0. 

 Cells normally switch from slow aerobic to 
rapid anaerobic consumption of glucose, a phe-
nomenon fi rst noted by Louis Pasteur in 1857, 
and known as Pasteur effect’s. The avid con-
sumption of glucose by tumor cells in the pres-
ence of oxygen (the  Warburg effect  ) is associated 
with enhanced glycolytic fl ux, increased glucose 
oxidation in the pentose phosphate pathway 
(PPP), and down-regulation of mitochondrial res-
piration [ 13 ,  18 ]. Although such a mode of glu-
cose utilization compromises ATP yields, it 
confers tumor cells a signifi cant growth advan-
tage by: (1) attenuating generation of reactive 
oxidative species (ROS) by oxidative phosphory-
lation, which are known to induce cellular senes-
cence and/or apoptosis, and (2) providing a ready 
supply of NADH and other essential reagents for 
de novo biosynthesis of macromolecules needed 
for cell proliferation and invasion [ 19 ,  20 ]. 

 Under the hypoxic conditions that prevail in 
many tumors, anaerobic glycolysis is often 
accompanied with signifi cant acidosis of cellular 
microenvironment. By contrast, lactic acid pro-
duced under anaerobic conditions in normal tis-
sues, as in over-worked skeletal muscles, is 
readily transported, via blood, to the liver for 
recycling. Thus, in tumor microenvironment the 
conversion of pyruvate to lactate is double-edged 
sword. On one hand, it facilitates anaerobic gly-
colysis by regenerating NAD+, but on the other it 
impairs the ability of the cells to sustain it, 
because of increased acid accumulation. 

 Recently, it has been shown that tumor cells 
that had lost functional  p53   expression posses an 
increased tolerance to low intracellular and extra-
cellular pH. It gives them growth advantage over 
neighboring normal p53 functional cells that 
undergo acid-induced p53-dependent apoptosis. 
Lowering external pH by these cells may lead to 
increased degradation of extracellular matrix that 
promotes angiogenesis and metastasis [ 21 ]. New 
data have linked the glycolytic and tumorigenic 
phenotype, the production of fructose-2-6- 
biphosphate, a well established tumor survival 
factor, is increased in the cytoplasm to enhance 
aerobic glycolysis and cell cycling.  

8.1.2     LDH Isoenzymes 

 There are fi ve  LDH isoenzymes   as a result of the 
fi ve different combinations that are produced by 
two polypeptide chains (M and H) encoded by 
separate genes (A and B) [ 19 ,  22 ,  23 ]. The LDH1 
is composed of four H-subunits, and the LDH5 of 
four M-subunits. As the number of the M- over 
H-chains increases, the LDH isoenzyme becomes 
more effi cient in catalyzing the conversion of 
pyruvate to lactate (LDH5), while an increase of 
H- over M-chains (LDH1) favours the conversion 
of pyruvate to acetyl-CoA that enters into the cit-
ric acid cycle. The prevailing type of LDH 
depends upon the metabolic demands of a par-
ticular tissue [ 2 ,  6 ,  14 ,  24 ]. 

 LDH is increased in the serum of a fraction of 
cancer patients, a feature closely related to prog-
nosis [ 20 ,  25 ,  26 ]. It has been shown that LDH5 
is the isoenzyme that is mainly overexpressed in 
cancer cells (Fig.  8.1 ), while LDH1 is often 
down-regulated in cancer cells compared to nor-
mal tissues [ 25 ,  26 ]. Although studies investigat-
ing the subtype of LDH enzyme in the serum of 
cancer patients are not available, it is postulated 
that  M-subunit- containing isoenzymes, such as 
LDH5, are responsible for this rise, since LDH 
gene is strongly up-regulated in neoplasia in 
response to intratumoral hypoxia [ 20 ,  21 ,  27 ].   

  Fig. 8.1    Values of  LDH isoenzymes   activities in breast 
cancer tissue       
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8.2     Signifi cance of Estimation 
of LDH and Their Isoenzymes 
in Tumor Tissues 

 Based on consideration that intracellular charac-
teristics of LDH enzyme are very sensitive indi-
cators of the cellular metabolic state [ 28 ], aerobic 
or anaerobic direction of glycolysis, activation 
status [ 29 ,  30 ], malignant transformation, it is 
also very useful to analyzed intracellular LDH 
activity in different cell line [ 31 ] and tumor tis-
sues obtained from patients [ 32 ]. 

 New techniques of molecular biology and pro-
teomics research established in the last decade, 
enabled investigation of LDH in tumor tissues or 
histological specimens and give new view into 
the process of carcinogenesis [ 20 ,  24 ,  33 ]. Tissues 
for these analyses can be obtained after biopsy or 
surgery directly or after frozen storage of patho-
histological specimens. Activity of LDH in tumor 
tissue can be determined using various  methods   
including: classical biochemical methods and 
zymography, gel electrophoresis, two- 
dimensional electrophoresis immunohistochem-
isty, and Western blotting methods [ 34 ]. Tissues 
for our analyses usually where preserved during 
homogenization and after fi xation or protection 
from proteolysis [ 35 ]. Based on developing and 
application new PCR techniques in cancer diag-
nosis, estimation of gene alteration and gene 
variation for LDH and  LDH isoenzymes   allow 
better understanding of anaerobic phenomena in 
cancer tissues [ 25 ,  26 ,  33 ]. Many clinical investi-
gations regarding values of LDH has been based 
on easier estimation LDH activity by classical 
biochemistry methods in homogenized tissue 
sample using spectrophotometer and measuring 
the reduction of absorbance at 340 nm during 
oxidation of NADH. 

 In last period Western blotting analyses 
gives possibility for estimation the total protein 
amount in tissues using selected antibodies, 
but  methods   is semi quantitative [ 25 ,  26 ].    

 Immunohistochemistry is most common 
method for disease confi rmation on tissues sec-
tion for many tumours and also very used method 
for study LDH and  LDH isoenzymes   [ 20 ] expres-
sion in tumor tissues by commercially available 

monoclonal antibodies. Using immunehisto-
chemistry it is possible to see localization and 
staining for LDH-A which is mainly cytoplas-
mic, although nuclear expression was also noted 
in many cancer cells. 

 It has been shown that that  Lactate dehydroge-
nase- A (LDH-A)   is one of the main isoforms of 
LDH expressed in breast tissue, prostate, colon 
cancer and it is a marker of altered intracellular 
anaerobic metabolism, which allows cancer cells 
to proliferate in hypoxic microenvironment [ 27 , 
 33 ,  36 ]. However, the expression of LDH-A has 
been shown to have no relation to pathological 
subtypes of breast cancer classifi ed by the status 
of Estrogen (ER), progesterone (PR), or Herceptin 
(Her-2). The  Ki-67   positive cancer cells were sig-
nifi cantly reduced in LDH-A defi ciency tumor 
samples, while apoptosis ratio was enhanced. 
Our results suggested that LDH-A inhibition 
might offer a promising therapeutic strategy for 
breast cancer [ 37 ]. Interestingly, the new data 
that analyzed molecular aspect of LDH in terms 
of clinical signifi cance, show that level of LDH-A 
enzyme in tumor tissue from breast cancer 
patients is increased with increasing BIRADS 
category on mammograms [ 32 ]. It was also 
recently shown that mammographically dense 
breast tissue (ACR3 or ACR4 by new classifi ca-
tion, and ductal type of carcinoma) is associated 
with higher activity of LDH in tumor tissue of 
breast cancer patients. About 23.9 % higher activ-
ity of LDH enzyme was present in tissue (ratio 
malignant/adjacent) of breast cancer patients 
from radiologically dense tissue (ACR4) that 
have practical role in patients diagnosis [ 32 ]. 
LDH plays also an important role in mechanisms 
of Taxol resistance of breast cancer cells and 
higher levels of LDH in tumor tissue of breast 
cancer cell line are associated with high cell pro-
liferation [ 37 ]. 

 Malignant gliomas are one of the most aggres-
sive cancers known. Previous studies on glycoly-
sis and respiration in glioma cells have indicated 
that glioma cells have a high rate of aerobic gly-
colysis compared with other normal cells. This 
observation has led to the suggestion that gliomas 
derive most of their energy from glycolysis, 
regardless of whether their oxygen supply isade-
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quate or low [ 38 ]. The gliomas show reliance on 
persistent aerobic glycolysis as their main source 
of ATP production, as exhibited by animal mod-
els, human glioma-derived cell cultures and 
in vivo human studies.  Glioma   cell lines have 
active different metabolic pathways that enable 
them to acquire a tolerance for nutrient defi -
ciency. In addition, glioblastoma cell cultures 
show constitutive activation of the Akt oncogene, 
a frequent mutation in malignant tumours respon-
sible for increasing cell proliferation results in a 
clear shift from normal aerobic respiration to 
abnormal, persistent aerobic glycolysis for cell 
survival [ 15 ]. Contrary to many other tumor cells 
that show up regulation of the LDH-A, that facili-
tates anaerobic metabolism of glucose and con-
version of pyruvate to lactate, LDH-B isoform is 
more expressed in a different subsets of glioma 
cells or conversely that LDH-A expression is lost 
and could not be induced. The difference between 
normal glial cell and glioma cell metabolism has 
been exploited in last period as a potential new 
therapeutic strategy [ 39 ,  40 ] for malignant gli-
oma (grades III and IV) which is non-responsive 
to aggressive radiotherapy and  chemotherapy  .  

8.3     LDH Release from Cultured 
Cells In Vitro 

 For clinical application and prognosis, investiga-
tion of LDH release in-vitro from separated 
and cultured cells has a many advantages and 

superiority as a molecular biomarker in respect to 
determination of classical LDH from serum [ 6 , 
 29 ]. For many types of cancer in early stages of 
disease and with small tumor mass below detect-
able values, for majority of them in early clinical 
stage, although serum LDH is useful for progno-
sis, it is not increases in all patients, especially 
when tumor cannot see by routine clinical diag-
nosis [ 41 ]. 

 New directions in investigations were based 
on the principle that in-vitro cultured cells have 
provided more reliable results, much more in the 
early stages of disease that is not situation with 
serum LDH markers [ 6 ].  Cancer   cells or cultured 
lymphocytes from tumor patients show differ-
ence to compared to healthy persons [ 42 ] and that 
they show signifi cant membrane damage and 
consequently increased permeability and leakage 
of intracellular enzymes, including LDH [ 43 , 
 44 ]. Mitochondria play an important role in cell 
survival and cell death, and its dysregulation of 
any form leads to diseases developing [ 38 ,  45 ]. 
This is a signifi cant consequence altered mito-
chondria machinery [ 46 ] and abnormal mito-
chondrial apoptotic signaling in cancer cells that 
is accompanied with extensive release of intra-
cellular enzymes [ 47 ,  48 ]. As LDH is much more 
increased intracellular enzyme in comparison to 
all other enzymes (Fig.  8.2 ), refl ecting distur-
bance in anaerobic glycolysis in tumors cells [ 42 ] 
this makes it very suitable for evaluation in cul-
tured cells. For clinical prognosis LDH release 
from in vitro cultured cells, can refl ects presence 
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  Fig. 8.2    Tumor cells released much more LDH in comparison to other enzymes after TNF-alpha treatment       
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circulated tumor cells or circulated tumor stem 
cells in blood very important for estimation of 
presence minimal residual diseases [ 29 ,  34 , 
 45 – 47 ]. 

 The phenomenon was described in literature 
as “ spontaneously released LDH  ” from periph-
eral blood lymphocytes (PBL) or any cultured 
cells [ 47 ,  49 – 51 ]. It was shown that our cells pos-
ses without any stimulation or drug presence 
release of LDH enzymes trough cell membrane 
[ 6 ,  41 ]. For our investigation PBL population or 
other cells subsets it is need analyzed after sepa-
ration on density gradient or by immunomagnetic 
sorting [ 34 ]. These analyses further requested 
short- time cell cultures in-vitro, usually follow-
ing 2 h. Determination of released LDH enzymes 
can be possible measured by estimation of change 
in absorbance (Fig.  8.3 ) and using spectropho-
tometer reader. In biochemical reaction mixture 
substrate for LDH can be easy added and reaction 
was done in-vitro conditions in 96 micro-plate 
[ 47 ]. Analyses of the spontaneous LDH release 
activity can be also expressed in terms of total 
intracellular LDH activity [ 31 ]. The determina-
tion of LDH release as percentage is widely rec-
ognized to be a sensitive parameter for in-vitro 
drug evaluation, vaccine safety estimation or 
neural cell damage analyzed as well [ 52 ]. 

 In view of this, Jurisic V et al. and Konjevic G 
et al., give novel and more complete evidence 
concerning the association of LDH PBL charac-

teristics in different types of cancer [ 41 ]. These 
data indicates cell membrane damage in circu-
lated PBL and that LDH release depending on 
clinical stage and bulky tumor mass much better 
then serum LDH [ 42 ]. In addition, correlation 
between decreased of NK cell activity in patients 
with advanced clinical stage of breast cancer 
patients with increased spontaneous LDH release 
indicated that circulating cells have membrane 
damage and that cells not only the release of intra-
cellular enzymes, such as LDH but also released 
cytolytic protein perforin and granzymes from 
NK cells, necessary for the cytotoxic mechanism 
for tumor cell killing. Our studies indicated that 
PBL of breast cancer patients showed that signifi -
cantly increased spontaneous LDH release was 
related to tumor mass and other clinical parame-
ters as well clinically important Karnofski index, 
sex steroids hormones, and age of women, indi-
cating role and signifi cance of menopausal status 
[ 43 ]. Further, we showed signifi cant positive cor-
relation of spontaneous LDH release from circu-
lating and cultured PBL with sera LDH. In many 
patients with lymphomas and breast cancer 
patients it was shown that spontaneous LDH is 
much more increased in  comparison to serum 
LDH level and especially in patients where serum 
LDH is below referent values [ 6 ,  43 ].  

8.4     Signifi cance of Serum LDH 
Activity in Clinical Practice 

8.4.1     Hematological Diseases 

 In lymphoid malignancies serum LDH has been 
investigated as a clinical biomarkers from earliest 
60-th [ 53 ]. Its elevation is mostly associated with 
high tumor burden and with more aggressive 
clinical behavior [ 4 ,  14 ,  54 ]. In aggressive B-cell 
lymphomas, in mantle cell as well as in follicular 
lymphomas, LDH is strong adverse prognostic 
factor [ 1 ,  8 ,  55 ]. LDH level is analyzed in respect 
to the most useful clinical classifi cation [ 56 ] and 
data is proposed that it is one of the most inde-
pendent prognostic factor in International Non- 
Hodgkin’s Lymphoma Prognostic Index (IPI). It 
has been verifi ed that patients with NHL have 

  Fig. 8.3    Changes in absorbance refl ect LDH activity. The 
measurements in 96 well plates during evaluation cell 
death in-vitro       
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high LDH level, but few reports have focused on 
LDH level of NHL patients with bone marrow 
involvement. The glycolytic enzyme system of 
tumor tissue in NHL patients with bone marrow 
involvement is more active than in those without 
bone marrow involvement, the LDH level is sig-
nifi cantly higher in serum and body fl uid that 
touched with tumor tissue. As the prognostic 
index of NHL, LDH rising often indicates the 
tendency of extranodal metastasis increase and it 
is a high-grade NHL. In addition, survival time in 
patients with high serum LDH was obviously 
shorter than in patients with normal serum LDH 
suggesting that a high LDH is a negative prog-
nostic factor. Children with NHL serum LDH is a 
valuable parameter for defi ning patients with a 
markedly different prognosis: the poor prognosis 
of stage III patients with a serum LDH above 500 
IU/L was much improved in successive studies 
when their treatment was intensifi ed, primarily 
through a 10-fold increase in the dose of metho-
trexate. More recently, an additional LDH param-
eter (above or below 1000UI/L) has been used to 
further subdivide risk groups. One could argue 
that the word “extensive” has been replaced by an 
objective, if surrogate marker of tumor burden. 

 In a smaller series of patients with Walderstrom 
macroglobulinemia (WM), it has been shown 
that LDH may improve the discrimination ability 
of International Prognostic Scoring System [ 57 ]. 
In addition, LDH level by our score identifi ed a 
subset of patients that have a very poor outcome, 
with a median survival of less than 3 years. 
Patients in high risk group without elevated LDH 
had a survival which was not very different from 
the outcome of patients who belonged to the 
intermediate risk group. Furthermore, for patients 
at high risk, LDH could also predict for cause of 
death: only 10 % of high risk patients with ele-
vated LDH died from causes unrelated to WM, 
while 40 % of the high risk patients without ele-
vated LDH died due to unrelated causes. 

 In patients with multiple myeloma elevated 
LDH is associated with high tumor mass, plasma 
cell leukemia or lymphoma-like clinical features 
[ 58 ,  59 ] and remains one of the most important 
adverse factors associated with poor progression 
free and overall survival even in patients with 

myeloma treated with tandem transplants with or 
without novel agents including thalidomide, 
lenalidomide or bortezomib. In patients with 
multiple myeloma serum LDH is also strongly 
associated with high level of pro-infl ammatory 
cytokine especially with TNF-α and IL-6 [ 60 ]. 

 Initial values of increased LDH, decreased 
fi brinogen levels and low platelet count were 
associated with an increased incidence of fatal 
bleeding and strongly correlated with death 
induced by bleeding, in patients with acute pro-
myelocytic leukemia [ 61 ].   

8.5     Solid Tumor 

8.5.1     Melanoma 

 Serum lactate dehydrogenase (LDH) level is one 
of themost useful independent prognostic factors 
in metastatic  melanoma   [ 5 ]. Solid tumours 
require a blood supply to grow and metastasis. 
Increased serum LDH is believed to be related to 
the hypoxic environment of tumour cells. As 
LDH is not a secreted enzyme, the fi nding of 
elevated LDH in the serum of patients with 
advanced melanoma is probably due, party by 
melanoma-cell necrosis and apo-necrosis which 
likely occurs when part of a tumour outgrows its 
blood supply.  

8.5.2     Lung Cancer 

 Several investigators concluded that LDH is an 
independent prognostic factor that correlates 
with disease stage, response to treatment and sur-
vival in lung cancer [ 3 ,  62 ]. Our studies showed 
that in patients with limited disease a signifi cant 
correlation of LDH serum levels with tumor pro-
gression and survival exists. Patients with pre-
treatment LDH serum levels above 240 IU/L had 
a strongly increased risk of tumor recurrence and 
poor survival (2-year survival of 41 % in patients 
with LDH < 240 IU/L and of 8 % in patients with 
LDH > 240 IU/L). High LDH level also might 
indicate the presence of occult disease in those 
patients where no primary lesion could be found 
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and it makes the detection of LDH elevations in 
the serum particularly relevant in cases with liver 
involvement [ 63 ]. However, do to its ubiquitous 
presence in tumors LDH is not suitable for tumor 
subtype. Moreover, in non-small cell lung cancer, 
LDH-5 expression was linked to high total serum 
LDH levels [ 64 ].   

8.6     Conclusion 

 Together all of these data indicates that investiga-
tion of LDH as a tumor biomarkers, with the pos-
sibility to determined in sera, cultured cells and 
tumor tissues and that their measurement have an 
important role in early clinical tumor diagnosis. 
Based on new techniques it is possible to detect 
changes of LDH and their isoenzymes in tumor 
tissues and understanding complex biochemical 
processes. In last decade using radioactive tech-
niques suck as PET, it is possible to measured 
energy in tissues sample and developing a new 
therapy with aims to blocking LDH metabolism.     
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      Neuron-Specifi c Enolase 
as a Biomarker: Biochemical 
and Clinical Aspects       

     Maria     Antonietta     Isgrò      ,     Patrizia     Bottoni    , 
and     Roberto     Scatena   

    Abstract  

  Neuron-specifi c enolase (NSE) is known to be a cell specifi c isoenzyme of 
the glycolytic enzyme enolase. In vertebrate organisms three isozymes of 
enolase, expressed by different genes, are present: enolase α is ubiquitous; 
enolase β is muscle-specifi c and enolase γ is neuron-specifi c. The expres-
sion of NSE, which occurs as γγ- and αγ-dimer, is a late event in neural 
differentiation, thus making it a useful index of neural maturation. 

 NSE is a highly specifi c marker for neurons and peripheral neuroendo-
crine cells. As a result of the fi ndings of NSE in specifi c tissues under 
normal conditions, increased body fl uids levels of NSE may occur with 
malignant proliferation and thus can be of value in diagnosis, staging and 
treatment of related neuroendocrine tumours (NETs). 

 NSE is currently the most reliable tumour marker in diagnosis, 
 prognosis and follow-up of small cell lung cancer (SCLC), even though 
increased levels of NSE have been reported also in non-small cell lung 
cancer (NSCLC). The level of NSE correlates with tumour burden,  number 
of metastatic sites and response to treatment. 

 NSE can be also useful at diagnosis of NETs and gastroenteropancreatic 
(GEP)-NETs. 

 Raised serum levels of NSE have been found in all stages of neuroblas-
toma, although the incidence of increased concentration is greater in wide-
spread and metastatic disease. Moreover, NSE determination in cord blood 
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offers an early postnatal possibility of confi rming the diagnosis of 
 neuroblastoma in newborns. 

 NSE has been demonstrated to provide quantitative measures of brain 
damage and/or to improve the diagnosis and the outcome evaluation in 
ischaemic stroke, intracerebral hemorrhage, seizures, comatose patients 
after cardiopulmonary resuscitation for cardiac arrest and traumatic brain 
injury. 

 Increased NSE serum levels have also been found associated with 
 melanoma, seminoma, renal cell carcinoma, Merkel cell tumour, carcinoid 
tumours, dysgerminomas and immature teratomas, malignant phaechro-
mocytoma, Guillain-Barré syndrome and Creutzfeldt- Jakob disease.  

  Keywords  
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9.1         Introduction 

 The rationale for studying cell specifi c proteins 
arises from the realization that proteins strictly 
localized or even greatly enriched in a given cell 
type are likely to be involved in biochemical 
pathways that are either specifi c to that cell type 
or performed in a different manner by that par-
ticular cell. This concept is further strengthened 
if the cell specifi c protein has an ontogenetic 
appearance parallel with the cell differentiation 
process. The structural and functional character-
ization of a given protein provides key insights 
regarding the function of specifi c cell types. 

 The elucidation and characterization of 
 nervous system specifi c proteins is a particularly 
appropriate research strategy given the enormous 
cellular diversity and complexity of nervous 
 system. Brain tissue contains a number of highly 
acidic soluble proteins that are not found in non- 
nervous tissues. 

9.1.1     History 

 The highly acidic soluble brain protein 14-3-2 
was fi rst described by Moore and McGregor in 

1965 [ 1 ]. Subsequent immunological studies 
demonstrated that it is characteristic of neurons; 
the 14-3-2 protein was therefore called neuron- 
specifi c protein [ 2 ]. Since the neuron-specifi c 
protein has been shown to exhibit enolase 
 activity, it has been fi nally called neuron-specifi c 
enolase (NSE) [ 3 ,  4 ]. NSE is now known to be a 
cell specifi c isoenzyme of the glycolytic enzyme 
enolase (EC 4.2.1.11). It is not only a marker for 
all types of neurons, but also for all neuroendocrine 
or paraneuronal cells. The appearance of NSE is 
a late event in neural differentiation, thus making 
NSE a useful index of neural maturation.   

9.2     Neuron-Specifi c 
Enolase (NSE)  

9.2.1     Structure and Biochemical 
Properties 

 Enolase (2-phospho-D-glycerate hydrolyase; EC 
4.2.1.11) is a “metal-activated metalloenzyme” 
that catalyzes the dehydration of 2-phospho-D- 
glycerate (PGA) to phosphoenolpyruvate (PEP) 
in the glycolytic pathway, and the reverse  reaction, 
the hydration of PEP to PGA, in gluconeogenesis. 
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It is necessary for the anaerobic conversion of 
glucose to metabolites suitable for oxidation. 

 The catalytic activity of enolase requires as 
natural cofactor Mg 2+  [ 5 ,  6 ]. Two types of metal- 
binding sites contribute to catalysis [ 7 ]. Metal 
binding in site I, traditionally called “conforma-
tional”, induces a conformational change in the 
enzyme and enables binding of substrate or 
 substrate analogues [ 8 ,  9 ]. Following binding of a 
substrate or a substrate analogue, the second metal 
ion, called “catalytic”, can bind [ 10 ,  11 ] in site II 
and then the catalytic reaction occurs [ 7 ]. Release 
of the ligands is more complex. At the center of 
controversy is the observation that high metal ion 
concentrations inhibit enolase. Initially, the pres-
ence of a third, inhibitory, metal ion binding site 
was proposed [ 7 ]. In a recent study, data support-
ing an alternative explanation were obtained [ 12 ]. 
Two pathways for product release have been 
 proposed. In the fi rst, dominant at physiological 
conditions, the catalytic metal ion leaves fi rst followed 
by product. However, even at very high metal 
ion concentrations the enzyme is not completely 
inhibited and it was proposed, as second possible 
pathway, that some product release takes place 
without metal ion dissociation from the complex. 

 In vertebrate organisms three isozymes of eno-
lase, expressed by different genes, are present. 
Enolase α is ubiquitous; enolase β is muscle- 
specifi c and enolase γ is neuron-specifi c. All known 
eukaryotic enolases are dimeric. Tissue- specifi c 
isozymes (β and γ) readily form mixed dimers with 
enolase α; the intermediate form is a hybrid mole-
cule containing an α and γ subunit; in vivo all pos-
sible dimers except βγ have been observed. 

 In the brain the isoenzymes non-neuronal 
enolase (NNE, αα-dimer) and NSE (γγ- and 
αγ-dimer) are expressed. NSE is the most acidic 
brain enolase, composed of two γ-subunits with a 
relative molecular mass of 39,000. NNE is the 
least acidic enolase isoenzyme, composed of two 
α-subunits with a relative molecular mass of 
43,500 [ 13 ]. This form of enolase was designated 
non-neuronal enolase, since immunocytochemical 
studies have established its strict glial localiza-
tion within nervous tissue [ 14 ]. The most marked 
difference between NSE and NNE is the apparently 
complete lack of immunological cross-reactivity 
between the two proteins [ 13 ,  15 ]. NNE is highly 

sensitive to chloride ions, urea and temperature. 
In contrast to this, NSE is markedly more stable 
towards chloride-induced inactivation. The 
 relative insensitivity of NSE to chloride ions is 
particularly interesting, since this ion accumu-
lates in nerve cells during periods of repeated 
depolarization. Possibly the relative resistance of 
NSE to chloride ions may have evolved to accom-
modate to the intracellular milieu in the neuron. 
A chloride sensitive enolase in the neuron 
would be inactivated and glycolysis would be 
interrupted at a time when metabolic energy is 
most needed [ 16 ]. 

 Human NSE is a major brain protein that 
 constitutes between 0.4 % and 2.2 % of the total 
soluble protein of brain, depending on the region. 
In some neurons NSE accounts for 3–4 % of the 
total soluble protein [ 16 ], which led to common 
use of NSE as a clinical marker for neuronal and 
neuroendocrine cells. This amount of the enzyme 
appears to be much more than is needed for its 
catalytic function and it is likely that NSE has 
other, as yet unknown roles. 

 The enzyme NSE has been purifi ed, crystal-
lized and its crystal structure determined [ 17 ]. In 
the crystals the enzyme forms the asymmetric 
complex NSE · Mg 2  · SO 4 /NSE · Mg · Cl, where “/” 
separates the dimer subunits. The subunit that 
 contains the sulfate (or phosphate) ion and two 
magnesium ions is in the closed conformation 
observed in enolase complexes with the substrate 
or its analogues; the other subunit is in the open 
conformation observed in enolase subunits with-
out bound substrate or analogues. This indicates 
negative cooperativity for ligand binding between 
subunits. Electrostatic charge differences between 
isozymes α and γ, – 19 at physiological pH, are 
concentrated in the regions of the molecular sur-
face that are negatively charged in α, i.e. surface 
areas negatively charged in α are more negatively 
charged in γ, while areas that are neutral or posi-
tively charged tend to be charge- conserved [ 17 ].  

9.2.2     Amino Acid Sequence, 
Mapping and Gene Function 

 At least three genes encode the different isoforms 
of the enolase. 
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 The complete amino acid sequence (433 resi-
dues) of the human neurone-specifi c γ isozyme 
of enolase was determined by a combination of 
direct amino acid sequencing and nucleotide 
sequencing of cloned cDNA in 1988 and com-
pared [ 18 ] with the amino acid sequence of the 
human α isozymic form (433 amino acid protein) 
previously determined [ 19 ], concluding that the γ 
isozyme is more stringently conserved than is 
the α form. Three regions present signifi cant dif-
ferences (271–285, 298–316 and 416–433); these 
residues are mainly hydrophilic in character and 
are located on the surface of the three- dimensional 
structure of the enolase subunit [ 18 ], making 
them useful for immunization to raise antibodies 
specifi c for the neuron-specifi c form. 

 The gene of the γ subunit was isolated and the 
complete nucleotide sequence (from upstream to 
the 5’ end to beyond the polyadenylation site) 
determined in 1991 [ 20 ]. The gene contains 12 
exons (of which 11 coding exons) distributed 
over 9213 nucleotides, clustered in two groups: 
one including exons 2–7 and the other exons 
9–12. Introns occur at positions identical to those 
reported for the homologous rat gene, as well as 
for the human α gene, supporting the existence of 
a single ancestor for the members of this gene 
family, with the exception of intron 1, which 
interrupts the 5’-untranslated sequence 13 bp 
upstream of the initiation methionine codon. The 
length of the noncoding exon 1 varies from 77 to 
210 bp due to the presence of multiple start 
sites of transcription. The promoter region lacks 
canonical TATA and CAAT boxes, is very 
C + G-rich and contains several potential regula-
tory sequences. Furthermore, an inverted  Alu  
sequence is present approximately 572 nucleotides 
upstream of the major start site. A comparison of 
the 5’-fl anking region of the human γ-enolase 
gene with the same region of the rat gene revealed 
a high degree of sequence conservation [ 20 ]. 
Lack of TATA and CAAT boxes, heterogeneous 
start sites of transcription and the presence of 
C + G-rich sequences, all of which are found also 
in the rat γ-enolase gene [ 21 ], have been associ-
ated with mammalian “house- keeping” genes, 
whereas highly tissue-specifi c genes do not usu-
ally display these features [ 22 ]. As γ-enolase has 

been detected not only as a marker of neuronal 
differentiation [ 16 ], but also in a number of 
 normal and transformed tissues of nonneuronal 
origin [ 23 ,  24 ], the tissue-specifi city of this gene 
may be considered intermediate between that 
of constitutively expressed genes and that of spe-
cialized genes encoding proteins that are present 
only in determined cell types. 

 The human chromosome locations for the 
three gene loci (designated, in accordance with 
the guidelines for Human Gene Nomenclature, 
  ENO1   ,   ENO2    and   ENO3    for the α-, γ-, and 
β-subunits, respectively) have been determined. 
 ENO1  has been mapped to the pter-p36.13 region 
of chromosome 1 [ 25 ,  26 ],  ENO2  was assigned to 
chromosome 12, in the distal region pter-p1205 
[ 27 – 29 ] and  ENO3  to the short arm of chromo-
some 17 [ 30 ]. The regional assignment of  ENO2  
to the short arm of chromosome 12 is particularly 
interesting. It is the fourth enzyme of the glyco-
lytic pathway (after triose phosphate isomerase-I, 
glyceraldehydes-3-phosphate dehydrogenase and 
lactate dehydrogenase B) for which the gene has 
been assigned not only to the same chromosome, 
but also to the same arm. Even though these four 
genes are all separated by some distances and 
clearly not contiguous in the DNA sequences, the 
assignment of four genes related in a common 
pathway to a specifi c region of the chromosome 
may have some signifi cance in evolution and 
 possibly in gene regulation [ 28 ]. 

 Muller et al. [ 31 ] proposed that homozygous 
deletions in passenger genes in cancer deletions 
can expose cancer-specifi c therapeutic vulnera-
bilities when the collaterally deleted gene is a 
member of a functionally redundant family of 
genes carrying out an essential function. The 
 glycolytic gene  ENO1   in the 1p36 locus is deleted 
in glioblastoma, which is tolerated by the expres-
sion of  ENO2  . Authors showed that short hairpin 
RNA-mediated silencing of ENO2 selectively 
inhibits growth, survival and the tumorigenic 
potential of ENO1-deleted GBM cells, and that 
the enolase inhibitor phosphonoacetohydroxa-
mate is selectively toxic to ENO1-deleted GBM 
cells relative to ENO1-intact GBM cells or nor-
mal astrocytes. Authors also suggested that the 
principle of collateral vulnerability should be 
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applicable to other passenger-deleted genes 
encoding functionally redundant essential activi-
ties and provide an effective treatment strategy 
for cancers containing such genomic events.  

9.2.3     Tissue Protein Expression 

 In mammals the three isoforms of enolase are 
characterized by different tissue distributions as 
well as by distinct biochemical and immunologi-
cal properties [ 32 ]. NNE is a nearly ubiquitous 
form, found in almost all tissues, and its expres-
sion precedes that of the other isoforms in the 
early stage of embryonic development; the β- or 
muscle-specifi c enolase (MSE) is present in adult 
skeletal muscle; NSE is the major form found in 
mature neurons and in cells of neuronal origin 
[ 16 ]. Many neurons express predominantly γ 
subunit, whereas some neurons and various 
 neuroendocrine cells express a mixture of γ and α 
subunits. The transition from NNE to MSE or 
NSE in tissues such as muscle and nerve is devel-
opmentally regulated [ 33 ,  34 ]. 

 In fetal rat brain, NNE is the dominant isoen-
zyme. NSE appears during neurogenesis and its 
amount increases during early neuronal differen-
tiation [ 35 ]. These observations support a 
switch- over from α- to γ-subunit expression in 
neurons. Immunological studies are in favour of 
the assumption that neurons develop from prolif-
erating NNE-immunoreactive cell populations 
without NSE-immunoreactivity [ 36 ]. The switch-
over from NNE to NSE occurs after fi nal cell 
division and migration and is therefore a good 
marker for neural differentiation and maturation.   

9.3     NSE as a Biomarker 

 NSE is a highly specifi c marker for neurons, 
peripheral neuroendocrine tissue and APUD 
(Amine Precursor Uptake & Decarboxylation) 
cells and can therefore serve as a biochemical 
marker for tumours derived from these cells. 
Like chromogranin A (CgA), NSE as a general 
neuroendocrine marker cannot differentiate 
between different subtypes of neuroendocrine 

tumours (NETs); however, elevated NSE levels 
have been associated with poor tumour differen-
tiation [ 37 – 40 ]. 

 Using immunostaining techniques, NSE is 
seen in all types of neurons including granule 
cells, Purkinje cells, projection neurons and both 
sensory and autonomic neurons. NSE has also 
been demonstrated in a variety of normal cells 
including pinealocytes, pituitary glandular and 
peptide-secreting cells, thyroid parafollicular 
cells, adrenal medullary chromaffi n cells, cells of 
the islets of Langerhans, Merkel’s cells of the 
skin, neuroendocrine cells of the lung, erythro-
cytes. As a result of the fi ndings of NSE in 
 specifi c tissues under normal conditions, it was 
hypothesized that increased expression of NSE 
and increased serum levels of NSE could occur 
with malignant proliferation of these tissues and 
thus could be of value in diagnosis, staging and 
treatment of such cancers. The application of 
NSE determination in medical oncology can be 
assessed under various headings: determination 
of NSE content in tissue biopsies; serum 
 measurements of NSE as a marker of tumour 
diagnosis, disease extent and response to therapy; 
determination of cerebrospinal fl uid (CSF) NSE 
as an indicator of cranial and CNS metastases [ 41 ].  

9.4     NSE Assays in Body Fluids 

 The specifi c localization of NSE in neurons and 
neuroendocrine cells suggests that assays of NSE 
levels in biological fl uids such as spinal fl uid, 
serum or urine might provide useful diagnostic 
information regarding disorders due to altered 
metabolism or turnover of these cell types. In 
addition, the histochemical detection and deter-
mination of NSE in biopsy material might be 
helpful in differential diagnosis. Importantly, the 
biological half-life of NSE in body fl uids is 
approximately 24 h. 

 Solid phase radioimmunoassay (RIA) using 
 3 H-labelled antigen [ 42 ] and double antibody 
RIA have been described for NSE and NNE in 
brain tissue [ 43 ]. These procedures have also 
been used for the determination of NSE in other 
tissues. These assays were not suffi ciently 
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 sensitive to measure nanogram amounts of each 
isoenzyme level in cell culture or in biological 
fl uids such as CSF. 

 A RIA procedure adapted for measuring low 
amounts of enzyme proteins in body fluids 
was described by Parma et al. [ 44 ]. Increased 
 sensitivity was achieved by labelling the antigen 
with  125 iodine, resulting in much higher specifi c 
activities relative to tritium-labelled NSE. 

 A simple kinetic method was described for the 
measurement of enzymatic activity of enolase in 
human serum and CSF [ 45 ]. The enzymatic 
activity was measured by a luminescent assay, 
making use of the luciferin-luciferase system. 

 It should be taken into account that the results 
obtained by enzymatic  methods   and immunoas-
says cannot be compared directly. The immuno-
assay measures the quantity of immunoreactive 
enolase protein regardless of its enzymatic 
 activity. Results obtained by immunoassays are 
expressed in ng immunoreactive enzyme protein 
per mL, while results of enzymatic measure-
ments are expressed in U/L. 

 A solid phase immunobioluminescent assay 
for NSE in human plasma was developed by 
Gerbitz et al. in 1984 [ 46 ]. 

 A practicable sandwich-type enzyme immu-
noassay for NSE in human serum was established 
by the use of purifi ed antibodies to bovine 
neuron- specifi c γγ-enolase [ 47 ]. 

 A new enzyme immunoassay (galactosidase) for 
the rapid determination of NSE in serum was later 
developed by using monoclonal antibodies [ 48 ]. 

 In 1986 Viallard and colleagues [ 49 ] proposed 
a new method for the determination of NSE. It 
consisted of two steps: fi rst, an immunocapture 
of the γ-subunit containing isoenzymes was 
 performed by adsorption on immobilized anti-γ- 
antibodies; second, enolase activity was deter-
mined by a bioluminescence assay in untreated 
control samples and in the supernatant of 
 antibody treated samples. In the same year, 
Viallard and colleagues [ 50 ] described a rapid 
electrophoretic determination of NSE in serum. 
The assay procedure for each of the two neuron- 
specifi c enolases (αγ and γγ) and the NNE (αα) 
in serum involved two steps: electrophoretic 
separation of the isoenzymes on cellulose acetate 

and bioluminescence measurement of enolase 
activity. 

 In 1987 an enzyme-linked immunosorbent 
assay that used commercially available reagents 
was described [ 51 ]. The antibody used in this sys-
tem reacted only with the γ-subunit and  combined 
with the avidin-biotin conjugated  peroxidase com-
plex, provided a method that was both highly spe-
cifi c and sensitive for the  measurements of NSE. 

 In 1989, monoclonal antibodies against 
neuron- specifi c enolase were used in an immuno-
radiometric assay (IRMA), with mono-disperse 
magnetizable particles as the solid phase [ 52 ]. 
The assay sensitivity was 0.4 μg/L and the inter-
assay coeffi cient of variation (CV) was <5 % in 
the working range from 0.4 to 170 μg/L. Compared 
with RIA based on polyclonal antibodies, the 
incubation time was shorter, and precision and 
sensitivity were improved. The better sensitivity 
of the IRMA resulted from its ability to measure 
αγ- and γγ-enolase with equal response. 

 These data were also confi rmed by Body et al. 
[ 53 ], with an improved sensitivity of the IRMA 
(93 %) over the RIA (83 %) in small cell lung 
cancer (SCLC) patients compared to healthy 
 subjects, using an IRMA adapted from the 
method of Paus and Nustad [ 52 ]. 

 After the fi rst NSE enzyme immunoassay 
(EIA) as a two-step assay employing a specifi c 
monoclonal antibody against NSE in conjunction 
with a polyclonal (rabbit) antibody [ 54 ] and the 
further development of a one-step, solid-phase 
EIA employing two monoclonal antibodies to 
NSE [ 55 ], an international multicenter study was 
designated to evaluate the technical performance 
of the latter EIA transferred on a system which 
makes use of the electrochemiluminescence 
(ECL)-technology as the detection method [ 56 ]. 
The new test was shown to be a reliable and accu-
rate diagnostic procedure for the measurement of 
NSE in serum samples, also presenting a wide 
measuring range and a fast throughput (incuba-
tion time of 18 min). In particular, intra- and 
inter-assay CVs, determined in six laboratories, 
ranged from 0.7 % to 5.3 % (inter-laboratory 
median: 1.3 %) and from 1.3 % to 8.5 % (inter- 
laboratory median: 3.4 %), respectively. 
Laboratory-to-laboratory comparability was 
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excellent with respect to recovery and inter-assay 
CVs. The test was linear between 0.0 and 320 ng/
mL (highest measured concentration). Based on a 
specifi city of 95 % in comparison with the group 
suffering from benign lung diseases, the cut-off 
value for the discrimination between malignant 
and benign conditions was set at 21.6 ng/
mL. NSE was raised in 73.4 % of SCLC patients 
and was signifi cantly higher in extensive (ED, 
87.8 %) as opposed to limited disease (LD, 56.7 
%). NSE was also elevated in 16.0 % of the cases 
with non-small cell lung cancer (NSCLC) [ 56 ]. 

 A new chemiluminescence enzyme immuno-
assay using magnetic nanoparticles was devel-
oped in 2012 for detection of NSE in human 
serum [ 57 ]: fl uorescein isothiocyanate (FITC) 
labels NSE capture antibody connected with 
NSE and alkaline phosphatase labels NSE 
 detection antibody in a sandwich-type detection 
manner. This immune complex is further reacted 
with anti-FITC coated magnetic beads and 
enriched in a magnetic fi eld, thus enhancing the 
sensitivity. The limit of detection of this method 
was <0.2 ng/mL, the recovery >83.0 % and the 
CV <10.0 %. This immunoassay is highly selec-
tive and not interfered by hook effect [ 57 ]. 

 In 2013 Torsetnes and colleagues [ 58 ] pre-
sented a new validated method for quantifi cation 
of NSE in serum at both reference and elevated 
levels. The analytical approach utilizes selective 
sample preparation by immunoextraction of all 
forms of NSE (αγ, γγ and γ) followed by tryptic 
digestion, and separation and detection by 
LC-SRM-MS (Liquid Chromatography-Selected 
Reaction Monitoring/Mass Spectrometry). The 
quantifi cation of NSE is performed through a sig-
nature peptide specifi c for the γ-subunit of NSE 
(tryptic peptide γ16; ELPLYR). The method 
shows linearity  r   2   > 0.999 (range 5–500 ng/mL), 
intra-day precision <13 %, accuracy >95 % and a 
limit of quantifi cation (of 38 pg/mL with a signal-
to- noise ratio above 10) signifi cantly lower than 
endogenous levels of healthy subjects. In 
 addition, the method simultaneously allows 
determination of the αγ-heterodimer through a 
signature peptide specifi c for the α-subunit 
 (tryptic peptide α12; TIAPALVSK) [ 58 ]. 

 A new enzyme-free electrochemical immuno-
assay protocol was developed by Li and Tian in 

2013 [ 59 ] for the sensitive electronic monitoring 
of NSE on a monoclonal mouse anti-human NSE 
antibody-modifi ed glassy carbon electrode, using 
guanine-decorated graphene nanostructures 
(GGN) as nanotags. To construct such an enzyme- 
free immunoassay format, guanine and  polyclonal 
rabbit anti-human NSE antibody (pAb) were co-
immobilized on the graphene nanostructures 
through the carbodiimide coupling. Based on a 
sandwich-type immunoassay mode, the assay 
was carried out in 0.1 M pH 7.4 PBS containing 
5 μM Ru(bpy) 3  2+  (bpy = 2,2′-bipyridine) through 
the catalytic oxidation of Ru(bpy) 3  2+  toward the 
guanine on the GGN. The presence of graphene 
nanostructures increases the immobilized amount 
of guanine, thus amplifying a detectable 
 electronic signal. The covalent conjugation of 
guanine and pAb on the GGN results in a good 
repeatability and intermediate reproducibility 
down to 9.5 %. Under optimal conditions, the 
dynamic concentration range of the developed 
immunoassay spans from 0.005 to 80 ng/mL 
NSE with a detection limit of 1.0 pg/mL at a 
 signal-to-noise ratio of 3σ (where σ is the 
 standard deviation of the blank). In addition, the 
methodology was evaluated by assaying the 
 spiking serum samples, and the relative standard 
deviation values between the electrochemical 
immunoassay and a commercialized enzyme- 
linked immunosorbent assay was 2.8–7.0 % [ 59 ]. 

 The effects of storage conditions, lipemia, 
icterus and haemolysis on the stability of NSE in 
serum samples were evaluated by measuring 
NSE concentrations with a solid-phase EIA [ 60 ]. 
NSE stability was demonstrated for as long as 5 
weeks in samples stored at 4 °C and −20 °C; but 
in samples stored at room temperature, NSE 
decreased 20 % after 2 weeks and 70 % after 5 
weeks. The effect of hyperlipemia was negligible, 
at increased concentrations of cholesterol (up to 
15.4 mmol/L) and triglyceride (up to 19.7 mmol/L); 
bilirubin (up to 0.84 mmol/L) had no effect on 
NSE. Unlike lipemia and icterus, haemolysis in 
serum signifi cantly affected NSE results. This 
interference is caused by the high NSE content in 
erythrocytes [ 61 ]. Therefore, NSE concentrations 
should not be measured in visibly haemolyzed 
samples or in samples stored at room 
temperature. 
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 Ramont et al. [ 62 ] evaluated the effects of 
 haemolysis and storage condition on NSE both in 
CSF and serum. They found that the concentra-
tion of NSE in CSF decreased signifi cantly 
(−27.6 %) when stored at −20 °C for 1 month. At 
−80 °C, the stability of NSE in CSF was better, 
but the NSE concentration still decreased 
 progressively when samples were stored for more 
than 3 months. The decrease was 5 % of the  initial 
level after 6 months, 19.5 % after 8 months and 
21.9 % after 9 months. On the other hand, the 
NSE concentration in serum was stable at −80 °C 
for at least 9 months. These data show that NSE in 
CSF is very unstable. NSE stability might be 
infl uenced by the volume of the aliquot and by the 
protein concentration in the sample. In any case, 
the level of NSE measured depends on the tem-
perature and duration of freezing. Authors also 
observed a signifi cant increase in NSE 
 concentration in all haemolyzed samples (serum 
and CSF) and a signifi cant correlation between 
the increase in NSE concentration and the index 
of haemolysis. They concluded that all samples 
for NSE measurement should be stored at −80 °C 
and analyzed within 6 months after sampling in 
the case of CSF; serum may be kept frozen for 
longer periods (up to 9 months). Moreover, it is 
necessary to systematically evaluate the index of 
haemolysis before deciding whether or not to per-
form NSE measurement in either serum or CSF. 

 More recently, Planche and colleagues [ 63 ] con-
fi rmed an increase in serum NSE concentration par-
allel to the haemolytic index (about 150 % for an 
haemolytic index of 10), concluding that NSE 
determinations should be performed only for sam-
ples presenting an haemolytic index ≤10, in order 
to allow a good monitoring of kinetics of the marker. 

 No difference was found in serum NSE con-
centrations between men and women and in 
intra-individual variance between genders [ 64 ]. 
Within- and between-subject CVs were 13.6 % 
and 11.5 %, respectively (12.1 % and 11.7 %, 
respectively, according to Dittadi and Gion [ 65 ]); 
the low individuality allows the use of a single 
population-based reference interval. The refer-
ence change value (i.e. the minimal difference 
that must be exceeded for change in two consecu-
tive marker results in the same individual to 
become clinically relevant) was 39 %. Desirable 

analytical goals for imprecision, bias and total 
error were <6.8 %, ±4.5 % and ±15.7 %, respec-
tively [ 64 ].  

9.5     Clinical Indications for NSE 
Determination 

 Since the original description of NSE by Moore 
and McGregor in 1965 [ 1 ] and its exploration as 
a marker for neuroendocrine neoplasms by 
Prinz and Marangos [ 66 ], there have been many 
accounts of its use in clinical medicine. NETs 
may originate in different organs, from cells 
embriologically different but expressing  common 
phenotypic characteristics, such as: the immune-
reactivity for markers of neuroendocrine differ-
entiation (defi ned as “pan- neuroendocrine”), the 
capacity to secrete specifi c or aspecifi c peptides 
and hormones and the expression of some recep-
tors, that are the basis of the current diagnostic 
and therapeutical approach, peculiar to these 
tumours [ 67 ]. The primitive tumour, not always 
identifi able, may originate from cells of the so-
called diffuse neuroendocrine system (DNES) in 
various organs. The prevalent sites of origin are 
the digestive and respiratory tracts. One of the 
peculiar features of the DNES cells is their ability 
to secrete a wide spectrum of peptides. This was 
the basis of the fi rst hypothesis of the APUD 
 system, theorized by Pearse in 1969 [ 68 ] and 
later developed by the same Author in the  concept 
of DNES. DNES cells have different embryologi-
cal origins, but share common secretory and/or 
neuroendocrine markers. In clinical practice, the 
diagnosis of NETs can be actually based on the 
detection of tissue and/or circulating neuroendo-
crine markers. The secretory pattern of NETs 
may differ according to the site of origin and 
grade of  differentiation. However, most of the 
currently available circulating neuroendocrine 
markers are relatively aspecifi c. Furthermore, 
signifi cant variations of circulating levels of these 
markers may not only result from active  secretory 
cellular process, but can also refl ect cytolysis 
occurring during tumour growth or as a consequence 
of chemo-, radio- or radio-metabolic therapies. 

 The assessment of neuroendocrine markers 
may therefore play a role in different steps of 
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NETs management: diagnosis, prognostic signif-
icance, choice of therapy, follow-up and evalua-
tion of the response to treatment. 

 NSE can be considered either a general marker 
of differentiation (pan-neuroendocrine tissue 
marker, crucial to evaluate the neuroendocrine 
differentiation of a tumour) or a general marker 
of secretion (the secretory pattern varying on the 
basis of the embryological origin and stage of the 
disease). As a marker of differentiation, NSE was 
reported to be more sensitive than CgA in large- 
cell as well as in SC poorly differentiated neuro-
endocrine carcinomas [ 69 ]. The role of enolase 
as marker of preferential glycolitic metabolism in 
proliferating cancer cell should be evaluated. The 
major weakness of this marker is represented by 
the low specifi city of the currently commonly 
used antibodies anti-γ chain, which are unable to 
discriminate the homo-dimer γγ from the other 
hetero-dimers not specifi c for NETs. Even though 
anti-NSE monoclonal antibodies have been 
developed, those used at moment still show also 
low sensitivity. As a general marker of secretion, 
NSE showed a higher sensitivity and specifi city 
in SCL neuroendocrine carcinomas, when com-
pared to CgA (77 % and 85 % vs. 50 % and 71 %, 
respectively). In these patients, an inverse corre-
lation between circulating levels and prognosis 
has been reported. Circulating NSE can, 
 therefore, be used in the follow-up to evaluate 
responsiveness to therapy and to detect disease 
relapse early on. In all the other kinds of NETs, 
NSE shows a lower sensitivity and specifi city 
when compared to CgA. NSE sensitivity in the 
diagnosis of gastroenteropancreatic (GEP)-NETs 
is about 40 %, but rises to 70 % in some studies 
[ 39 ,  70 ]. NSE tissue positivity is independent 
from the secretory activity of the tumour. In fact, 
NSE is not assumed to be a secretory protein, 
because it is located only in the cytoplasm of 
cells and the amount of NSE in tumour tissue 
does not seem to correlate with the circulating 
levels. During the follow-up, it should be consid-
ered that circulating NSE can be paradoxically 
increased in response to radio-metabolic treat-
ment or chemo- therapy, as a consequence of a 
high death rate of cells with neuroendocrine dif-
ferentiation, which can cause the release of this 
cytoplasmatic enzyme. 

9.5.1     Lung Cancer 

  Lung cancer   remains the most common and 
lethal human cancer, showing a continually rising 
incidence especially among women. 

  Lung cancer  s are classifi ed into four major 
cell types by histology: SCLC (which accounts 
for around 20 % of lung cancers and has a neuro-
endocrine cellular origin), lung adenocarcinoma, 
squamous cell lung cancer (SQC) and large cell 
lung cancer, the last three types being grouped 
together as NSCLC [ 71 ]. Differentiation between 
SCLC and NSCLC is very important for 
 prognostic and therapeutic reasons, due to their 
different behaviour. In addition to histology, 
an alternative diagnostic methodology may be 
 useful, especially if the system is based on simple 
laboratory tests, performed on serum. 

9.5.1.1     Small Cell Lung  Cancer   (SCLC) 
 SCLC is characterized by its rapid doubling time 
and propensity for early metastases. In essence, 
there are two clinical stages: LD, where the 
tumour is confi ned to one hemithorax and ED, 
when metastases occur in the contralateral chest 
and at distant sites. Metastases initially occur in 
the lymph nodes and thereafter in other organs 
such as other areas of the lung, liver, adrenal 
glands, brain, bone and bone marrow. Twenty to 
twenty-fi ve percent of patients have LD, and 
though treatment is potentially curative, 5-year 
survival rates are poor (15–25 %, compared with 
<5 % in ED patients). SCLC is a malignancy 
associated with neuroendocrine differentiation; 
thus, neuroendocrine markers such as NSE and 
CgA have proven to be helpful in immunohisto-
chemically characterizing these malignant lung 
tumours and can be used as tumour markers, 
being released into the circulation. 

 NSE is currently the most reliable tumour 
marker in SCLC, even though it is not an ideal 
biomarker; it is helpful when making the diagno-
sis (it is raised in 75 % of patients at diagnosis) 
[ 72 ] and in the prognosis and the follow-up of 
SCLC. However, its sensitivity is low, particu-
larly in patients with LD. 

 The level of NSE has been correlated with 
tumour burden and number of metastatic sites 
and a good correlation was found between the 
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initial decline in plasma concentration and 
response to treatment [ 73 – 75 ]. 

 Spinazzi et al. [ 76 ] confi rmed that NSE was 
elevated in the large majority of newly diagnosed 
patients with SCLC prior to treatment, but NSE 
did not appear a valid tool to differentiate SCLC 
from NSCLC, probably because of the relatively 
frequent neuroendocrine behaviour of the latter. 

 Giovanella et al. [ 77 ] investigated the role of 
tumour markers CEA, NSE,  TPS   and CYFRA 
21.1 in lung cancer diagnosis and staging. In 
SCLC patients, NSE and CYFRA 21.1 showed the 
highest sensitivity (56 %), NSE was the most 
accurate single marker and the combination of 
NSE and CYFRA 21.1 (according to the principle 
“one or both positive”) improved signifi cantly the 
diagnostic accuracy of NSE from 67 % to 75 %. 
The cut-off value considered for NSE was 12.5 ng/

mL. The sensitivity of NSE and CYFRA 21.1 in 
LD (39 % and 54 %) and ED (75 % and 57 %) was 
a remarkable fi nding. A better sensitivity of 
CYFRA 21.1 was demonstrated in early stages of 
SCLC. On the other hand, only NSE was a dis-
criminant marker between LD and ED. An appli-
cable model of biomarkers in SCLC could be the 
concurrent assay of NSE and CYFRA 21.1 in pre-
therapeutic assessment and therapy planning [ 78 ]. 
CYFRA 21.1 does not play an important role dur-
ing therapy monitoring and follow-up; in these 
phases, NSE alone may be employed. 

 Paone and colleagues [ 79 ] used discriminant 
analysis as a method to optimize the discriminant 
power of serum tumour marker levels for differ-
entiation between SCLC and NSCLC. They 
selected and considered together NSE and 
CYFRA 21.1, generating the following formula:

 which provided a good discrimination between the 
two types of lung cancer, with a 93 % rate of cor-
rect classifi cation (NSE being the most  powerful 
discriminant factor) [ 80 ]. A possible clinical target 
of the score described could be represented by 
those patients in whom lung  cancer is diagnosed by 
means of clinical and radiological signs, but where 
the histological type cannot be recognized because 
cytology is negative and invasive diagnostic tech-
niques cannot be applied, especially in elderly 
patients with poor cardiorespiratory functions. 

 Jørgensen et al. [ 81 ] evaluated the infl uence of 
pretreatment serum NSE in addition to more 
 conventional prognostic factors on survival dura-
tion in SCLC patients. Increased values of NSE 
(>12.5 ng/mL) were observed in 81 % of the 
patients; NSE was the most powerful prognostic 
factor followed by poor performance status and 
extensive stage disease. The three prognostic 
 factors NSE, performance status and stage of dis-
ease, enabled the establishment of a prognostic 
index (PI) based on a simple algorithm 
(PI = z NSE  + z stage  + 2z performance status ). This segregated 
the patients into four groups with clearly  different 

prognosis. Based on these results, Authors rec-
ommended NSE and performance status, in addi-
tion to stage, for prognostic stratifi cation in 
treatment trials on SCLC. 

 Considering the low specifi city of NSE, due to 
a relatively high false-positive rate in patients 
with non-malignant lung diseases and NSCLC 
and increased levels by haemolysis [ 82 ], Takada 
et al. [ 83 ] attempted to clarify whether serum lev-
els of a carboxy-terminal fragment of pro-gastrin- 
releasing peptide, ProGRP(31–98), could serve 
as a more accurate tumour marker in patients 
with SCLC than NSE.  Sensitivity   in SCLC 
patients was 72.3 % for ProGRP(31–98) and 
62.4 % for NSE. Comparing the area under the 
receiver operating characteristic curve (AUC) of 
ProGRP(31–98) with that of NSE, 
ProGRP(31–98) was the most powerful marker 
(0.94 vs. 0.81, respectively). 

 The use of CgA can be proposed to enhance 
the sensitivity and accuracy of NSE in SCLC 
diagnosis, even though serum NSE remains the 
marker of choice for biochemical disease staging 
and monitoring of SCLC [ 84 ]. 

 
canonic variable LnNSE LnCYFRA= ´ - ´ -2 37032 21 1 0 37699 5 55988. . . .
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 Petrović et al. [ 85 ] found that CgA, ProGRP 
and NSE levels were all signifi cantly greater in 
patients with ED compared with LD. A worse 
performance status, the presence of ED and 
raised serum levels of ProGRP (>58 pg/mL), 
CgA (>56 ng/mL) and NSE (>19.0 ng/mL) were 
all associated with signifi cantly shorter median 
survival times. Performance status, disease stage, 
NSE, CgA and ProGRP levels were each signifi -
cant independent prognostic indicators for sur-
vival. Authors concluded that there is a potential 
role for ProGRP, NSE and CgA in both staging 
and prognosing survival of SCLC patients [ 85 ].  

9.5.1.2     Non-small Cell Lung  Cancer   
(NSCLC) 

 Even though NSE is the tumour marker of fi rst 
choice for SCLC, increased serum NSE has been 
reported in 11.7–28 % of patients with NSCLC 
[ 78 ]. According to Broers et al. [ 86 ], neuroendo-
crine properties may be expressed in various his-
tologic types of lung cancer, because both 
NSCLC and SCLC derive from a common cell 
lineage and their differentiation occurs at a later 
stage of oncogenetic development. NSE expres-
sion is an unfavourable sign, because NSCLC 
and in particular SQCs with neuroendocrine dif-
ferentiation are more aggressive than others. At 
the same time, those patients may have a better 
response to  chemotherapy  . Kulpa et al. [ 87 ] 
found that, in SQC patients, despite diagnostic 
sensitivity of NSE was 0.275 at 0.95 specifi city, 
its high pretreatment concentrations were associ-
ated with shorter survival. They concluded that 
NSE was an independent, but nonspecifi c, prog-
nostic factor in SQC, in particular in patients 
with stages IIIB-IV, which may be treated with 
chemotherapy. 

 However, the predictive and prognostic role of 
NSE in NSCLC is still controversial, since sev-
eral studies did not fi nd a prognostic value [ 88 , 
 89 ], while others reported that NSE is an impor-
tant prognostic factor for NSCLC [ 90 ,  91 ]. 
Nevertheless, in a recent meta-analysis which 
included 2389 patients, Yan et al. [ 92 ] did not 
fi nd any association of NSE concentration with 
prognosis for NSCLC.   

9.5.2     Neuroendocrine Tumours 
(NETs) 

 The incidence of NETs is very low (0.1 % of all 
malignant neoplasms). These tumours show a 
low proliferation rate, which is particularly 
marked in NETs located in the GEP district. The 
symptoms may be related to biologically active 
substances hypersecretion rather than to neoplas-
tic growth [ 40 ]. In these neoplasms, the presence 
of high specifi city circulating biomarkers and the 
expression of somatostatin receptors have been 
demonstrated. NETs can be subdivided into two 
categories with respect to their capacity to release 
bioactive molecules. Biologically active NETs, 
or functioning tumours, are those tumours that 
release growth factors, hormones or other local 
mediators in a constitutive manner. Patients 
affected by such neoplasms suffer from a com-
plex of symptoms related to the hypersecretory 
activity of the tumour itself. Given the low prolif-
eration rate of NETs, these syndromes are the 
most disabling aspect of the disease and often can 
be fatal because of the severe disturbances they 
induce. Biologically inactive NETs and, in some 
cases, also  carcinoids  , gastrinomas, glucagono-
mas, somatostatinomas and neurotensinomas, are 
considered to be silent malignancies, because 
they are nonsecretory tumours. Mainly for this 
reason, patients with nonfunctioning NETs often 
are diagnosed late and in an already metastatic 
stage. No standard treatments are currently avail-
able for patients suffering from NETs. Hence, an 
early diagnosis and a thorough study of the bio-
logical characterization of the tumour may be 
fundamental to offer more tailored and timely 
therapies. In addition, the need for specifi c bio-
markers also is related to the evaluation of 
response to treatment. Experimental data  consider 
CgA and NSE the best biomarkers available 
today for NETs; their determination is particu-
larly meaningful, because they are expressed by 
both functioning and nonfunctioning tumours. 
Bajetta et al. [ 40 ] examined a large cohort of 
patients with histopathologically assessed NETs 
(including hindgut, midgut, foregut and pancre-
atic islet cell tumours) and proved that CgA was 
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the best marker (specifi city of 85.7 % and 
 sensitivity of 67.9 %). CgA and NSE levels were 
signifi cantly higher in patients with disease 
 compared with disease free patients; NSE showed 
a specifi city of 100 % but a rather low sensitivity 
(32.9 %), with a cut-off level of 12.5 ng/
mL. Authors concluded that only CgA and NSE 
could be used at diagnosis of NETs; the utility of 
NSE in clinical follow-up is likely to be limited 
to a few selected cases. Conversely, CgA mea-
surement seems to be extremely useful for signal-
ling recurrences, confi rming stable disease status 
and assessing the response to therapy. 

 Also Nobels et al. [ 37 ] concluded that CgA 
was the best general neuroendocrine serum 
marker, with the highest specifi city for the detec-
tion of NETs compared to the other neuroendo-
crine markers. Nevertheless, Authors found that 
NSE was more frequently elevated than CgA in 
subjects with SCLC, Merkel cell tumour, insuli-
noma, paraganglioma and neuroblastoma. 

9.5.2.1     Gastroenteropancreatic 
Neuroendocrine Tumours 
(GEP-NETs) 

 NETs are either confi ned to specifi c organs (e.g. 
chromaffi n cells of the adrenal glands) or can be 
found scattered throughout the digestive tract as 
part of DNES. Tumours that originate from 
 gastrointestinal cells belonging to the DNES and 
from pancreatic islets comprise the GEP-NETs 
and are thought to evolve from a common precur-
sor stem cell of ectodermic origin. 

 The best general biomarker for GEP-NETs, as 
well as for NETs, is CgA, even though it should 
be complemented with specifi c markers related 
to localization of the primary tumour and clinical 
symptoms. NSE has been found to be elevated in 
31–44 % of patients with GEP-NETs [ 37 ]; the 
combination of CgA and NSE in GEP-NETs has 
a higher sensitivity than either parameter 
separately. 

 Recently, an early response in NSE has been 
found related to therapeutic response with the 
mTOR inhibitor everolimus in patients with pan-
creatic NETs [ 93 ].   

9.5.3     Neuroblastoma 

 Neuroblastoma is a neuroblastic tumour of the 
primordial neural crest and is the most common 
extracranial solid tumour of childhood, compris-
ing between 8 % and 10 % of all childhood 
 cancers. It is predominantly a disease of the fi rst 
decade with ~80 % of children presenting at <4 
years old. The disease accounts for 15 % of all 
childhood cancer deaths. Children with I, II or 
IV-S disease, or presenting in the fi rst year of life, 
have a good prognosis. In contrast, children (≥1 
year of age) with stage III and IV disease have 
3-year survival rates of 50 % and 15 %, respec-
tively. Most children present over the age of 1 
year with metastatic (stage IV) disease; this 
group has an overall survival of 10–20 % [ 94 ]. 

 Zeltzer et al. [ 95 ] found that serum NSE levels 
greater than 100 ng/mL were associated with a 
poor outcome in children with widespread meta-
static neuroblastoma (clinical stage IV). This 
relation was highly signifi cant in the subgroup of 
infants less than 1 year old at diagnosis. They 
concluded that serum NSE could be a useful 
 disease marker and a prognostic indicator in 
children with metastatic neuroblastoma. 

 It was later demonstrated that raised serum 
levels of NSE can be found in all stages of neuro-
blastoma, although the incidence of increased 
concentration is greater in widespread and meta-
static disease [ 96 ]. Authors hypothesized that 
those patients with the smallest tumour burden at 
diagnosis (stage I and stage II) would have the 
lowest range of serum NSE values; by contrast, 
patients with stage III and IV would have the 
widest range and highest levels of NSE (>100 ng/
mL). In general, a low level predicted a good out-
come and a high level was associated with a bad 
prognosis. In patients with stage IV-S disease, 
serum NSE levels were signifi cantly lower than 
those in stage IV, despite their extensive tumour 
burden, and refl ected the more benign clinical 
behaviour of this stage. Serum NSE levels corre-
lated with response to therapy; all patients with 
initial levels above 100 ng/mL had levels below 
100 ng/mL during remission. However not all 
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patients had a serum NSE above 100 ng/mL coin-
cident with relapse. 

 Riley et al. [ 97 ] conducted a meta-analysis of 
molecular and biological tumour markers 
described in neuroblastoma, to establish an 
evidence- based perspective on their clinical value 
for the screening, diagnosis, prognosis and moni-
toring of patients. They found that patients with 
high serum levels of NSE have a signifi cantly 
worse outcome in terms of disease-free survival 
(hazard ratio = 5.56; 95 % CI, 2.11–14.7; 
 p  = 0.0005) and overall survival (hazard 
ratio = 5.22; 95 % CI, 3.12–8.73;  p  < 0.0001), 
identifying NSE biomarker as a potentially 
important prognostic tool in neuroblastoma. 

 Kintzel and colleagues [ 98 ] proposed to mea-
sure NSE levels in cord blood, in comparison 
with their reference values, to offer an early post-
natal possibility of confi rming the diagnosis of 
neuroblastoma in newborns. The fi nding of a 
solid or cystic suprarenal mass or paraspinal 
 cervical and thoracic tumour by prenatal ultraso-
nography suggests congenital neuroblastoma, the 
most common malignancy during infancy. For 
the initial evaluation and subsequent treatment 
plan, rapid postnatal identifi cation of the tumour 
is necessary. The measurement of NSE in cord 
blood offers the earliest possibility of biochemi-
cal detection in cases with suspected tumours. 
Authors determined NSE concentrations in cord 
blood samples from healthy term newborns, by 
means of a solid phase EIA based on the sandwich 
technique (the assay utilizes a specifi c monoclo-
nal antibody to NSE immobilized on a polystyrene 
bead in conjunction with a polyclonal -rabbit- 
antibody). Median NSE concentration was 8.0 
μg/L and the 5–95 th  percentiles were 4.8–19.4 
μg/L. No differences between male and female 
newborns were detected [ 98 ].  

9.5.4     Brain Damage 

 Potential candidate biomarkers of cerebral tissue 
damage, such as NSE, glial fi brillary acidic 
 protein, tau-protein, myelin-basic protein and 
S100-β are released into the blood following 
ischaemic stroke from neurons, myelin and glia. 

The level of these markers in blood may indicate 
the extent of brain infarction. Moreover, in early- 
phase of acute stroke, determination of blood 
markers would result more easily and cheaply 
than other surrogate endpoints, such as radiologi-
cal measurements of tissue damage, in order to 
evaluate the effects of treatment. An excellent 
blood marker of the volume of cerebral tissue 
damage would be well correlated with the “true” 
volume of cerebral tissue damage due to 
 ischaemic stroke. However, this “true” volume is 
diffi cult to measure. Different estimates may 
depend on brain imaging modality, imaging 
 timing, the method used to calculate volume or 
whether the method differentiates lesion swelling 
from lesion extent. The true “level” of a blood 
marker is also diffi cult to defi ne; potentially use-
ful statistics for blood marker levels are: a single 
measurement, a peak measurement or an integral 
(AUC) of blood marker levels over time. 

 Various studies have shown a positive correla-
tion between NSE levels and infarct volume in 
patients of acute ischaemic stroke [ 99 – 101 ], 
whereas some studies have failed to demonstrate 
such relationship [ 102 ]. Studies have also pointed 
out that there is a signifi cant correlation between 
NSE levels and stroke severity on admission 
[ 100 ,  101 ]. On the other hand, few investigators 
have found no such relationship [ 103 ]. The  ability 
of NSE levels to predict functional neurological 
outcome in stroke patients is also a matter of 
recent interest with some studies suggesting that 
NSE is useful in predicting functional outcome 
[ 100 ,  101 ], while the other studies suggesting 
otherwise [ 99 ]. In view of contradictory fi ndings 
of these studies, Zaheer et al. [ 104 ] conducted a 
study on 75 patients with acute ischaemic stroke 
in order to determine: the correlation between 
NSE levels at admission and infarct volume, 
stroke severity and early functional neurological 
outcome. Authors found: a positive correlation 
between concentration of NSE on day 1 and 
infarct volume determined by computed tomog-
raphy scan (the largest infarct volume had the 
highest mean NSE levels); a strong negative 
correlation between Glasgow coma scale at 
presentation and concentration of NSE on day 1 
(patients with a lower Glasgow coma scale and, 
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therefore, greater stroke severity, had a higher 
mean NSE level); a positive correlation between 
NSE levels at day 1 and early neurological out-
come assessed by the modifi ed Rankin scale at 
day 30 (the mean concentration of NSE in 
patients with worse outcome was signifi cantly 
higher than in patients with better outcome). 
They concluded that serum levels of NSE in fi rst 
few days of ischaemic stroke can serve as a use-
ful marker to predict stroke severity and early 
functional outcome. 

 According to Ahmad et al. [ 105 ], peak and 
AUC levels of NSE and S100-β levels correlate 
with radiological measures of infarct volume 
obtained within the fi rst week after stroke. 
Nevertheless, they concluded that plasma bio-
marker values taken within the fi rst 6 h of stroke 
are unlikely to be good predictors of subacute 
infarct extent, as there has been insuffi cient time 
for the markers to enter the circulation, and many 
factors can infl uence changes in infarct extent at 
the subacute time. 

 On the other hand, NSE has been demon-
strated to provide quantitative measures of brain 
damage and/or to improve the diagnosis and the 
outcome evaluation also in other clinical settings, 
such as intracerebral hemorrhage [ 106 ], seizures 
[ 107 ], comatose patients after cardiopulmonary 
resuscitation for cardiac arrest [ 108 ,  109 ] and 
traumatic brain injury [ 110 – 112 ].  

9.5.5     Melanoma 

 Increased NSE serum levels in patients with 
 metastatic  melanoma   have been reported to be 
associated with a large tumour burden, with a 
gradual rise indicating disease progression and a 
poor prognosis [ 113 ]. 

 Tofani et al. [ 114 ] found that in stages I and II, 
NSE is clearly superior to S100-β as a marker 
and should be included in the routine follow-up, 
since elevated serum NSE levels are probably 
associated with progression of the disease. In 
patients in stages III and IV, both NSE and 
S100-β may be elevated, but not necessarily both 
in the same patient; in these stages, diagnostic 

sensitivity increased to 62 % if isolated elevation 
of each marker was considered; thus both NSE 
and S100-β should be assayed in patients with 
advanced stage disease. 

 In ophthalmology, high levels of NSE have 
been demonstrated in the serum and aqueous 
humour of patients with malignant  melanoma   or 
retinoblastoma [ 115 ].  

9.5.6     Seminoma 

 Fosså et al. [ 116 ] evaluated NSE as a marker in 
54 patients with seminoma. Before orchiectomy, 
NSE was raised in 6 out of 21 patients with stage 
I seminoma and 11 out of 16 patients with metas-
tases. After orchiectomy, the NSE returned to 
normal in all the stage I cases, but remained high 
in 6 out of the 12 patients with metastatic disease. 
They concluded that NSE was a useful marker in 
seminoma with a sensitivity and specifi city of the 
same order as human chorionic gonadotrophin 
(hCG). 

 Tandstad and Klepp [ 117 ] found the same sen-
sitivity for NSE as for beta-hCG at diagnosis in 
seminoma, but they concluded that serum NSE is 
of no clinical value during follow-up in monitor-
ing patients with testicular cancer.  

9.5.7     Rare Tumours 

 Raised levels of NSE have been observed in 
adults with renal cell carcinoma, confi rming a 
similar report in children [ 118 ]. 

 Merkel cell tumour may be associated with a 
small rise in NSE [ 119 ]. 

 Carcinoid tumours are a variant of NETs. In a 
study of 26 patients with  carcinoids  , 38.5 % had 
a raised NSE. However, in this group plus another 
18 patients with various NETs, 55 % of whom 
had raised NSE concentrations in the serum, 
there was no correlation between NSE concentra-
tions and the extent of metastases [ 120 ]. 

 Dysgerminomas and immature teratomas can 
be accompanied by increased serum NSE levels 
[ 121 ]. 
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 Benign phaeochromocytoma does not cause a 
rise in NSE, but in malignant phaechromocytoma 
half of the patients have an elevated NSE [ 122 ]. 

 NSE has also been observed to be raised in 
small cell undifferentiated tumours of the pan-
creas [ 123 ].  

9.5.8     Other Pathological 
Conditions/Clinical 
Indications 

 Increases in CSF NSE have been reported in 
 several forms of brain and spinal cord disease. 
These include: Guillain-Barré syndrome [ 124 , 
 125 ], Creutzfeldt-Jakob disease [ 125 ,  126 ] and 
meningeal hemorrhage [ 125 ]. 

 The reports on CSF NSE levels in schizophre-
nia are equivocal. Vermuyten et al. [ 125 ] recorded 
increased levels, but Egan and colleagues [ 127 ] 
examined 50 patients with acute and chronic 
schizophrenia and found that CSF NSE levels 
were not raised.   

9.6     Conclusion 

 NSE has been confi rmed as a reliable biomarker 
in SCLC and neuroblastoma. It has shown its 
potential in NETs,  melanoma  , seminoma, rare 
tumours of neuroendocrine origin, Guillain- 
Barré syndrome and Creutzfeldt-Jakob disease. 
Opinions differ about the contribution of NSE 
to NSCLC and schizophrenia. The growing evi-
dence of the usefulness of NSE in providing 
quantitative measures of brain damage and/or in 
improving the diagnosis and the outcome evalua-
tion in several related clinical settings, represents 
a promising perspective of proposing NSE as a 
reliable biomarker for brain injury assessment.     
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    Abstract  

  Members of the plasminogen-plasmin (PP) system participate in many 
physiologic functions. In particular, uPA, its receptor (uPAR) and its inhibi-
tor PAI-1 play an important role in cell migration, cell proliferation and 
tissue remodeling. Through a number of interactions, these components of 
the PP system are also involved in the pathogenesis of many diseases. In 
cancer, they modulate the essential processes of tumor development, 
growth, invasion and metastasis as well as angiogenesis and fi brosis. Thus, 
quantifi cation of uPA, uPAR and PAI-1 in tumors and, in some cases in the 
circulating blood, became of potential value in the prognostication of many 
types of cancer. These include cancer of the breast, stomach, colon and 
rectum, esophagus, pancreas, glioma, lung, kidney, prostate, uterine cervix, 
ovary, liver and bone. Published data are reviewed in this chapter. Clinical 
validation of the prognostic value has also been made, particularly in can-
cer of the breast. Inclusion of these biomarkers in the risk assessment of 
cancer patients is now considered in the risk-adapted management in carci-
noma of the breast. Factors limiting its broader use are discussed with sug-
gestions how these can be overcome. Hopefully the use of these biomarkers 
will be applied to other types of cancer in the near future.  
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10.1         Introduction 

  The Plasminogen-Plasmin System     The pro-
teolytic enzyme plasmin (Plm), derived from its 
precursor plasminogen (Plgn), was fi rst believed 
to be responsible for dissolution of fi brin clot. 
Following this original discovery, more compo-
nents were found to belong to this plasminogen- 
plasmin (PP) system [ 1 – 3 ]. The various 
components are shown in Fig.  10.1 . Plgn is con-
verted to Plm by the action of two plasminogen 
activators (PA), tissue-type PA (t-PA) and 
urokinase- type plasminogen activator ( uPA  ). 
Their activities are controlled by a number of 
inhibitors, including plasminogen activator 
inhibitor type 1 ( PAI-1  ) plasminogen activator 
inhibitor-1 [ 4 ], plasminogen activator inhibitor 
type 2 (PAI-2), thrombin activable fi brinolysis 
inhibitor (TAFI) [ 5 ] and protease nexin 1 (PN-1) 
[ 6 ]. They are also modulated by their respective 
receptors [ 7 ,  8 ].

    Studies of the PP system have produced evidence 
that it is involved in many body functions, rang-

ing from embryogenesis, cell migration, wound 
repair, angiogenesis, infl ammation, apoptosis 
and fi brosis. The role of fi brinolysis belongs pri-
marily to tPA, maintaining normal hemostasis 
and keeping circulating blood free from fi brin. 
However, the picture on the cell surface is differ-
ent, with  uPA   being the prominent player. As 
shown in Fig.  10.2 , several steps had been recog-
nized. (1) uPA converts Plg bound to the Plg 
 receptor   on the cell surface to generate Plm. Plm 
then converts pro-metalloproteinase to metallo-
proteinase. (2) Both Plm and MMP can proteo-
lyze the breakdown extracellular matrix. (3) Plm 
activates latent growth factors. (4)  PAI-1   inacti-
vates uPA and forms a complex with uPA and 
 uPAR  . This complex is internalized into the cell. 
(5) Following internalization, the uPA/uPAR/
PAI-1 complex is broken down. While PAI-1 and 
uPA is removed, uPAR is externalized from the 
cell in a process of recycling. These steps enable 
cell migration, a process essential in tissue 
remodeling and in wound healing.

   An additional step is cell signaling from  uPAR   
[ 7 ,  9 ]. Through the GPI anchoring, uPAR can 

  Fig. 10.1    Components of the plasminogen-plasmin system.  APC  activated protein C,  TAFI  thrombin activable fi brino-
lysis inhibitor       
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activate the G-protein kinases. These signals cell 
proliferation as well as apoptosis. 

  Role of the Plasminogen-Plasmin System in 
Diseases and in Cancer     With such wide range 
of actions, it is now recognized that this system 
plays an important role in the pathogenesis of 
many diseases. In particular, it has been exten-
sively studied in the various processes of tumor 
development, proliferation, invasion and tumor 
angiogenesis [ 10 – 16 ].  

 The relationship between fi brin and tumor 
was fi rst noted by Billroth [ 17 ] who found 
tumor cells within a thrombus. Early in vitro 
observation was of liquefaction of growth 
media by malignant tumors was made by Carrel 
[ 18 ], while clinical record of fi brinolytic bleed-
ing was made in patients with metastatic carci-

noma of prostate [ 19 ]. Evidence of a possible 
causative role of plasminogen activator (PA) in 
malignancy was shown by the sharp increase in 
fi brinolytic activity in viral transformed fi bro-
blasts [ 20 ]. This (PA) was later identifi ed to be 
 uPA   [ 21 ]. Subsequently, abnormal levels of 
uPA have been found in most forms of cancer 
by tissue  extraction, immunohistochemical 
staining and in situ hybridization. These include 
cancer of the breast, stomach, colon and rec-
tum, esophagus, pancreas, glioma, lung, kid-
ney, prostate, uterine cervix, ovary, liver and 
bone (Table  10.1 ). Of signifi cance, uPA expres-
sion was found to be higher in the aggressive 
types of tumor, in metastatic more than in the 
primary tumor, and often in the invading front 
of the tumor [ 62 – 65 ]. One example was 
observed in adenocarcinoma of the prostate 
(Fig.  10.3 ) [ 66 ]. This association between 

  Fig. 10.2    Known steps in the activity of the plasminogen- 
plasmin system on the cell surface. (1)  uPA   converts Plg 
bound to the Plg  receptor   on the cell surface to generate 
Plm. Plm then converts pro-metalloproteinase to metallo-
proteinase (MMP). (2) Both plm and MMP can proteolyse 
the breakdown extracellular matrix.(3) Plm activates 

latent growth factors.(4)  PAI-1   inactivates uPA and forms 
a complex with uPA and  uPAR  . This complex is internal-
ized into the cell. (5) Following internalization, the uPA/
uPAR/PAI-1 complex is broken down. While PAI-1 and 
uPA is proteolyzed, uPAR is exteriorized from the cell in 
the process of recycling       
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increased uPA expression and aggressive tumor 
behavior was also seen in carcinoma of breast 
[ 67 ], glioma [ 46 ] and many other tumors, both 
in vitro and in vivo. Experimental inhibition of 
uPA by various  methods   could impair tumor 
growth and metastasis, such as by anti-uPA 
antibodies [ 68 ,  69 ] or by transfection with uPA 
antisense genes [ 70 ,  71 ] or with  PAI-1   gene 
[ 72 ]. Following the discovery of  uPAR  , it was 
also found to be expressed in many tumors [ 73 –
 76 ] and to be associated with tumor aggressive-
ness [ 26 ,  33 ,  36 ,  50 ,  52 ,  53 ,  57 ,  77 – 79 ].

10.2         Clinical Validation of  uPA  , 
 uPAR   and  PAI-1   
as Biomarkers in Cancer 

 As has been outlined in detail above, key compo-
nents of the fi brinolytic system may play a signifi -
cant pathologic role in the growth and metastatic 
potential of many malignant processes. Inhibition 
of apoptosis, and increased levels of TGFB, 
FGF2, ILGF-1, and hepatocyte growth factor due 
to perturbations in the  uPA   system may add to 
tumor growth and progression. Metastatic spread 
can be enhanced through degradation of the extra-
cellular matrix, and promotion of cellular adhe-
sion. These in vitro adverse outcomes have indeed 

been demonstrated in clinical studies, with 
increased expression of uPA,  uPAR  , and/or  PAI-1   
being associated with poorer overall prognosis in 
multiple cancer types, including cancer of breast, 
stomach, colon and rectum, esophagus, pancreas, 
glioma, lung, kidney, prostate, uterine cervix, 
ovary, liver and bone (Table  10.1 ). 

 The impact of the  uPA   system on clinical out-
comes in malignancies has been most extensively 
studied in breast cancer [ 23 – 28 ,  30 ,  31 ]. Indeed, 
expression of uPA has been demonstrated to be 
associated with more aggressive disease. Early 
studies demonstrated high uPA activity  correlated 
with larger tumor size and lymph node involve-
ment, in addition to a shorter disease-free sur-
vival [ 25 ]. Increased levels of uPA and  PAI-1   
were associated with a worse overall prognosis in 
a subsequent pooled analysis of over 8000 
patients [ 23 ]. Interestingly, levels of uPA and 
PAI-1 were more predictive of both disease-free 
and overall survival than either  estrogen receptor   
(ER) status or tumor size in this study, and fi nd-
ings were applicable to both lymph-node nega-
tive and positive disease. These and other studies 
have helped validate the utility of tumor  uPA and 
PAI-1 expression   in predicting disease course in 
breast cancer at the highest level of evidence 
(Level 1), and are the fi rst novel biomarkers to 
achieve this [ 80 ]. 

  Fig. 10.3    Immunohistochemical 
staining of  uPA   of human 
adenocarcinoma of prostate showing 
the distribution of uPA at the invading 
front ( arrows ) of the tumor adjacent 
to a lymphatic channel (Reprinted 
with permission from Dano et al. 
[ 65 ], Kwaan et al. [ 66 ]       
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     Table 10.1    Components of the plasminogen-plasmin system as biomarkers in various types of cancer (Modifi ed with 
permission from Kwaan et al. [ 22 ])   

 Clinical impact of  uPA/   PAI-1   biomarkers 

 Disease site  Clinical fi ndings 

  Breast   In lymph node negative disease,  uPA   &  PAI-1   more predictive of RFS and OS than ER 
status [ 23 ] 

 In node-negative disease,  uPA   &  PAI-1   levels more informative than age, tumor size, and 
hormonal status; correlated with DFS; and predicted benefi t from  adjuvant chemotherapy   
[ 24 ] 

  uPA   stronger predictor of RFS than lymph node status, but not for OS. However, uPA 
predicts OS in node-negative disease, whereas ER status and tumor size do not [ 25 ] 

 Lower OS with high  uPAR   and  PAI-1   levels. High PAI-1 also corresponded to shorter 
RFS [ 26 ] 

 High tumor  PAI-1   mRNA results in shorter OS, but PAI-1 gene promoter polymorphism 
did not add prognostic information [ 27 ] 

 In tumors with high  uPA,   high PAI-2 corresponds to favorable RFS and OS [ 28 ,  29 ] 

  uPA   and  PAI-1   predict disease outcome and response to therapy, and statistically 
independent of tumor size, grade, ER/PR status [ 30 – 32 ] 

  Gastric   Higher  uPA/   uPAR   expression associated with more advanced stage and higher mortality [ 33 ] 

 High  uPA   corresponds to more aggressive disease, and prognostic in T1/T2, lymph node 
negative disease [ 34 ] 

 High  uPA/   PAI-1   in resected tumors associated with decreased OS. PAI-1 is the only 
signifi cant prognostic marker in multivariate analysis [ 35 ] 

  uPA/   uPAR/  VEGF mRNA expression in resected gastric cancer tissue predicted poorer 
chance for survival [ 36 ] 

 Higher  uPA   and PAI-1  expression   seen in gastric cancer versus normal tissue, with 
decreased RFS seen with higher levels [ 37 ] 

  Colorectal cancer   Increased mortality risk with higher preoperative soluble  uPAR   levels [ 38 ] 

 Same results as above [ 39 ] 

 High  uPA   levels in carcinoma versus adenomatous polyp or normal mucosa. Higher uPA 
levels associated with lower OS, independent of tumor stage [ 40 ] 

 Decreased OS associated with high  uPAR   levels, independent of age, stage, grade [ 41 ] 

  Esophageal   In both squamous and adenocarcinoma, high  uPA   expression is an independent predictor 
of disease outcome [ 42 ] 

 Same results as above [ 43 ] 

  uPA   expression in squamous cell carcinoma associated with higher metastatic potential 
and shorter OS 

 Higher PAI-2 expression associated with lower metastatic potential [ 44 ] 

   Glioma     Shorter OS associated with stronger cytoplasmic  uPA   staining. In higher grade glioma, 
poorer OS seen with uPA staining, age >50, tumor grade in multivariate analysis [ 45 ] 

  uPA   &  PAI-1   expression seen in glioblastoma multiforme, but not in normal brain tissue 
or benign tumors [ 46 ] 

  Lung   Small cell lung cancer cells expressing  uPA   demonstrated  chemotherapy   resistance [ 47 ] 

 TAFI levels higher in small cell versus adeno- or squamous cell carcinoma. 
Chemotherapy response higher seen in those with higher TAFI expression [ 48 ] 

 Increased  PAI-1   antigen associated with increased risk of death in non-small cell lung 
cancer [ 49 ] 

  Renal   Relapsed and/or metastatic disease corresponds with stronger tissue staining for  uPA,   
 uPAR,   or  PAI-1   [ 50 ] 

  uPA,    uPAR,   and  PAI-1   all overexpressed in kidney cancer compared to normal tissue 
[ 51 ] 

(continued)
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 The ability of these markers to help aid in 
prognostication and predict response to therapy 
has resulted in their being included in the 
American Society of Clinical Oncology guide-
lines for use in treatment decisions [ 80 ]. In fact, 
there have been a number of clinical studies dem-
onstrating that incorporating  uPA  / PAI-1   status 
into treatment decision algorithms can help pre-
dict which patients would most benefi t from a 
more aggressive approach. An early, prospective 
multicenter study randomized lymph-node nega-
tive breast cancer patients based on tumor levels 
of uPA and PAI-1. Those patients with low levels 
of both markers were observed, while those high 
levels of one or both were randomized to either 
observation alone, or combination  chemotherapy   
[ 24 ]. At 3 years of follow up, those patients con-
sidered high risk based on elevated uPA/PAI-1 
levels gained signifi cant benefi t from chemother-
apy, with a 43.8 % reduced probability of recur-
rent disease. A subsequent study, again in patients 
with lymph node negative disease, further sup-

ported the utility of using these markers in treat-
ment decisions [ 23 ]. Patients with low levels of 
both uPA and PAI-1 had an excellent 5-year 
disease- free survival at over 90 %; however, 
those with high levels of one or both marker had 
5-year disease free survival rates comparable to 
patients with lymph-node positive disease. The 
negative impact of uPA/PAI-1 was mitigated 
through use of systemic,  adjuvant chemotherapy  , 
with improvements in both disease-free and 
 overall survival when cyclophosphamide-
methotrexate- 5FU (CMF) was used [ 23 ]. As 
CMF is no longer considered standard of care for 
adjuvant treatment, an updated prospective study 
using an anthracycline-docetaxel based regimen 
was recently completed with over 4000 patients 
enrolled [ 81 ,  82 ]. The Node Negative Breast 
 Cancer  -3 (NNBC-3) trial was conducted in the 
years 2002–2009, and compared uPA/PAI-1 
tumor levels to more conventional clinic- 
pathologic features, and how use of adjuvant che-
motherapy in both impacted the disease course. 

Table 10.1 (continued)

 Clinical impact of  uPA/   PAI-1   biomarkers 

 Disease site  Clinical fi ndings 

   Prostate      uPA   &  uPAR   levels higher in prostate than healthy controls, and levels correspond to 
more aggressive disease [ 52 ] 

  uPA   &  uPAR   levels higher in those with bone metastases versus organ confi ned disease 
[ 53 ] 

  uPA   &  uPAR   levels higher in those with bone metastases versus organ confi ned disease 
[ 54 ] 

  Cervical   Stronger  uPA/   PAI-1   staining correlates with more extensive disease and a lower OS rate [ 55 ]. 

  Ovarian   Decreased OS with increased  uPA   &  PAI-1   levels on univariate (but not multivariate) 
analysis [ 56 ] 

  Liver   Higher  uPAR   and tPA in malignant versus normal hepatocytes, with a lower OS in male 
patients with high  uPA   levels [ 57 ] 

  Chondrosarcoma    uPA   overexpression associated with higher metastatic potential, and a lower 5-year 
survival rate [ 58 ] 

  Pancreatic   tPA,  PAI-1,   and PAI-2 were expressed in the majority of pancreatic cancer specimens. 
Strong PAI-2 expression associated with less peritoneal metastasis, as well as a better OS 
[ 59 ] 

 Higher  uPA   and  uPAR   mRNA levels in pancreatic cancer specimens versus control 
tissue. Shorter OS in cancer patients with overexpression of both uPA and uPAR than in 
those without [ 60 ] 

  Oral   Oral squamous cell carcinoma tumors had higher  uPA   expression compared to dysplastic 
lesions [ 61 ] 

   RFS  relapsed-free survival,  OS  overall survival,  ER   estrogen receptor  ,  PR  progesterone  receptor  ,  DFS  disease-free 

survival  
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Low risk patients did not receive adjuvant che-
motherapy. High risk groups were randomized to 
treatment with either fl uorouracil-epirubicin- 
cyclophosphamide (FEC) for six cycles, or three 
cycles of FEC followed by docetaxel for three 
cycles. Results are still pending, noting that the 
fi rst interim analysis was recently presented at 
the San Antonio Breast Cancer Symposium in 
December 2012 [ 83 ]. This analysis only evalu-
ated a different endpoint in the trial, which 
addressed whether addition of taxanes to adju-
vant chemotherapy improved outcomes. The data 
on comparison of uPA/PAI-1 to other clinical fea-
tures are not yet mature. Once available, they 
may further validate use of these biomarkers in 
clinical treatment decision making. It is noted 
that through review of prior studies, incorporat-
ing uPA/PAI-1 testing in patients with node- 
negative breast cancer as recommended by 
ASCO not only appears to have a positive effect 
on outcomes, but is also benefi cial from an eco-
nomic standpoint [ 84 ]. 

 In addition to identifying those patients who 
would most benefi t from  adjuvant chemother-
apy   in node-negative breast cancer,  uPA  / PAI-1   
biomarkers have also been helpful in predicting 
response to hormonal agents. Women with uPA 
and PAI-1 negative tumors were more likely to 
have a benefi cial response to tamoxifen in one 
study, and this was independent of ER/PR status 
[ 29 ]. 

 Although less robust compared to breast can-
cer, there are studies demonstrating the clinical 
implications of  uPA  / PAI-1   in other malignan-
cies (Table  10.1 ). The majority of the investiga-
tions have focused on the prognostic impact of 
these biomarkers, with their increased expres-
sion being associated with a more aggressive 
disease, and therefore worse overall prognosis, 
across a wide range of malignancies. For exam-
ple, one study in pancreatic cancer demonstrated 
that post- operative survival was half that in 
patients with overexpression of uPA and  uPAR   
compared to those with only one or neither 
being overexpressed (9 versus 18 months) [ 60 ]. 
As has been shown in breast cancer, consider-
ation for using these biomarkers in treatment 
decisions may be important, allowing health 

providers to reserve more aggressive treatment 
for those who are most likely to benefi t. Indeed, 
one study demonstrated that those patients with 
small cell lung cancer expressing uPAR were 
more likely to be  chemotherapy  -resistant [ 47 ]. 
Conversely, high expression of thrombin acti-
vatable fi brinolysis inhibitor (TAFI) expression 
in lung cancer was associated with a better ther-
apeutic response [ 48 ]. These studies show 
promise, but certainly more prospective investi-
gations are needed in order to validate the use of 
fi brinolytic markers in treatment decisions in 
other cancers.  

10.3     Drug Targets 

 A number of therapeutic agents have been devel-
oped targeting the components of the P-P system. 
Their current status is briefl y reviewed here, 
since biomarkers are used in the clinical trials of 
these agents. They can be used in the character-
ization and risk classifi cation of the respective 
tumors or as part of the outcome. The therapeutic 
agents cover a wide spectrum of monoclonal 
antibodies, targeted toxins, synthetic small mol-
ecules and peptides, or genetic knockdown such 
as antisense and siRNA. With the discovery of 
the active sites in the crystal structure of the P-P 
components, small molecules can be designed to 
block the respective active sites [ 85 – 90 ]. In the 
case of  uPA  , the S1 pocket at the active site 
requires a highly basic molecule for binding and 
inactivation. A pro-drug upamostat (WX-671) 
(Mesupron™) showed activity in carcinoma of 
head and neck [ 91 ], pancreatic cancer [ 92 ] and 
breast cancer [ 93 ]. The site of interaction between 
uPA and  uPAR   has also been targeted [ 94 ,  95 ]. 
Results of peptides and small molecules designed 
to block this site have been disappointing. In con-
trast, antisense or siRNA in knockdown of uPAR 
showed antitumor activity [ 96 ,  97 ]. Monoclonal 
antibodies against uPAR also demonstrated anti-
tumor effect both in vitro and in vivo [ 98 ,  99 ]. 
Treatment with a monoclonal antibody to uPAR 
resulted in a decrease of primary tumor growth 
and reduced hepatic and retroperitoneal metasta-
ses in a mouse model of pancreatic cancer [ 100 ]. 
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Similar benefi t was seen in ovarian cancer [ 101 ]. 
 PAI-1   as therapeutic target, on the other hand, has 
not been well studied in cancer, though a small 
molecule targeting PAI-1 XR5967, a diketopi-
perazine, had been shown to suppress tumor cell 
invasion and angiogenesis in vitro [ 102 ]. 

 The demonstration that various inhibitors of 
the P-P system have antitumor effect is a proof of 
concept that several components of the P-P sys-
tem discussed above are biomarkers of cancer 
with unfavorable prognosis. This would undoubt-
edly stimulate further developments in the near 
future with these markers.  

10.4     Perspectives 

 Biomarkers in cancer are most often used as aid 
in diagnosis. However, they can also be useful 
to assess tumor aggressiveness and to classify 
the risks. The use of risk classifi cation in an 
individual patient can allow intensive therapy 
given to those with high risks while the low risk 
patients can receive milder forms of treatment. 
The association of  uPA   and  PAI-1   and the 
aggressiveness of tumors have been recognized 
for over 30 years. Yet, the use of uPA, its  recep-
tor    uPAR   and PAI-1 as biomarkers is limited. 
Even less utilized is the employment of these 
biomarkers in risk assessment to guide the 
management of a cancer patient. In order to 
improve the use of the biomarkers, one has to 
understand the causes of under-utilization. 
Several factors can be recognized. First, PAI-1 
is an inhibitor of uPA. Yet, both uPA and PAI-1 
are indicators of tumor aggressiveness. This 
apparent paradox, fi rst pointed out by Binder, is 
due to the multiple and complex pathways in 
which uPA, uPAR and particularly PAI-1 affects 
tumor biology [ 22 ,  103 ]. As discussed in this 
article, the validity of these biomarkers has 
been verifi ed in several clinical trials. As yet, 
these trials have not been able to alter clinical 
practice. Secondly, inhibition of uPA, uPAR or 
PAI-1 by various approaches has shown posi-
tive results in impairing the growth and metas-
tasis in experimental tumors in animals but has 
not been able to have any impact on human can-

cers. Some of the agents used include the use 
monoclonal antibodies, gene manipulations 
such as the transfection of PAI-1 into experi-
mental tumors, and synthetic small molecules 
designed to target uPA, uPAR or PAI-1. Without 
clinical trials showing signifi cant effect of these 
agents in human tumors, there is less demand 
for the use of these biomarkers. At the time of 
this writing, there a few promising clinical tri-
als, including the use of synthetic small mole-
cules. Any successful outcome of these trials 
will add to the utility of the biomarkers dis-
cussed here.     

   References 

    1.    Kwaan HC (1992) The biologic role of components 
of the plasminogen-plasmin system. Prog Cardiovasc 
Dis 34(5):309–316  

   2.    Castellino FJ, Ploplis VA (2005) Structure and func-
tion of the plasminogen/plasmin system. Thromb 
Haemost 93(4):647–654  

    3.    Rijken DC, Lijnen HR (2009) New insights into the 
molecular mechanisms of the fi brinolytic system. J 
Thromb Haemost 7(1):4–13  

    4.    Declerck PJ, Gils A (2013) Three decades of research 
on plasminogen activator inhibitor-1: a multifaceted 
serpin. Semin Thromb Hemost 39(4):356–364, Mar 
26, epub ahead of print  

    5.    Vercauteren E, Gils A, Declerck PJ (2013) Thrombin 
activatable fi brinolysis inhibitor: a putative target to 
enhance fi brinolysis. Semin Thromb Hemost 
39(4):365–372, Mar 26, epub ahead of print  

    6.    Bouton MC, Boulaftali Y, Richard B, Arocas V, 
Michel JB, Jandrot-Perrus M (2012) Emerging role 
of serpinE2/protease nexin-1 in hemostasis and vas-
cular biology. Blood 119(11):2452–2457  

     7.    Ferraris GM, Sidenius N (2013) Urokinase plasmino-
gen activator receptor: a functional integrator of 
extracellular proteolysis, cell adhesion, and signal 
transduction. Semin Thromb Hemost 39(4):347–355  

    8.    Miles LA, Parmer RJ (2013) Plasminogen receptors: 
the fi rst quarter century. Semin Thromb Hemost 
39(4):329–337  

    9.    Binder BR, Mihaly J, Prager GW (2007) uPAR-uPA- 
PAI-1 interactions and signaling: a vascular biolo-
gist’s view. Thromb Haemost 97(3):336–342  

    10.    Pepper MS (2001) Role of the matrix metallopro-
teinase and plasminogen activator-plasmin systems 
in angiogenesis. Arterioscler Thromb Vasc Biol 
21(7):1104–1117  

   11.    Andreasen PA, Egelund R, Petersen HH (2000) The 
plasminogen activation system in tumor growth, 
invasion, and metastasis. Cell Mol Life Sci 
57(1):25–40  

B.J. McMahon and H.C. Kwaan



153

   12.    Kwaan HC (1992) The plasminogen-plasmin system in 
malignancy. Cancer Metastasis Rev 11(3–4):291–311  

   13.    Dano K, Behrendt N, Hoyer-Hansen G et al (2005) 
Plasminogen activation and cancer. Thromb 
Haemost 93(4):676–681  

   14.    Kwaan HC, McMahon B (2009) The role of 
plasminogen- plasmin system in cancer. Cancer Treat 
Res 148:43–66  

   15.    Deryugina EI, Quigley JP (2012) Cell surface 
remodeling by plasmin: a new function for an old 
enzyme. J Biomed Biotechnol 2012:564259  

    16.    Carroll VA, Binder BR (1999) The role of the plas-
minogen activation system in cancer. Semin Thromb 
Hemost 25(2):183–197  

    17.    Billroth T (1878) Lectures on surgical pathology and 
therapeutics. A handbook for students and practitio-
ners. The New Sydenham Society, London  

    18.    Carrel A, Burrows MT (1911) Cultivation in vitro of 
malignant tumors. J Exp Med 13(5):571–575  

    19.    Tagnon HJ, Whitmore WF Jr, Schulman P, Kravitz 
SC (1953) The signifi cance of fi brinolysis occurring 
in patients with metastatic cancer of the prostate. 
Cancer 6(1):63–67  

    20.    Ossowski L, Quigley JP, Kellerman GM, Reich E 
(1973) Fibrinolysis associated with oncogenic trans-
formation. Requirement of plasminogen for corre-
lated changes in cellular morphology, colony 
formation in agar, and cell migration. J Exp Med 
138(5):1056–1064  

    21.    Astedt B, Holmberg L (1976) Immunological iden-
tity of urokinase and ovarian carcinoma plasmino-
gen activator released in tissue culture. Nature 
261(5561):595–597  

     22.    Kwaan HC, Mazar AP, McMahon BJ (2013) The 
apparent uPA/PAI-1 paradox in cancer: more than 
meets the eye. Semin Thromb Hemost 39(4):382–
391, Mar 26, epub ahead of print  

        23.    Look MP, van Putten WL, Duffy MJ et al (2002) 
Pooled analysis of prognostic impact of urokinase- 
type plasminogen activator and its inhibitor PAI-1 in 
8377 breast cancer patients. J Natl Cancer Inst 
94(2):116–128  

     24.    Janicke F, Prechtl A, Thomssen C et al (2001) 
Randomized adjuvant chemotherapy trial in 
 high- risk, lymph node-negative breast cancer 
patients identifi ed by urokinase-type plasminogen 
activator and plasminogen activator inhibitor type 1. 
J Natl Cancer Inst 93(12):913–920  

     25.    Duffy MJ, Duggan C, Mulcahy HE, McDermott EW, 
O’Higgins NJ (1998) Urokinase plasminogen activa-
tor: a prognostic marker in breast cancer including 
patients with axillary node-negative disease. Clin 
Chem 44(6 Pt 1):1177–1183  

     26.    Grondahl-Hansen J, Peters HA, van Putten WL et al 
(1995) Prognostic signifi cance of the receptor for 
urokinase plasminogen activator in breast cancer. 
Clin Cancer Res 1(10):1079–1087  

    27.    Sternlicht MD, Dunning AM, Moore DH et al (2006) 
Prognostic value of PAI1 in invasive breast cancer: 

evidence that tumor-specifi c factors are more impor-
tant than genetic variation in regulating PAI1 expres-
sion. Cancer Epidemiol Biomarkers Prev 
15(11):2107–2114  

     28.    Foekens JA, Buessecker F, Peters HA et al (1995) 
Plasminogen activator inhibitor-2: prognostic rele-
vance in 1012 patients with primary breast cancer. 
Cancer Res 55(7):1423–1427  

     29.    Foekens JA, Look MP, Peters HA, van Putten WL, 
Portengen H, Klijn JG (1995) Urokinase-type plas-
minogen activator and its inhibitor PAI-1: predictors 
of poor response to tamoxifen therapy in recurrent 
breast cancer. J Natl Cancer Inst 87(10):751–756  

     30.    Harbeck N, Kates RE, Look MP et al (2002) 
Enhanced benefi t from adjuvant chemotherapy in 
breast cancer patients classifi ed high-risk according 
to urokinase-type plasminogen activator (uPA) and 
plasminogen activator inhibitor type 1 (n = 3424). 
Cancer Res 62(16):4617–4622  

    31.    Harbeck N, Kates RE, Schmitt M (2002) Clinical 
relevance of invasion factors urokinase-type plas-
minogen activator and plasminogen activator inhibi-
tor type 1 for individualized therapy decisions in 
primary breast cancer is greatest when used in com-
bination. J Clin Oncol 20(4):1000–1007  

    32.    Harbeck N, Kates RE, Schmitt M et al (2004) 
Urokinase-type plasminogen activator and its inhibi-
tor type 1 predict disease outcome and therapy 
response in primary breast cancer. Clin Breast 
Cancer 5(5):348–352  

     33.    Ji F, Chen YL, Jin EY, Wang WL, Yang ZL, Li YM 
(2005) Relationship between matrix metalloprotein-
ase- 2 mRNA expression and clinicopathological and 
urokinase-type plasminogen activator system param-
eters and prognosis in human gastric cancer. World J 
Gastroenterol 11(21):3222–3226  

    34.    Heiss MM, Babic R, Allgayer H et al (1995) Tumor- 
associated proteolysis and prognosis: new functional 
risk factors in gastric cancer defi ned by the 
urokinase- type plasminogen activator system. J Clin 
Oncol 13(8):2084–2093  

    35.    Nekarda H, Schmitt M, Ulm K et al (1994) Prognostic 
impact of urokinase-type plasminogen activator and 
its inhibitor PAI-1 in completely resected gastric can-
cer. Cancer Res 54(11):2900–2907  

     36.    Zhang L, Zhao ZS, Ru GQ, Ma J (2006) Correlative 
studies on uPA mRNA and uPAR mRNA expression 
with vascular endothelial growth factor, microvessel 
density, progression and survival time of patients 
with gastric cancer. World J Gastroenterol 
12(25):3970–3976  

    37.    Cho JY, Chung HC, Noh SH, Roh JK, Min JS, Kim 
BS (1997) High level of urokinase-type plasminogen 
activator is a new prognostic marker in patients with 
gastric carcinoma. Cancer 79(5):878–883  

    38.    Stephens RW, Nielsen HJ, Christensen IJ et al (1999) 
Plasma urokinase receptor levels in patients with 
colorectal cancer: relationship to prognosis. J Natl 
Cancer Inst 91(10):869–874  

10 Components of the Plasminogen-Plasmin System as Biologic Markers for Cancer



154

    39.    Riisbro R, Christensen IJ, Nielsen HJ, Brunner N, 
Nilbert M, Fernebro E (2005) Preoperative plasma 
soluble urokinase plasminogen activator receptor as 
a prognostic marker in rectal cancer patients. An 
EORTC-receptor and biomarker group collabora-
tion. Int J Biol Markers 20(2):93–102  

    40.    Skelly MM, Troy A, Duffy MJ et al (1997) 
Urokinase-type plasminogen activator in colorectal 
cancer: relationship with clinicopathological fea-
tures and patient outcome. Clin Cancer Res 
3(10):1837–1840  

    41.    Ganesh S, Sier CF, Heerding MM, Griffi oen G, 
Lamers CB, Verspaget HW (1994) Urokinase recep-
tor and colorectal cancer survival. Lancet 
344(8919):401–402  

    42.    Torzewski M, Sarbia M, Verreet P et al (1997) 
Prognostic signifi cance of urokinase-type plasmino-
gen activator expression in squamous cell carcino-
mas of the esophagus. Clin Cancer Res 3(12 Pt 
1):2263–2268  

    43.    Nekarda H, Schlegel P, Schmitt M et al (1998) 
Strong prognostic impact of tumor-associated 
urokinase- type plasminogen activator in completely 
resected adenocarcinoma of the esophagus. Clin 
Cancer Res 4(7):1755–1763  

    44.    Shiomi H, Eguchi Y, Tani T, Kodama M, Hattori T 
(2000) Cellular distribution and clinical value of uro-
kinase-type plasminogen activator, its receptor, and 
plasminogen activator inhibitor-2 in esophageal squa-
mous cell carcinoma. Am J Pathol 156(2):567–575  

    45.    Hsu DW, Efi rd JT, Hedley-Whyte ET (1995) 
Prognostic role of urokinase-type plasminogen acti-
vator in human gliomas. Am J Pathol 
147(1):114–123  

     46.    Landau BJ, Kwaan HC, Verrusio EN, Brem SS 
(1994) Elevated levels of urokinase-type plasmino-
gen activator and plasminogen activator inhibitor 
type-1 in malignant human brain tumors. Cancer Res 
54(4):1105–1108  

     47.    Gutova M, Najbauer J, Gevorgyan A et al (2007) 
Identifi cation of uPAR-positive chemoresistant cells 
in small cell lung cancer. PLoS One 2(2), e243  

     48.    Hataji O, Taguchi O, Gabazza EC et al (2004) 
Increased circulating levels of thrombin-activatable 
fi brinolysis inhibitor in lung cancer patients. Am J 
Hematol 76(3):214–219  

    49.    Pavey SJ, Hawson GA, Marsh NA (2001) Impact of 
the fi brinolytic enzyme system on prognosis and sur-
vival associated with non-small cell lung carcinoma. 
Blood Coagul Fibrinolysis 12(1):51–58  

     50.    Hofmann R, Lehmer A, Buresch M, Hartung R, Ulm 
K (1996) Clinical relevance of urokinase plasmino-
gen activator, its receptor, and its inhibitor in patients 
with renal cell carcinoma. Cancer 78(3):487–492  

    51.    Swiercz R, Wolfe JD, Zaher A, Jankun J (1998) 
Expression of the plasminogen activation system in 
kidney cancer correlates with its aggressive pheno-
type. Clin Cancer Res 4(4):869–877  

     52.    Shariat SF, Roehrborn CG, McConnell JD et al 
(2007) Association of the circulating levels of the 
urokinase system of plasminogen activation with the 
presence of prostate cancer and invasion, progres-
sion, and metastasis. J Clin Oncol 25(4):349–355  

     53.    Miyake H, Hara I, Yamanaka K, Gohji K, Arakawa 
S, Kamidono S (1999) Elevation of serum levels of 
urokinase-type plasminogen activator and its recep-
tor is associated with disease progression and prog-
nosis in patients with prostate cancer. Prostate 
39(2):123–129  

    54.    Hienert G, Kirchheimer JC, Pfl uger H, Binder BR 
(1988) Urokinase-type plasminogen activator as a 
marker for the formation of distant metastases in 
prostatic carcinomas. J Urol 140(6):1466–1469  

    55.    Kobayashi H, Fujishiro S, Terao T (1994) Impact of 
urokinase-type plasminogen activator and its inhibi-
tor type 1 on prognosis in cervical cancer of the 
uterus. Cancer Res 54(24):6539–6548  

    56.    Kuhn W, Schmalfeldt B, Reuning U et al (1999) 
Prognostic signifi cance of urokinase (uPA) and its 
inhibitor PAI-1 for survival in advanced ovarian car-
cinoma stage FIGO IIIc. Br J Cancer 
79(11–12):1746–1751  

     57.    De Petro G, Tavian D, Copeta A, Portolani N, Giulini 
SM, Barlati S (1998) Expression of urokinase-type 
plasminogen activator (u-PA), u-PA receptor, and 
tissue-type PA messenger RNAs in human hepato-
cellular carcinoma. Cancer Res 58(10):2234–2239  

    58.    Hackel CG, Krueger S, Grote HJ et al (2000) 
Overexpression of cathepsin B and urokinase plas-
minogen activator is associated with increased risk 
of recurrence and metastasis in patients with chon-
drosarcoma. Cancer 89(5):995–1003  

    59.    Takeuchi Y, Nakao A, Harada A, Nonami T, Fukatsu 
T, Takagi H (1993) Expression of plasminogen acti-
vators and their inhibitors in human pancreatic carci-
noma: immunohistochemical study. Am J 
Gastroenterol 88(11):1928–1933  

     60.    Cantero D, Friess H, Defl orin J et al (1997) Enhanced 
expression of urokinase plasminogen activator and 
its receptor in pancreatic carcinoma. Br J Cancer 
75(3):388–395  

    61.    Lescaille G, Menashi S, Cavelier-Balloy B et al 
(2012) EMMPRIN/CD147 up-regulates urokinase- 
type plasminogen activator: implications in oral 
tumor progression. BMC Cancer 12:115  

    62.    Keer HN, Gaylis FD, Kozlowski JM, Bauer KD, 
Sinha AA, Wilson MJ, Kwaan HC (1991) 
Heterogeneity in plasminogen activator (PA) levels 
in human prostate cancer cell lines: increased PA 
activity correlates with biologically aggressive 
behavior. Prostate 18(3):201–214  

   63.    Gaylis FD, Keer HN, Wilson MJ, Kwaan HC, Sinha 
AA, Kozlowski JM (1989) Plasminogen activators 
in human prostate cancer cell lines and tumors: cor-
relation with the aggressive phenotype. J Urol 
142(1):193–198  

B.J. McMahon and H.C. Kwaan



155

   64.    Kirchheimer JC, Pfl uger H, Ritschl P, Hienert G, 
Binder BR (1985) Plasminogen activator activity in 
bone metastases of prostatic carcinomas as com-
pared to primary tumors. Invasion Metastasis 
5(6):344–355  

     65.    Dano K, Romer J, Nielsen BS, Bjorn S, Pyke C, 
Rygaard J, Lund LR (1999) Cancer invasion and tis-
sue remodeling–cooperation of protease systems and 
cell types. APMIS 107(1):120–127  

     66.    Kwaan HC, Keer HN, Radosevich JA, Cajot JF, 
Ernst R (1991) Components of the plasminogen- 
plasmin system in human tumor cell lines. Semin 
Thromb Hemost 17(3):175–182  

    67.    Duffy MJ, O’Grady P, Devaney D, O’Siorain L, 
Fennelly JJ, Lijnen HJ (1988) Urokinase- plasminogen 
activator, a marker for aggressive breast carcinomas. 
Preliminary report. Cancer 62(3):531–533  

    68.    Ossowski L, Russo-Payne H, Wilson EL (1991) 
Inhibition of urokinase-type plasminogen activator 
by antibodies: the effect on dissemination of a 
human tumor in the nude mouse. Cancer Res 
51(1):274–281  

    69.    Kobayashi H, Gotoh J, Shinohara H, Moniwa N, 
Terao T (1994) Inhibition of the metastasis of Lewis 
lung carcinoma by antibody against urokinase-type 
plasminogen activator in the experimental and spon-
taneous metastasis model. Thromb Haemost 
71(4):474–480  

    70.    Yu HR, Schultz RM (1990) Relationship between 
secreted urokinase plasminogen activator activity 
and metastatic potential in murine B16 cells trans-
fected with human urokinase sense and antisense 
genes. Cancer Res 50(23):7623–7633  

    71.    Wilhelm O, Schmitt M, Hohl S, Senekowitsch R, 
Graeff H (1995) Antisense inhibition of urokinase 
reduces spread of human ovarian cancer in mice. 
Clin Exp Metastasis 13(4):296–302  

    72.    Soff GA, Sanderowitz J, Gately S, Verrusio E, Weiss 
I, Brem S, Kwaan HC (1995) Expresion of plasmin-
ogen activator inhibitor type 1 by human prostate 
carcinoma cells inhibits primary tumor growth, 
tumor-associated angiogenesis, and metastasis to 
lung and liver in san athymic mouse model. J Clin 
Invest 96(6):2593–2600  

    73.    Pyke C, Ralfkiaer E, Ronne E, Hoyer-Hansen G, 
Kirkeby L, Dano K (1994) Immunohistochemical 
detection of the receptor for urokinase plasminogen 
activator in human colon cancer. Histopathology 
24(2):131–138  

   74.    Bianchi E, Cohen RL, Thor AT, Todd RF 3rd, 
Mizukami IF, Lawrence DA, Ljung BM, Shuman 
MA, Smith HS (1994) The urokinase receptor is 
expressed in invasive breast cancer but not in normal 
breast tissue. Cancer Res 54(4):861–866  

   75.    de Vries TJ, Quax PH, Denijn M, Verrijp KN, 
Verheijen JH, Verspaget HW, Weidle UH, Ruiter DJ, 
van Muijen GN (1994) Plasminogen activators, their 
inhibitors, and urokinase receptor emerge in late 

stages of melanocytic tumor progression. Am J 
Pathol 144(1):70–81  

    76.    Weidle UH, Wollisch E, Ronne E, Ploug M, Behrendt 
N, de Vries TJ, Quax PH, Verheijen JH, van Muijen 
GN, Ruiter DJ (1994) Studies on functional and 
structural role of urokinase receptor and other com-
ponents of the plasminogen activation system in 
malignancy. Ann Biol Clin 52(11):775–782  

    77.    Pedersen H, Grondahl-Hansen J, Francis D et al 
(1994) Urokinase and plasminogen activator inhibi-
tor type 1 in pulmonary adenocarcinoma. Cancer 
Res 54(1):120–123  

   78.    Bruckner A, Filderman AE, Kirchheimer JC, Binder 
BR, Remold HG (1992) Endogenous receptor-bound 
urokinase mediates tissue invasion of the human 
lung carcinoma cell lines A549 and Calu-1. Cancer 
Res 52(11):3043–3047  

    79.    Kariko K, Kuo A, Boyd D, Okada SS, Cines DB, 
Barnathan ES (1993) Overexpression of urokinase 
receptor increases matrix invasion without altering 
cell migration in a human osteosarcoma cell line. 
Cancer Res 53(13):3109–3117  

     80.    Harris L, Fritsche H, Mennel R et al (2007) American 
Society of Clinical Oncology 2007 update of recom-
mendations for the use of tumor markers in breast 
cancer. J Clin Oncol 25(33):5287–5312  

    81.    Annecke K, Schmitt M, Euler U et al (2008) uPA 
and PAI-1 in breast cancer: review of their clinical 
utility and current validation in the prospective 
NNBC-3 trial. Adv Clin Chem 45:31–45  

    82.    Schmitt M, Harbeck N, Brunner N et al (2011) 
Cancer therapy trials employing level-of-evidence-1 
disease forecast cancer biomarkers uPA and its 
inhibitor PAI-1. Expert Rev Mol Diagn 
11(6):617–634  

    83.   Thomssen C (2012) First planned effi cacy analysis 
of the NNBC 3-Europe trial: addition of docetaxel to 
anthracycline containing adjuvant chemotherapy in 
high risk node-negative breast cancer patients. In: 
San Antonio breast cancer symposium, pp 1–1313  

    84.    Jacobs VR, Kates RE, Kantelhardt E et al (2013) 
Health economic impact of risk group selection 
according to ASCO-recommended biomarkers uPA/
PAI-1 in node-negative primary breast cancer. Breast 
Cancer Res Treat 138(3):839–850  

    85.    Nienaber V, Wang J, Davidson D, Henkin J (2000) 
Re-engineering of human urokinase provides a sys-
tem for structure-based drug design at high resolu-
tion and reveals a novel structural subsite. J Biol 
Chem 275(10):7239–7248  

   86.    Jensen JK, Thompson LC, Bucci JC et al (2011) 
Crystal structure of plasminogen activator inhibitor-
 1 in an active conformation with normal thermody-
namic stability. J Biol Chem 286(34):29709–29717  

   87.    Lin Z, Jiang L, Yuan C et al (2011) Structural basis 
for recognition of urokinase-type plasminogen acti-
vator by plasminogen activator inhibitor-1. J Biol 
Chem 286(9):7027–7032  

10 Components of the Plasminogen-Plasmin System as Biologic Markers for Cancer



156

   88.    Xu X, Gardsvoll H, Yuan C, Lin L, Ploug M, Huang 
M (2012) Crystal structure of the urokinase receptor 
in a ligand-free form. J Mol biol 416(5):629–641  

   89.    Huai Q, Mazar AP, Kuo A et al (2006) Structure of 
human urokinase plasminogen activator in complex 
with its receptor. Science 311(5761):656–659  

    90.    Law RH, Caradoc-Davies T, Cowieson N et al 
(2012) The X-ray crystal structure of full-length 
human plasminogen. Cell Rep 1(3):185–190  

    91.    Meyer JE, Brocks C, Graefe H et al (2008) The oral 
serine protease inhibitor WX-671 – fi rst experience 
in patients with advanced head and neck carcinoma. 
Breast Care (Basel) 3(s2):20–24  

    92.    Heinemann V, Ebert MP, Laubender RP, Bevan P, 
Mala C, Boeck S (2013) Phase II randomised proof-
of- concept study of the urokinase inhibitor upamo-
stat (WX-671) in combination with gemcitabine 
compared with gemcitabine alone in patients with 
non-resectable, locally advanced pancreatic cancer. 
Br J Cancer 108(4):766–770  

    93.   Goldstein LJ, Oliveria CT, Heinrich B et al (2012) A 
randomized double-blindphase II study of the combi-
nation of WX-671 plus capecitabine vs. capecitabine 
monothrapry in fi rst-line HER-2 negaive metastatic 
breast cancer (MBC). In: CTRC- AACR San Antonio 
breast cancer symposium, 5-20-01  

    94.    Kriegbaum MC, Persson M, Haldager L et al (2011) 
Rational targeting of the urokinase receptor (uPAR): 
development of antagonists and non-invasive imag-
ing probes. Curr Drug Targets 12(12):1711–1728  

    95.    Wang F, Eric Knabe W, Li L et al (2012) Design, 
synthesis, biochemical studies, cellular characteriza-
tion, and structure-based computational studies of 
small molecules targeting the urokinase receptor. 
Bioorg Med Chem 20(15):4760–4773  

    96.    Gorantla B, Asuthkar S, Rao JS, Patel J, Gondi CS 
(2011) Suppression of the uPAR-uPA system retards 

angiogenesis, invasion, and in vivo tumor develop-
ment in pancreatic cancer cells. Mol Cancer Res 
9(4):377–389  

    97.    Gondi CS, Rao JS (2009) Therapeutic potential of 
siRNA-mediated targeting of urokinase 
 plasminogen activator, its receptor, and matrix 
metalloproteinases. Methods Mol Biol 487:
267–281  

    98.    Van Buren G 2nd, Gray MJ, Dallas NA et al (2009) 
Targeting the urokinase plasminogen activator 
receptor with a monoclonal antibody impairs the 
growth of human colorectal cancer in the liver. 
Cancer 115(14):3360–3368  

    99.    Rabbani SA, Ateeq B, Arakelian A et al (2010) An 
anti-urokinase plasminogen activator receptor anti-
body (ATN-658) blocks prostate cancer invasion, 
migration, growth, and experimental skeletal 
metastasis in vitro and in vivo. Neoplasia 
12(10):778–788  

    100.    Bauer TW, Liu W, Fan F et al (2005) Targeting of 
urokinase plasminogen activator receptor in human 
pancreatic carcinoma cells inhibits c-Met- and 
insulin- like growth factor-I receptor-mediated 
migration and invasion and orthotopic tumor growth 
in mice. Cancer Res 65(17):7775–7781  

    101.    Kenny HA, Leonhardt P, Ladanyi A et al (2011) 
Targeting the urokinase plasminogen activator 
receptor inhibits ovarian cancer metastasis. Clin 
Cancer Res 17(3):459–471  

    102.    Brooks TD, Wang SW, Brunner N, Charlton PA 
(2004) XR5967, a novel modulator of plasminogen 
activator inhibitor-1 activity, suppresses tumor cell 
invasion and angiogenesis in vitro. Anticancer Drugs 
15(1):37–44  

    103.    Binder BR, Mihaly J (2008) The plasminogen acti-
vator inhibitor “paradox” in cancer. Immunol Lett 
118(2):116–124      

B.J. McMahon and H.C. Kwaan



   Part III 

   Tumor Markers – A Critical 
Revision: Hormones 

       



159© Springer Science+Business Media Dordrecht 2015 
R. Scatena (ed.), Advances in Cancer Biomarkers, Advances in Experimental 
Medicine and Biology 867, DOI 10.1007/978-94-017-7215-0_11
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    Abstract  

  Tumor markers are biological substances that are produced/released 
mainly by malignant tumor cells, enter the circulation in detectable 
amounts and are potential indicators of the presence of a tumor. The most 
useful biochemical markers are the tumor-specifi c molecules, i.e., recep-
tors, enzymes, hormones, growth factors or biological response modifi ers 
that are specifi cally produced by tumor cells and not, or minimally, by the 
normal counterpart (Richard et al. Principles and practice of gynecologic 
oncology. Wolters Kluwer Health, Philadelphia, 2009). Based on their 
specifi city and sensitivity in each malignancy, biomarkers are used for 
screening, diagnosis, disease monitoring and therapeutic response assess-
ment in clinical management of cancer patients. 

 This chapter is focused on human chorionic gonadotropin (hCG), a 
hormone with a variety of functions and widely used as a tumor biomarker 
in selected tumors. Indeed, hCG is expressed by both trophoblastic and 
non-trophoblastic human malignancies and plays a role in cell transforma-
tion, angiogenesis, metastatization, and immune escape, all process cen-
tral to cancer progression. Of note, hCG testing is crucial for the clinical 
management of placental trophoblastic malignancies and germ cell tumors 
of the testis and the ovary. Furthermore, the production of hCG by tumor 
cells is accompanied by varying degrees of release of the free subunits into 
the circulation, and this is relevant for the management of cancer patients 
(Triozzi PL, Stevens VC, Oncol Rep 6(1):7–17, 1999). 

 The name chorionic gonadotropin was conceived: chorion derives from 
the latin  chordate  meaning afterbirth, gonadotropin indicates that the hor-
mone is a gonadotropic molecule, acting on the ovaries and promoting 
steroid production (Cole LA, Int J Endocrinol Metab 9(2):335–352, 2011). 
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The function, the mechanism of action and the interaction between hCG 
and its receptor continue to be the subject of intensive investigation, even 
though many issues about hCG have been well documented (Tegoni M 
et al., J Mol Biol 289(5):1375–1385, 1999).  

  Keywords  

   Core fragment of hCGβ     •    Germ cell tumors     •   Gestational trophoblastic 
disease   •    HCG antibodies specifi city     •    hCG biochemical structure     •    hCG 
biological functions     •    hCG determination     •    hCG in clinical practice     •    HCG 
in other non-trophoblastic cancer     •    hCG α-subunit     •    hCG β-subunit     • 
   hCGβcf    

  Abbreviation 

    hCGβcf       Core fragment of hCGβ     

11.1           Biochemical Structure 

 As we know today, hCG is a hormone with a 
molecular weight of approximately 36,000 Da, 
comprising a 92 amino acid α-subunit and a 145 
amino acid β-subunit which are held together by 
non-covalent hydrophobic and ionic interactions 
(Fig.  11.1 ) [ 1 ,  2 ]. The α-subunit is common to all 
members of the glycoprotein hormone family, 
such as follicle stimulating hormone (FSH), thy-
roid stimulating hormone (TSH) and luteinizing 
hormone (LH). While both α and β-subunits are 
necessary for the binding to the  receptor  , the 
β-subunit is responsible for the specifi c activity 
of the hormone [ 3 ]. The hCG receptor, belonging 
to the same family as the G-protein receptors 
with seven transmembrane helices, plays a role in 
the specifi city of the response: it is distinct from 
FSH, TSH, and LH receptors, and it is modulated 
by different physiological stimuli [ 4 ,  5 ]. Both α 
and β-subunits of hCG have two N-linked glyco-
sylation sites (Asn-52 and -78 on the α-subunit 
and Asn-13 and -30 on the β-subunit) (Fig.  11.1a, 
b ); in addition, four O-linked glycosylation sites 
are present at the Ser-rich C terminus of the 
β-subunit (Ser121, -127, -132, -138) (Fig.  11.1b ). 

Thus, the β-subunit is responsible for the struc-
tural and the functional specifi c properties of the 
biologically active glycoprotein heterodimer of 
hCG.

   Over the past decade, researches established 
that the trophoblast uses two independent path-
ways, involving villous and extravillous tropho-
blast cells, in order to produce three different 
hCG variants, all of them sharing the β-subunit, 
but characterized by different physiological func-
tions and distinct roles in evolution: the native 
hCG, the hyperglycosylated form of hCG (hyp- 
hCG) and the free β-subunit (hCGβ) [ 6 ,  7 ]. The 
syncytyotrophoblast, that is generated from the 
villous trophoblast cells, produces regular hCG, 
while the extravillous invasive trophoblast pro-
duces hyp-hCG [ 8 ]. As above mentioned, 
20–30 % of the total molecular weight of hCG is 
due to oligosaccharide side chains, this contribut-
ing to the structural difference between the dif-
ferent forms of hCG, for instance increasing the 
molecular weight of hyp-hCG to 41,000 Da as 
compared to 36,000 Da for native hCG [ 9 ,  10 ]. 
While native hCG has monoantennary (8 sugar 
residues) and biantennary (11 sugar residues) 
N-linked oligosaccharides, as well as trisaccha-
ride O-linked oligosaccharides (3 sugar residues), 
hyp-hCG has larger fucosylated triantennary (15 
sugars) N-linked oligosaccharides and double- 
size O-linked hexasaccharides (6 sugar residues) 
[ 11 ]. The free β-subunit of hCG represents the 
alternatively glycosylated monomeric variant of 
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hCG, generated by several non-trophoblastic 
malignancies [ 2 ,  8 ].  

11.2     Biological Functions 

 The biological activity of hCG was fi rst described 
at the beginning of the last century and further 
studied in the following decades [ 12 – 15 ]. Indeed, 
hCG is produced by trophoblast cells during the 
fi rst weeks of pregnancy to take over from LH in 
promoting progesterone production by ovarian 
corpus luteal cells, preventing menstrual bleed-
ing. The science of hCG has advanced in the last 
10 years and we know today that hCG promotes 
progesterone production for only 3–4 weeks fol-
lowing pregnancy implantation and that this 

function is active for approximately 10 % of the 
length of pregnancy. Indeed, hCG reaches a peak 
after 10 weeks from gestation start, or almost 1 
month after progesterone promotion is complete, 
then continues to be produced through the length 
of pregnancy [ 16 ]. 

 Even though the most established function of 
hCG is progesterone promotion, we now know 
that hCG has also uterine, fetal and placental 
functions in pregnancy. From the time of implan-
tation, for the subsequent 3 weeks, hCGs are pro-
duced by trophoblast cells to take over corpus 
luteal progesterone. Then, there are suffi cient 
syncytiotrophoblast cells in the placenta to take 
over progesterone production from corpus luteal 
cells [ 16 ]. Several research groups have shown 
that hCG is also active in promoting angiogenesis 

  Fig. 11.1    Structural representation of hCG. ( a ).  hCG 
α-subunit  . The protein is subdivided in two parts: the signal 
peptide, that comprises amino acids 1–24, and the glyco-
protein hormone (amino acids 1–94), corresponding at the 
mature protein. The N-linked glycosilation sites (52, 78) 
are indicated. The secondary structure includes 4 β-sheets 
and 1 α-helix. ( b ).  hCG β-subunit  . The protein is subdi-
vided in two parts: the signal peptide, that comprises amino 

acids 1–20, and the chorionic gonadotropin (amino acids1-
145), corresponding at the mature protein. The N-linked 
glycosilation sites (13, 30) and the O-linked glycosilation 
sites (121, 127, 132, 138) are indicated. The secondary 
structure shows that this subunit includes 5 β-sheets. ( c ). 
Ribbon diagram of hCG using the pdb code 1HCN. The 
α-subunit is indicated in green and the β-subunit in  light 
blue . The secondary structural elements are labeled       
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and vasculogenesis in the uterus during preg-
nancy [ 15 ,  17 ,  18 ] and this insures maximal 
blood supply to the invading placenta and opti-
mal nutrition to the fetus [ 19 ]. HCG treatment 
was shown to promote growth of pericytes and 
vascular endothelial cell  in vitro  [ 18 ], as well as 
retinal perivascular and endothelial cells [ 20 ], 
suggesting a role of hGC and its  receptor   in 
angiogenesis. In addition, hCG secreted by glial 
cell may infl uence the perivascular structure in 
normal and pathological conditions [ 20 ,  21 ]. 

 HCG appears to be one of the numerous fac-
tors acting to prevent rejection of the fetoplacen-
tal tissue: several observations suggest that the 
hormone has an inhibitory or suppressive func-
tion on macrophage activity [ 22 ,  23 ]. 

 As previously described, there are different 
variants of hCG with specifi c biological func-
tions, produced by different cells and with a com-
mon  hCG β-subunit  . These variants includes 
hyp-hCG and free β-subunit, besides native 
hCG. Hyp-hCG is the principal variant of hCG 
produced in early pregnancy and comprises an 
average of 87 % of the total hCG produced in 
serum during the third week, 51 % during the 
fourth week and 43 % during the fi fth week of 
gestation. Hyp-hCG levels then dwindle to <1 % 
of total hCG during the 2nd and 3rd trimesters of 
pregnancy. These data are consistent with hyp- 
hCG having a function in promoting implanta-
tion in early pregnancy [ 24 ,  25 ]. However, several 
authors reported additional functions specifi c for 
hyp-hCG. The evidence that hyp-hCG is involved 
in blocking apoptosis and likely metalloprotein-
ase promoting activity suggests that hyp-hCG 
may be an antagonist of TGFβ  receptor  , thus con-
trolling functions in cytotrophoblast cells. Other 
studies showed that hyp-hCG acts on choriocar-
cinoma cells (cancer of cytotrophoblast cells) 
promoting invasion [ 7 ,  24 ]. Indeed, hyp-hCG is 
the principal variant of hCG made by choriocar-
cinoma cells [ 7 ,  26 ], and its role in choriocarci-
noma invasion has been demonstrated by 
independent groups, each showing that this mol-
ecules promotes migration and invasion of cancer 
cells in Matrigel chamber [ 24 ,  27 ,  28 ]. 

 On the another hand, there is the free β-subunit 
of hCG that has a major role in non-gestational 
neoplasm carcinogenesis, as a promoter of either 
malignant transformation and poor patient’s out-
come. In such a context, the regulation of TGFβ 
 receptor   function is a key mechanism responsible 
for the role of the free β-subunit in tumor pro-
gression [ 29 – 32 ]: hCGβ is, indeed, produced by 
bladder cancer cells and inhibits TGFβ activity in 
bladder tumor cells [ 33 ], this leading to cancer 
growth and malignancy [ 22 ,  33 ]. Thus, both hyp-
hCG and free β-subunit promote cancer cell 
growth and invasion [ 24 ,  26 ,  29 ,  31 ,  34 – 36 ], as 
well as both hCG variants function similarly by 
blocking apoptosis and antagonizing the TGFβ 
receptor signaling [ 28 ,  31 ,  35 – 38 ]. 

 Major efforts are ongoing in order to use dif-
ferent  hCG β-subunit   derivatives as vaccines in 
the treatment of non-gestational malignancies. In 
such a perspective, preliminary achievements 
have been reported with anti-hCGβ immune 
responses improving cancer patient’s outcome 
[ 39 – 43 ]. Indeed, the association of free β-subunit 
detection and poor prognosis, in combination 
with site specifi c hCG β-subunit vaccine technol-
ogy, suggests a plausible route for the develop-
ment of adjuvant cancer therapies specifi cally 
targeting patients with free β-subunit producing 
non-gestational tumors [ 16 ].  

11.3     Clinical Use of hCG 
Determination in Clinical 
Practice 

 Understanding the complexity of the biology of 
these molecules, as well as the nuances of hCG 
testing are challenging, yet critical to practice 
management in oncology. As reported in the fol-
lowing paragraphs, hCG is a good marker of ges-
tational trophoblastic malignancies and it is a key 
diagnostic and prognostic tool during the diagno-
sis and the follow-up of germ cell tumors. Indeed, 
the clinical use of hCG in gestational trophoblas-
tic and germ cell diseases is strongly linked to the 
understanding of the respective role of hCG mol-
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ecules in invasion and metastases formation. In 
addition, serum from many patients with non- 
trophoblastic tumors contains hCG- 
immunoreactivity, which, with few exceptions, 
consists of hCGβ, even though expression of 
native hCG occasionally occurs in various 
tumors. Elevated expression of hCGβ in serum, 
urine, or tumor tissues is a strong indicator of 
adverse prognosis in many non-trophoblastic 
tumors [ 44 ]. However, hCG and hCGβ are also 
expressed at low levels by many normal tissues. 
In such a scenario, sensitive and specifi c assays 
showed that both hCG and hCGβ can be detected 
at low concentrations in serum and urine from 
most men and non-pregnant women. Thus, the 
development of novel technologies to measure 
specifi c hCG variants (i.e., native hCG, hyp- 
hCG, hCGβ) in blood and urine has led to a better 
understanding of the changing spectrum of hCG 
clinical value in human trophoblastic and non- 
trophoblastic malignancies. 

11.3.1     Gestational Trophoblastic 
Diseases 

 hCG is elevated in all cases of  gestational tropho-
blastic disease   (GTD) and serves as ideal tumor 
marker. GTDs are disorders of the pregnancy and 
include a spectrum of diseases from the poten-
tially premalignant hydatidiform mole to the 
highly aggressive choriocarcinoma. All tropho-
blastic tumors produce hCG, and monitoring of 
therapy is largely based on the determination of 
hCG in serum [ 45 ]. Indeed, in these malignancies 
there is a close correlation between hCG levels 
and tumor burden, and hCG levels are used in 
staging and daily clinical management. 

 Hydatidiform moles are divided into two cyto-
genetically, morphologically, and clinically well 
characterized syndromes: i.e., complete and par-
tial moles [ 46 ]. Indeed, both complete and partial 
hydatidiform mole is a pregnancy comprising 
solely placental tissue. In particular, in a com-
plete hydatidiform mole there is the product of an 
empty ovum with no female haploid set, a dian-
drogenous fertilization leading to a diploid gesta-
tion composed entirely of hygromatous cysts of 

villous placental tissue. By contrast, a partial 
hydatidiform mole originates in an ovum with an 
inactive haploid set, a diandrogenous fertilization 
leading to a triploid gestation composed of vil-
lous trophoblastic and fetal elements [ 47 ]. 
Persistent trophoblastic disease may develop 
from both partial and complete moles. 
Choriocarcinoma is a malignancy of transformed 
cytotrophoblast cells, that occasionally can be 
associated with a complete mole. The cell trans-
formation inhibits cytotrophoblast differentiation 
to syncytiotrophoblast cells, so the majority of 
cases are characterized by a predominance of 
malignant cytotrophoblast cells. Cytotrophoblast 
cells produce hCG β-subunit and/or hyp-hCG 
which drive tumor cell growth and invasion [ 24 , 
 48 ,  49 ]. 

 There is no better example of a tumor marker 
than total hCG in  gestational trophoblastic dis-
ease  s, being both the sensitivity and the specifi city 
for trophoblast malignant tissues close to 100 %. 
The amount of hydatidiform mole or tumor tissue 
is directly proportional to the circulating concen-
tration of total hCG. Hyp-hCG is also an absolute 
tumor marker of invasion and malignancy in inva-
sive mole and choriocarcinoma. 

 Pharmacological therapy of choriocarcinoma 
is monitored by serial assays of hCG in serum 
until the levels are undetectable (or within the 
reference interval) and thereafter at regular time 
intervals for up to 2 years. During the follow-up, 
assay of hCG alone is mostly suffi cient, but 
simultaneous determination of hCGβ can some-
times reveal a relapse earlier than hCG [ 50 ]. The 
half-life of hCGβ is longer than that of hCG [ 51 ], 
and therefore the hCGβ/hCG ratio will increase 
when the levels of hCG decrease after successful 
therapy. 

 Patients with molar disease are monitored 
with  hCG determination  s after evacuation of the 
mole to detect persistent trophoblastic disease. 
Serum hCG should be determined 48 h after 
tumor evacuation and every 1–2 weeks until the 
levels are undetectable. Follow-up determina-
tions should be continued at 1- to 2-month inter-
vals for 6–12 months. Deviation from the normal 
regression corridor indicates risk of persistent 
disease requiring  chemotherapy   [ 52 ]. In such a 
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perspective, hCG represents an ideal marker for 
disease management and treatment decision. 
Indeed, chemotherapy is recommended if pla-
teauing or rising hCG levels are observed in 3–4 
consecutive samples taken during 2–3 weeks, but 
according to other recommendations, chemother-
apy should be considered only if the hCG level is 
higher than 10,000 IU/l at 5 weeks, 1000 IU/l at 
8 weeks, or detectable at 24 weeks [ 53 ]. 

 Placental site trophoblastic tumor is a slowly 
growing and often treatment-resistant form of 
trophoblastic cancer that develops after preg-
nancy or molar disease, sometimes with a delay 
of years. The hCG levels are usually low in rela-
tion to tumor burden, but  hCG determination  s are 
essential for monitoring of this disease [ 54 ,  55 ].  

11.3.2     Germ Cell Tumors 

 Serum hCG can also be detected in patients with 
non-trophoblastic cancers, being gynecologic 
cancers prominent in this group. In non- 
trophoblastic malignancies, the sensitivity of 
hCG is lower than for other markers in current 
clinical use, except in germ-cell tumors with a 
chorionic component. 

  Germ cell tumors  , despite their rarity, consti-
tute the most common cancer in males between 
the age of 15 and 35. This disease is highly cur-
able, with long-term remissions being observed 
in more than 90 % of patients following treat-
ment, whether by surgery, radiation therapy,  che-
motherapy  , or a combination of them. Germ cell 
tumors comprise more than 90 % of the tumors 
arising in the testis and 20 % of those in the ovary. 
While 99 % of testicular germ cell tumors are 
malignant, more than 90 % of the ovarian ones 
are benign teratomas. Thus, malignant germ cell 
tumors are 6–10 times more common in the testis 
than in the ovary and gonadal tumors are also 
much more common than extragonadal ones [ 56 , 
 57 ]. 

 Testicular cancers are of two main types, sem-
inomas and non-seminomatous germ cell tumors 
(NSGCT), which differ with respect to marker 
expression. More than 90 % of NSGCTs contain 

a mixture of various histological types, i.e., 
embryonal carcinoma, choriocarcinoma, tera-
toma, and yolk sac tumor, also-called endoder-
mal sinus tumor [ 58 ,  59 ]. NSGCTs have a shorter 
survival compared to seminomatous cancers, due 
to the more aggressive behavior and the more 
complex therapeutic approach. In case of uncer-
tain diagnosis, treatment imposed is generally 
that of nonseminomatous tumors that is based, 
depending on the stage, on systemic  chemother-
apy   followed by retroperitoneal radiotherapy (or 
retroperitoneal linfectomy), in addition to the 
removal of the testis and the surrounding tissue. 

 Tissue expression of hCG is detected in syn-
cytiotrophoblast cells of NSGCTs and in syncy-
tiotrophoblastic components found in about 20 % 
of seminomas [ 59 ]. While hCG may be expressed 
by both seminomas and NSGCTs, high serum 
concentrations (>300–1000 IU/l) occur nearly 
exclusively in NSGCTs [ 60 ]. Indeed, elevated 
serum concentrations of hCG occur in 40–50 % 
of patients with NSGCT and 15–20 % of those 
with seminomas [ 61 ]. In addition, 20–40 % of 
seminoma patients have elevated serum levels of 
hCGβ alone [ 61 ,  62 ]. It is likely that the increase 
of hCG or hCGβ levels in seminomas is due to 
the presence of rare nonseminomatous elements. 

 Because of the higher reference limit for hCG 
respect to hCGβ (16 pmol/l for hCG vs. 2 pmol/l 
for hCGβ), tumors producing only hCGβ will be 
detected later by an assay measuring hCG and 
hCGβ together than by a specifi c hCGβ assay 
[ 62 ]. Thus, the independent evaluation of hCG 
and hCGβ may facilitate an earlier detection of a 
relapse of disease in monitoring testicular can-
cers. Furthermore, it is important to note that in 
the course of therapy hCG can give indications 
on the proliferation rate of the tumor, since a pre-
cise correlation between the value of the markers 
and tumor mass was not always observed, as  che-
motherapy   may induce the block of synthesis and 
secretion of hCG, but not major effects on the 
growth of the tumor [ 63 ]. 

 Among female germ cell tumors, dysgermino-
mas are more frequent, followed by endodermal 
sinus tumors, immature teratomas, mixed germ 
cell tumors, and embryonal carcinomas [ 64 ]. 
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Immature teratomas and yolk sac tumors are 
 common during early childhood, while dysgermi-
nomas and mixed tumors are common in girls and 
young adults [ 57 ,  65 ]. Dysgerminomas often 
express hCG, this likely being the mechanism of 
precocious puberty in young girls bearing these 
malignancies [ 66 ,  67 ]. Other germ cell tumors, 
especially embryonal carcinomas, may also 
express hCG. Yolk sac tumors regularly produce 
α-fetoprotein (αFP) and only rarely hCG [ 58 ,  68 ]. 

11.3.2.1      Prognosis   and Therapy 
 According to the TNM classifi cation of germ cell 
tumors, strongly elevated concentrations of hCG, 
αFP, or lactic dehydrogenase (LDH) in serum are 
associated with adverse prognosis. Thus, these 
serum markers are used for staging and prognos-
tic evaluation of testicular germ cell tumors [ 58 , 
 69 ,  70 ]. A serum hCG concentration over 1000–
10,000 IU/l is a strong negative prognostic factor, 
with a close correlation between risk of recur-
rence and marker serum levels [ 71 ,  72 ]. 

 The levels of hCG (or αFP) are relevant in the 
daily clinical management of germ cell tumors. 
The curves of marker decline after surgery and/or 
during  chemotherapy   refl ect the effi cacy of the 
treatment [ 73 ,  74 ]. Indeed, upon removal of the 
primary tumor, a slow hCG decline is an indica-
tor of residual disease and, thus, a criteria to start 
 adjuvant chemotherapy   [ 75 ]. Furthermore, in 
patients with metastatic disease and elevated 
marker levels, the serial evaluation of hCG is a 
critical decision tool. Indeed, the normal half-life 
of hCG is about 1.5 days and a half-life exceed-
ing 3.5 days during chemotherapy is associated 
with increased probability of drug resistance and 
adverse prognosis. The half-time should be esti-
mated during two cycles of chemotherapy using 
regression analysis of weekly determinations 
between days 7 and 56 [ 76 ]. Persisting marker 
elevation after chemotherapy indicates residual 
disease and the need for further therapy [ 58 ,  77 , 
 78 ]. Furthermore, it is important to note that ther-
apy may selectively destroy certain histological 
components of the tumor, and this may cause a 
shift in marker expression [ 79 ]. Therefore, mul-
tiple markers are used during follow-up even if 
only one (or no) marker is elevated before ther-

apy. Indeed, about 70 % of the patients have 
 elevated tumor markers at relapse [ 44 ,  68 ].   

11.3.3     HCG in Other Non- 
trophoblastic  Cancer   

 High concentrations of hCG have been observed 
in human tumors that do not derive from the tro-
phoblastic tissue. In particular, carcinomas of the 
pancreas, ovary and breast may have hormone 
increases, this suggesting that the protein is pro-
duced by (i) the whole tumor cell population, or, 
more likely, (ii) a subclone of poorly- 
differentiated tumor cells. For this reason, it has 
been suggested that the stretch of DNA for the 
synthesis of hCG has phylogenetically very 
ancient origins [ 80 ]. 

 Expression of hCG is observed in a variable 
proportion of many non-trophoblastic tumors. 
This immunoreactivity mainly consists of hCGβ, 
while hCG expression is rare [ 81 – 83 ]. In the past, 
most studies analyzed non- trophoblastic tumors 
by evaluating both hCG and hCGβ with the aim 
of measuring total hCGβ increase, even though 
some patients also have slightly elevated hCG 
levels [ 81 ]. Expression of hCG at the tissue level 
has been demonstrated by both radioimmunoas-
say on tissue extracts and immunohistochemistry 
on histological specimens [ 66 ,  84 ]. Expression of 
hCGβ has been demonstrated at the mRNA level 
by RT-PCR and sequencing both in normal and 
malignant tissues [ 44 ,  85 ]. 

11.3.3.1      Bladder Cancer   
 Among non-trophoblastic cancers, transitional 
cell carcinoma (TCC) of the bladder and urinary 
tract is the tumor in which hCG immunoreactiv-
ity has been more extensively evaluated. Studies 
in bladder cancer have shown that hCG produc-
tion, while not diagnostic, is a very good indica-
tor of poor prognosis through correlations with 
resistance to radiotherapy and rapid metastatic 
behavior. These clinical fi ndings led to  in vitro  
studies that have shown a direct proliferative 
activity of hCG on bladder carcinoma cell lines, 
this leading to inhibition of apoptosis and a paral-
lel increase in cell population. 
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 The frequency of elevated levels of hCG in 
TCCs ranges from 10 % to 75 %, depending on 
the type of patients, the laboratory assay, and the 
cut-off limit. Studies with specifi c assays showed 
that the immunoreactivity in serum consists of 
hCGβ, but moderate elevation of hCG has also 
been observed [ 83 ,  86 ,  87 ], and there are also 
rare cases of trophoblastic cancer in the bladder. 
Bladder cancer cell lines often express hCGβ, 
but expression has been observed both in malig-
nant and “normal” urothelial cells [ 88 ].  

11.3.3.2     Renal  Cancer   
 Much evidence suggest that renal cell cancer is 
linked to increased hCG levels: data on high 
expression of hCG in renal cancer were fi rst 
obtained by radioimmunoassay in concentrated 
urine [ 89 ] and by immunohistochemistry in 
tumor tissues [ 90 ]. A large study used a highly 
sensitive assay to demonstrate elevated serum 
levels of hCGβ in 23 % of patients with renal cell 
carcinoma. However, these authors failed in dem-
onstrating a correlation between hormone expres-
sion and tumor stage and grade. Elevated serum 
levels have been proposed as an independent 
prognostic factor [ 91 ], even though the associa-
tion between hCGβ expression and patient out-
come was not confi rmed by studies that evaluated 
hormone levels in tumor tissues by immunohisto-
chemistry and/or RT-PCR [ 92 ].  

11.3.3.3      Prostate    Cancer   
 An early study reported hCG in the serum of 
one of 16 prostate cancer patients and the 
expression of hCG by immunohistochemistry in 
less than 10 % of prostatic adenocarcinomas. 
However, by using more sensitive  methods  , 
such as RT-PCR assay, hCGβ was detected both 
in normal and malignant prostatic tissues [ 93 , 
 94 ]. Furthermore, increased hCG immunoreac-
tivity was observed in the urine of few prostate 
cancer patients and the immunoreactive mate-
rial in urine was found to consist of a low 
molecular form of hCG (i.e., hCGβ core frag-
ment,  hCGβcf  ,) [ 44 ,  95 ], comprising amino 
acids 6–40 and 55–92 linked together by disul-
fi de bridges [ 96 ].  

11.3.3.4     Gastrointestinal Cancers   
 Some patients with gastrointestinal cancer have 
been reported to have high serum concentra-
tions of hCG, this fi nding suggesting that, within 
the context of these epithelial malignancies, 
there may be sporadic tumor cells expressing 
this hormone. The frequency of elevated hCG 
levels is highest in biliary (60 %), pancreatic 
(46 %), and gastric (40 %) carcinomas [ 81 ,  97 ], 
and less frequent in liver (20 %) [ 84 ,  97 ,  98 ] and 
colorectal (15 %) cancers [ 99 ,  100 ]. Furthermore, 
tissue expression of hCGβ has been detected in 
all gastrointestinal cancers and this fi nding is in 
agreement with the detection of hCGβ expres-
sion in many normal tissues of the gastrointesti-
nal tract, and it may explain why slightly 
elevated circulating levels of hCG and hCGβ are 
occasionally observed in patients with benign 
diseases [ 82 ,  97 ]. 

 Tissue expression or elevated serum levels of 
hCGβ have been found to be associated with 
adverse prognosis in most [ 98 – 100 ], but not all 
studies [ 101 ]. However, the correlation between 
tissue and serum expression is often weak, and in 
some studies, tissue expression has not been 
found to predict prognosis [ 101 ]. In such a sce-
nario, several reports have shown that the produc-
tion of hCG by tumor cells is associated with a 
more aggressive behavior in gastric cancers, and 
serum hCGβ appears to be an independent prog-
nostic factor in this malignancy [ 44 ,  102 ]. The 
presence of hCG in cancer tissues has been dem-
onstrated in some patients with colorectal can-
cers by immunohistochemistry. Indeed, the 
detection of a minority of hCG-positive cells in 
this cancer was associated with greater local 
invasion and the presence of lymph node and 
liver metastases [ 103 ]. Expression of hCG in 
hepatocellular cancer is rare [ 104 ,  105 ], but ele-
vated serum levels may occur in advanced dis-
ease [ 83 ,  98 ].  

11.3.3.5    Neuroendocrine Tumors 
 Since the majority of neuroendocrine tumors 
(NET) secretes peptides and amines, these are 
used as markers both for diagnosis and monitor-
ing of therapy. In this context, an important 
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marker is hCG α-subunit, which is particularly 
useful to determine the malignant potential of a 
NET, even though many NETs also express hCG 
β-subunit [ 106 – 108 ]. Non-functioning pituitary 
tumors and somatotroph adenomas often cause 
elevated serum levels of hCGα, as well as tissue 
expression of the α-subunit has been demon-
strated in craniopharyngiomas [ 109 – 111 ]. 
However, comparative studies showed that chro-
mogranin A and B are more useful markers 
respect to the hCG subunits [ 109 ,  110 ].  

11.3.3.6    Lung  Cancer   
 Evidence of hCG immunoreactivity has been fre-
quently observed in cell lines from non-small cell 
lung carcinoma (NSCLC) and less often from 
small cell lung carcinoma (SCLC) [ 112 ]. HCG or 
its subunits are present in 72 % of NSCLCs, 10 % 
of SCLCs, one extrapulmonary small cell carci-
noma, and carcinoid tumors, whereas related gly-
coprotein hormones are undetectable [ 112 ]. 
Interestingly, elevated urine levels of hCGβcf 
have been found in 49 % of the cases of NSCLCs, 
and studies on serum indicated that this was 
derived from hCGβ [ 113 ]. 

 Tissue expression of hCG was observed in 
30–80 % of lung tumors by immunohistochemis-
try [ 90 ,  114 ,  115 ]. In serum, hCGβ levels above 
5 IU/l were detected in 12–14 % of small cell 
lung cancers and these were associated with short 
survival [ 116 ,  117 ]. Taken together, these results 
suggest that when measured by a sensitive assay, 
hCGβ serum levels might be clinically useful in 
the management of lung cancer [ 44 ].  

11.3.3.7    Breast  Cancer   
 The relationship between breast cancer and hCGβ 
expression has been widely investigated. Indeed, 
expression of hCGβ mRNA can be detected both 
in normal and malignant breast tissue by RT-PCR 
[ 118 ,  119 ]. Furthermore, between 10 % and 50 % 
of patients with breast cancer have been found to 
have slightly increased hCG-immunoreactivity in 
serum [ 84 ,  120 – 122 ]. However, clearly elevated 
levels are rare, and this fi nding has been ascribed 
to menopausal status and cross-reaction with LH 

in early radioimmunoassays. Thus, serum deter-
minations have not been considered clinically 
useful [ 123 ,  124 ]. 

 Several reports described very aggressive phe-
notypes where hCGβ has been detected, and 
lower response rates to radiotherapy and  chemo-
therapy   in breast cancer patients where hCGβ 
was elevated. However, when determined by sen-
sitive and specifi c assays, hCGβ was found to be 
elevated in half of the patients with advanced dis-
ease but, like other tumor markers, changes in 
hCGβ levels did not reliably refl ect the response 
to chemotherapy [ 125 ].  

11.3.3.8    Gynecological Cancers 
 HCG-positive sera were found in 26.7 % of 
patients with benign and 67 % of patients with 
malignant ovarian tumors. Ovarian cancer tis-
sue was positive for hCG expression in 68 % of 
cases and different studies identifi ed signifi -
cant differences in hCG tissue expression 
respect to tumor grade, but no differences with 
regard to the histological subtypes. However, 
immunoassays measuring hCG and hCGβ 
together have not been found to be useful in 
monitoring nontrophoblastic gynecological 
cancers. 

 The recent introduction of assays specifi c for 
 hCGβcf   in urine showed that expression of hCG- 
like molecules is common in nontrophoblastic 
gynecological tumors [ 126 ,  127 ]. Indeed, ele-
vated urine levels of hCGβcf have been observed 
in preoperative samples from 20 % to 75 % of 
patients with various gynecological cancers with 
similar frequencies in ovarian, endometrial, cer-
vical, and vulvovaginal carcinomas [ 96 ,  127 –
 129 ]. Furthermore, elevated levels of hCGβcf in 
urine have also been reported to be predictive of 
adverse prognosis in vulvovaginal and cervical 
cancer. Finally, the combined use of hCGβcf in 
urine and CA125 in serum has been found to 
improve the diagnostic accuracy in ovarian can-
cer [ 130 ]. In spite of this, hCGβcf testing has not 
become a routine method apparently because 
variations in urinary fl ow rate adversely affect 
assay reliability [ 44 ].  
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11.3.3.9    Head and Neck  Cancer   
 Head and neck cancer is the sixth most common 
type of cancer in the world. Histopathologically, 
squamous-cell carcinoma (SCC) is by far the 
most frequent variant of this disease. After cura-
tive treatment, about 50 % of the patients develop 
a recurrence, and 80 % of the relapses occur 
within the fi rst 2 years of follow-up, this suggest-
ing that a reliable tumor marker may be extremely 
useful in patients monitoring. hCGβ expression 
has been identifi ed in 29 of 45 (64 %) of SCC 
from the oral cavity, indicating that hCGβ is pro-
duced by the majority of these tumors [ 131 ]. 
HCGβ was also investigated as a prognostic 
marker in patients with cancers of the oral cavity 
and oropharynx. Among different forms of SCC 
of the head and neck region, tumors of the oral 
cavity and oropharynx were particularly associ-
ated with poor prognosis and hCGβ was demon-
strated to be an independent prognostic marker 
[ 132 ]. Thus, elevated hCGβ in serum may iden-
tify a high-risk subgroup of patients in these 
malignancies.  

11.3.3.10    Retinoblastoma 
 Retinoblastoma account for 11 % of cancer cases 
in the fi rst 4 years of life [ 133 ] and a link between 
retinoblastoma incidence and in vitro fertilization 
upon treatment with the gonadotropin hormone 
has been pointed out by several authors [ 21 ,  134 –
 136 ]. In such a perspective, several preclinical 
observations support this hypothesis. Indeed, 
human retina produces this gonadotropin that 
acts as a neuroactive molecule [ 21 ], as well as 
Müller glial and retinal pigmented epithelial cells 
secrete hCG that affects neighbor cells express-
ing its  receptor  , namely cone photoreceptors. 
Furthermore, much evidence suggests that hCG 
receptor is expressed within the human retina. 
Using a rabbit antibody raised against the com-
mon receptor for luteinizing and gonadotropin 
hormones (LHR), researchers observed a dif-
fused staining throughout the retina with an 
increased specifi c signal in cells located in the 
fi rst rows of the photoreceptor layer and in struc-
tures of the outer plexiform layer, corresponding 
to the synaptic connection of the photoreceptors 
with the inner retina [ 21 ]. Furthermore, by using 

an anti-synaptophysin antibody to reveal syn-
apses in the plexiform layer, Dukic-Stefanovic 
et al. observed the co-localization of the LHR and 
synaptophysin in large synaptic structures corre-
sponding morphologically to cone [ 21 ]. Thus, 
altogether these observations suggest that cone 
photoreceptors strongly express LHR at their 
membrane. Finally, recent evidence suggests that 
Y79 retinoblastoma cells line, a cone precursor 
tumor, expresses the LHR and authors observed 
the hCG receptor concentrated at the cancer cell 
membrane [ 21 ]. When treated with hCG, Y79 
cells showed an increase in proliferation rate, this 
suggesting a potential activity of hCG on retino-
blastoma cells and a potential risk on the inci-
dence of retinoblastoma due to gonadotropin use 
in women infertility treatment [ 21 ,  133 ]. 
However, other studies failed in establishing a 
clear link between hCG therapy and this specifi c 
type of cancer, even though an increased risk of 
pediatric cancers after infertility treatment have 
been globally demonstrated [ 134 – 136 ]. The dis-
crepancy between these studies may be due to the 
low incidence of retinoblastoma (1 out of 
15–20,000 children), leading to only few cases 
after infertility treatment [ 21 ].    

11.4     Measurement of hCG 

 The expressions “β-hCG assay” or “hCG-beta 
assay” are misleadingly used to describe assays 
that measure both hCG and hCGβ. The 
International Federation of Clinical Chemistry 
and Laboratory Medicine (IFCC) recommends 
that assays should be exactly defi ned according 
to what they measure, for example, hCG and 
hCGβ separately or hCG + hCGβ together [ 137 ]. 
This issue in extremely relevant in the clinical 
setting, since the diagnostic value of hCG 
depends on the specifi city and sensitivity of the 
method used for its detection. Based on the meth-
odology, these assays can be distinguished in:

    (a)    Competitive, where there is a competition 
between molecules of hCG present in the 
sample to be evaluated and molecules of 
hCG added to the system in defi ned quantity. 
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The molecules may be labeled with radioac-
tive iodine (isotope 125) or linked to solid 
particles (latex or erythrocytes).   

   (b)    Non-competitive (sandwich), in which the 
assay is based on a secondary labeled anti-
body. This secondary antibody, linked to 
iodine 125 (IRMA), enzymes (IEMA, 
CLIA), or fl uorescent molecules (IFMA) 
forms a sandwich with the fi rst antibody, 
generally linked to a solid support (polysty-
rene of the tube, wells or beads), and the anti-
gen (hCG) [ 138 ]. A particular application of 
the sandwich method was exploited for test 
strips with solid support for rapid diagnosis 
on urine. The various  methods   used can be 
both quantitative and qualitative. If the 
method is quantitatively, the results are 
expressed in international units respect to the 
volume, while if it is qualitatively, the result 
is considered positive whether it is above a 
threshold value. For diagnosis of pregnancy, 
qualitative detection methods on urine with 
rather small sensitivity and subsequent con-
fi rmation by quantitative methods are 
accepted. By contrast, the evaluation of hCG 
as tumor marker requires the use of quantita-
tive methods on serum with high specifi city 
and sensitivity [ 139 ].    

11.4.1      HCG Antibodies  Specifi city   

 The antibodies to the hCG products can be 
divided into polyclonals and monoclonals. The 
polyclonal antibodies can be directed to: (a) the 
full length hCG, antibodies that cross-react with 
LH and often used for the measurement of LH, 
(b) the β subunit of hCG, and (c) the carboxyter-
minal peptide of hCG. Vaitukaitis et al. in [ 140 ] 
obtained antisera directed towards the β-subunit, 
with low cross-reactivity with the LH [ 140 ], 
using the subunit isolated and purifi ed by 
Morgan [ 141 ]. By contrast, the carboxyterminal 
domain of hCG acts as an antigen only if joined 
to a large molecule, with the formation of anti-
bodies recognizing the peptide bound to 
thyroglobulin. 

 The development of monoclonal antibodies to 
hCG has facilitated the design of assays specifi c 
for the various forms of hCG [ 81 ,  142 – 145 ]. The 
monoclonal antibodies, obtained from hybrid-
omas of immunocompetent cells of mouse and 
human myeloma origin, have surely some advan-
tages: (i) recognition of a single antigen with a 
specifi c constant affi nity, (ii) conserved charac-
teristics of the produced immunoglobulin, and 
(iii) disappearance of cross-reactivity with 
LH. There are numerous groups that have 
obtained preparations of monoclonal antibodies 
to the hCG. Indeed, 16 distinct antigenic regions 
have been defi ned: 5 epitopes are located on 
hCGα (α1–α5) and 7 on hCGβ (β1–β5, β7–β9). 

 Nearly all monoclonal antibodies recognize 
peptide epitopes and do not differentiate between 
hCG variants differing with respect to glycosyl-
ation [ 146 ]. The expression “hyp-hCG” is ambig-
uous, it was initially used to denote hCG 
containing complex carbohydrates [ 10 ], but it is 
also used to denote hCG measured by assays 
using antibody B152 [ 147 ]. Presently, virtually 
all commercial assays are based on the sandwich 
principle and use monoclonal or a combination 
of monoclonal and polyclonal antibodies [ 148 ]. 

 Serum or plasma samples are used for quanti-
tative  hCG determination  , while urine is mainly 
used for detection of hCG in pregnancy tests. The 
immunoreactivity measured by these assays in 
urine refl ects those of hCG and hCGβ in plasma, 
and they have been widely used as cancer mark-
ers [ 82 ,  149 ,  150 ]. If pregnancy can be ruled out, 
an elevated serum level of hCG may be an indica-
tor of cancer, even though unrecognized false 
positive results may lead to inappropriate therapy 
and serious complications. Low concentrations 
of hCG and its subunits can be detected in serum 
and plasma from healthy men and nonpregnant 
women. Pituitary secretion of hCG can be 
induced by gonadotropin releasing hormone, 
while estrogen treatment of postmenopausal 
women causes suppression of hCG production 
[ 151 ]. Thus, most of hCG detectable in normal 
serum is derived from the pituitary. Furthermore, 
the genes for both hCG subunits are expressed at 
low levels in the testis, breast,  prostate, and skel-
etal muscle, but it is not known whether hCG 
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expression in these tissues affects its serum lev-
els. The serum concentrations of hCGβ are lower 
than those of hCG, and they do not increase with 
age [ 82 ]. In women, the postmenopausal levels of 
hCG (up to 5 IU/l corresponding to 16 pmol/l) 
are 5–10 times higher than those of hCGβ 
(<2 pmol/l). Therefore, assays measuring both 
forms together will not detect moderately ele-
vated levels of hCGβ. 

 Low-level expression of hCGβ occurs in many 
tissues that do not express hCGα, i.e., bladder, 
adrenal, colon, thyroid, and uterus, but the mRNA 
levels are about 10,000-fold lower than those in 
the placenta. These tissues are potential sources 
of hCGβ in plasma of men and non-pregnant 
women, but their relative contribution is still 
unknown [ 152 ]. 

 The concentrations for hCGβ are expressed in 
IU/l based on its own standard (3rd IS) [ 137 ], 
and, when measured by assays detecting hCGβ 
and hCG together, the values are based on the 
units for hCG. Different is the situation for hCG, 
because its concentration increases with the age 
in both women and men, being lower in men than 
in women. Depending on age, there are different 
reference values: the upper reference limit of 
hCG is 3–5 IU/l in women and 0.7–3 IU/l in men. 
However, several commercially available assays 
are poorly sensitive and there is notable variation 
in assay calibration. Therefore, an upper refer-
ence limit of 5–10 IU/l for hCG is used by many 
laboratories for both men and women. 

 Chemotherapy often causes suppression of 
gonadal function causing a “postmenopausal” 
condition with hCG levels up to 5–10 IU/l both in 
men and women. When necessary, testosterone 
therapy can be used to obtain suppression of the 
hCG level and, thus, identify this iatrogenic hCG 
elevation. HCG and hCGβ are excreted into 
urine, and the hCG concentrations are on average 
50 % of those in plasma [ 153 ]. A major part of 
the hCG immunoreactivity in urine consists of 
hCGβcf [ 95 ,  126 ,  149 ,  154 ]. Reference values for 
various forms of hCG in urine have been pub-
lished [ 81 ], but these depend on the specifi c 
method used. Because the protein concentrations 
in urine are highly dependent on urinary fl ow 
rate, urine  measurements of hCG, hCGβ, and 

hCGβcf are not used for monitoring of cancer 
patients.   

11.5     Conclusions 

 A complete understanding the complexity of the 
biology of hCG hormone is a prerequisite for its 
use as a tumor marker in practice management of 
cancer patients. As reported in this review, hCG 
is a good marker of gestational and non- 
gestational malignancies. Indeed, hCG testing 
plays a crucial role in the management of placen-
tal trophoblastic disease as well as in germ cell 
tumors of the testis and the ovary. Expression of 
hCGβ is also common in non-trophoblastic can-
cers, hCGβ in serum and hCGβcf in urine can be 
used to improve the diagnostic and prognostic 
accuracy for some tumors, even though its clini-
cal use in non-trophoblastic diseases is far to be 
standardized. In this direction, several authors 
suggested a prognostic/predictive value for hCG 
or its variants in several non-trophoblastic 
tumors. Thus, new clinical studies need to be 
designed to evaluate the relevance of hCGβ in the 
stratifi cation of patients for clinical trials and in 
the identifi cation of tumors who might benefi t 
from more aggressive therapy based on its prog-
nostic value.     
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    Abstract  

  The past decades have witnessed increased use of biomarkers in disease 
management. A biomarker is any characteristic that can be objectively 
measured and evaluated as an indicator of normal biological process, 
pathogenic process, or pharmacological response to a therapeutic inter-
vention. The clinical measurements of biomarkers can be carried out 
in vivo using imaging modalities like ultrasound (US), computed tomog-
raphy (CT), and magnetic resonance imaging (MRI), as well as in vitro 
utilizing serum or plasma or other body fl uids as specimens. In contrast to 
the imaging modalities, a prominent value of serum biomarkers is that 
they could be biologically relevant and disease- specifi c to pathophysio-
logic or pathologic process of disease development. This article provides 
an update of serum biomarkers for hepatocellular carcinoma (HCC) in risk 
assessment for early detection through surveillance.  
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12.1        Introduction: Some 
Important Issues Associated 
with HCC Early Detection 
Through Risk Assessment 
in  Surveillance   

 The past decades have witnessed increased use of 
biomarkers in disease management. A  biomarker   
is any characteristic that can be objectively mea-
sured and evaluated as an indicator of normal 
biological process, pathogenic process, or phar-
macological response to a therapeutic intervention 
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[ 1 ]. The clinical measurements of biomarkers can 
be carried out in vivo using imaging modalities 
like ultrasound (US), computed tomography 
(CT), and magnetic resonance imaging (MRI) as 
well as in vitro utilizing serum or plasma or other 
body fl uids as specimens. In contrast to the imag-
ing modalities, a prominent value of serum bio-
markers is they could be biologically relevant and 
disease- specifi c to pathophysiologic or patho-
logic process of disease development. 

  Alpha-fetoprotein (AFP)   has been widely 
used although it has not been formally approved 
or cleared by the U.S. Food and Drug 
Administration (FDA) as a cancer biomarker for 
hepatocellular carcinoma (HCC). Recently the 
regulatory agency has cleared two novel and spe-
cifi c HCC serum biomarkers for risk assessment 
for HCC, Alpha-fetoprotein-L3 ( AFP-L3  ) and 
Des-γ-decarboxyprothrombin (DCP). AFP-L3 is 
a glycosylation variant of the AFP [ 2 ]. DCP is 
abnormal coagulation protein produced in liver 
and a precursor of thrombin in the coagulation 
cascade [ 3 ]. This review article will focus on ana-
lytical and clinical validity of the AFP-L3 and 
DCP as serum biomarkers and provide an over-
view of their potential clinical utilities in HCC 
management especially for early detection 
through risk assessment. I critically review some 
recent clinical research data up to 2012. The dis-
cussions are mainly from clinical laboratory per-
spectives with focus on the new microfl uidic 
chip-based assay system,  μTASWako™i30 . This 
article discusses some important investigator-
initiated studies and reports refl ecting user expe-
riences which have enriched the knowledge base 
of the novel oncology biomarkers and their 
potentials in medical practice. 

12.1.1     Natural History: Disease 
Spectrum and Cellular 
Heterogeneity 

 Natural history of malignant disease and its rela-
tion to disease development is increasingly delin-
eated and defi ned at the molecular levels [ 4 ], 
which offer ample opportunities and rich sources 
for biomarker assay developments. The disease 

development of HCC, like many other human 
malignancies, is not an event but a process which 
spans from physiological changes such as quanti-
tative variations of biomolecules to pathological 
modifi cations of qualitative natures such somatic 
mutations [ 5 ]. 

 Major risk factors in natural history of HCC 
have been understood thanks to intensive medical 
research on the viral etiology and mechanisms of 
the hepatitis B and C virus. Primary liver cancer 
is mostly HCC, the malignant disease of the 
hepatocytes [ 6 ].  Chronic hepatitis   infections 
including hepatitis B in the Southeast Asia coun-
tries and hepatitis C in the West have been attrib-
uted to the rise in incidence of HCC over the past 
decades. In fact, the HCC has the fastest rising 
cancer incidence in the US [ 7 ]. Chronic hepatitis 
C infection will become cirrhotic within 20–30 
years, however, as many as 40 % of chronic hepa-
titis B patients may not have clinical evidence of 
liver  cirrhosis   as a precursor to HCC [ 8 ]. 

 HCC, also similar to most other human can-
cers, is heterogeneous [ 9 ,  10 ] which may be non- 
heritable in the sources of cellular diversity such 
as arising from different cancer stem cells [ 11 ] or 
heritable such as from driver mutations in differ-
ent signal transduction pathways within the HCC 
cancer cell population [ 12 ]. Therefore depending 
on the driver mutation, HCC is probably not a 
single disease entity, instead is a collective term 
for many subgroups of the liver malignancies. 

 The early HCC is clinically manageable or 
curable [ 8 ]. The diagnosis for early intervention 
decision has shifted to relying more on non- 
invasive clinical diagnosis based on dynamic 
imaging modalities instead of histology in recent 
years [ 13 ]. In order to treat HCC more effec-
tively, the size of the tumor nodule(s) when they 
are found by screening ideally should be single 
and less than 2–3 cm in diameter [ 14 ]. Given the 
background liver disease of  cirrhosis  , a liver nod-
ule of <1 cm in diameter is rarely diagnosed as 
liver cancer [ 15 ]. A liver nodule, when detected, 
the size of <1–2 cm is considered to be in the 
early stages for the purpose of the discussion. 

 Serum biomarkers are useful assisting in the 
characterization of a liver nodule for evaluating 
likelihood of HCC occurrence, or its downstream 
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risk of evolving into HCC within a specifi c time-
frame.  Surveillance   can improve survival by 
reducing deaths using US and serum biomarker 
[ 16 – 18 ]. In Japan, surveillance has been embed-
ded into medical practice [ 19 ,  20 ]. Although clin-
ical conditions limiting successful management 
of HCC exist, such as the residual liver functions 
among others in patients with the HCC, early 
detection of HCC do offer additional treatment 
options. It has been observed that patients with 
end stage liver diseases could have excellent long 
term survival if pre-matured deaths from HCC 
can be prevented through surveillance and liver 
transplantation [ 21 ,  22 ].  

12.1.2     Serum Biomarkers:  Specifi city   
Versus  Sensitivity   

 American Association for the Study of Liver 
Diseases (AASLD) has recommended that HCC 
surveillance should be based on US every 3–6 
months for patients at high risk for HCC [ 15 ]. 
These patients are mainly chronic HBV carriers 
of Asian males over 40 years and female over 50 
years old and cirrhotic HCV infection [ 15 ]. It is 
concluded that US is effective as the fi rst line 
HCC surveillance [ 15 ]. However, some medical 
experts are quick to point out that US is limited 
by its relatively low sensitivity and therefore the 
high false negative rate for use in the HCC sur-
veillance. US demonstrated marginal perfor-
mance in clinical sensitivity for HCC surveillance 
with sensitivity of 60 % on average [ 23 ]. 
Furthermore, US is also operator-dependent with 
signifi cant performance variations among hospi-
tals and medical centers around the country. The 
US images are subject to human interpretations 
and are vulnerable to human errors. The effective 
use of US in surveillance has been hampered by 
poor reproducibility [ 24 ]. Other limiting factors 
for diagnostic grade of US results are physiologi-
cal or pathological in nature such as fatty liver 
disease associated with metabolic syndrome, 
interference from the anatomical barriers adja-
cent to the liver such as lung or stomach that 
could sometime obscure the imaging producing 
less granular pictures. The background cirrhotic 

liver could also have potential cripple effect on 
US quality. 

 There should be no doubt that serum biomark-
ers could provide additional diagnostic or prog-
nostic information. More information would 
likely change the clinical impression on likeli-
hood of HCC especially in some challenging 
clinical diagnostic situations which more often 
than not is the rule rather than the exception in 
HCC management because of the background or 
underlying liver  cirrhosis   leading to the HCC 
development. 

 Serum biomarkers can signal the early devel-
opment of HCC. In general, HCC is derived from 
liver  cirrhosis   presenting as background liver dis-
ease of high grade dysplastic nodules due to the 
chronic viral hepatitis infection [ 25 ]. Liver 
nodule(s) can be detected by US as mass(es) of 
suffi ciently large size, say, for example when it 
reaches 2 cm in diameter or greater. Serum bio-
markers can be an early warning alerting the 
development of HCC. Early diagnosis by surveil-
lance is associated with lower mortality risk [ 18 ]. 
The HCC with seropositive  AFP-L3   is reported 
to be correlated to short doubling time in tumor 
volume, and increased arterial supplies of tumor 
nodule, thereby clinically aggressive with poorer 
prognosis [ 26 ,  27 ]. Newer generation of the AFP- 
L3 assay is highly sensitive for pathologically 
advanced HCC [ 28 ]. It is worth noting that the 
pathologically advanced HCC may be more clin-
ically aggressive even they are small in size for 
example <2 cm [ 26 ]. 

 Clinically useful Serum biomarkers should 
have several key characteristics. They must be 
cancer specifi c, non-invasive and safe to use, con-
venient and easy to apply in different clinical set-
tings, and acceptable to patients. They are 
expected being sensitive to the underlying dis-
ease. However, clinical sensitivity could be 
affected by a variety of analytical and biological 
reasons. Undesirable detection limit of assay 
technology could affect the clinical sensitivity. 
Improvement in assay’s detection limit can 
increase the true sensitivity but also the false pos-
itive rate by decreasing the assay specifi city 
simultaneously. Biologically, tumor heterogeneity 
could also curtail the sensitivity of a laboratory 
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assay because some cancer may not produce cer-
tain biomolecules as serum biomarkers especially 
in early stage. It was suggested this is also the 
case in HCC [ 29 ,  30 ]. There are different sub-
groups of HCC. For instance, approximately 
20–80 % of the HCC do not have elevated AFP 
depending on tumor size at diagnosis [ 31 ]. This 
has been a signifi cant issue when clinicians use 
AFP for referral of patients suspicious of HCC 
for imaging confi rmation. 

 The clinical sensitivity can be signifi cantly 
improved by advanced assay technology with 
drastic improvement in lower detection limit 
thereby higher analytical sensitivity. For exam-
ple, the  i30   AFP-L3   and DCP assay platform 
based on microfl uidic chip has greatly improved 
the analytical sensitivity [ 32 ]. But physicians are 
compelled to address the issue of “false positiv-
ity” of the test results. It is expected that the sur-
veillance strategy for HCC management with 
multiple periodic sampling could in some degrees 
provide practical solution to the issue with respect 
to whether these seropositive AFP-L3 and DCP 
cases are authentic HCC in patients at high risk 
for the malignant liver disease. 

 The other reason for the low clinical sensitiv-
ity of some cancer biomarkers must be biological 
due largely to cancer is heterogeneous with many 
subgroups as demonstrated by recent studies in 
breast cancer [ 4 ]. It is clear also from molecular 
studies that HCC is likely not a single disease 
entity according to the underlying molecular 
alterations [ 33 ]. Clinical presentations show 
HCC is seropositive with AFP, or  AFP-L3   or 
DCP with only some degrees of overlapping pat-
terns although some HCCs are seropositive with 
all the current available  HCC biomarkers   [ 29 , 
 30 ]. How the phenotypic variation patterns 
related to biologic behavior can be interpreted for 
directing treatments remains to be determined. 
This also suggests that some serum biomarkers 
complementary to the existing ones remain to be 
discovered. But it should be clear that usefulness 
of any single biomarker in HCC surveillance is 
limited. 

 Combined use of serum biomarkers can maxi-
mize the clinical sensitivity (or specifi city 
depending decision rule). Overall test results can 

be registered as positive using algorithm of “OR” 
or “AND” rule depending on the clinical context 
[ 34 ]. This offers a rationale and testable hypoth-
esis for using multiple serum biomarkers simul-
taneously in hoping for achieving higher clinical 
sensitivity and/or specifi city. As a matter of fact, 
recent studies did have provided “prove of con-
cept” of such approach [ 35 ,  36 ].  

12.1.3     Assay Calibration: From Data 
to Information 

 Information must be extracted from the data in 
order for the data become useful or actionable to 
clinicians. In this sense, the information is the 
data which are interpretable for further clinical 
actions [ 5 ]. Structured data from quantitative 
measurements have intrinsic values such as mea-
surement concentrations of cancer biomarkers 
CA125 or CA19-9. These clinical data may not 
have any information simply because we do not 
know what they are actually meant. For serum 
biomarkers, one approach for extracting mean-
ingful information from measurement data are 
through comparison to a Gold Standard which 
could be histology from biopsied or surgical 
specimens, or in the case of early diagnosis of 
HCC, clinical diagnosis based on dynamic imag-
ing modalities such as four phase contrast CT or 
MRI. Tissue morphology by staining have pro-
vided disease diagnostic standard for human dis-
eases. Medical sciences have evolved in recent 
years for HCC diagnosis. Clinical diagnosis and 
decision for early intervention can be made based 
on clinical diagnosis which relied on dynamic 
CT or MRI. It is worth noting that tumor size has 
been integrated in the HCC defi nition in the 
AASLD clinical practice guideline for HCC 
management. 

 Until now, the cancer biomarker assays have 
not been calibrated based on tumor size as a clini-
cal parameter as a gold standard. This has led to 
spectrum bias in many studies reported of perfor-
mance characteristics using the serum biomark-
ers. The possibility of the use of cancer 
biomarkers calibrated based on smaller tumor 
size from imaging would represent a paradigm 
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shift in medical diagnosis which can set the diag-
nostic threshold lower for detecting earlier stage 
of HCC. How effective these serum biomarkers 
are for early detection remains to be determined 
by clinical studies in relevant clinical contexts.  

12.1.4     Level of Evidences: 
From Clinical Validity to Utility 

 Safety and effectiveness are the basis of the FDA 
clearance and approval of the serum biomarkers 
for marketing in the U.S. which constitute the 
regulatory framework for medical devices. The 
evidences can be obtained from observational 
study or clinical experiment. For regulatory 
clearance or approval, observational study with 
clear intended use and indication for use in retro-
spective or prospective designs can be used to 
collect the validation data for demonstrating the 
safety and effectiveness. The most commonly 
used clinical parameters are sensitivity and speci-
fi city for effectiveness and false positive and false 
negative for safety which should be evaluated in 
light of a specifi c clinical context i.e. the intended 
use and indication for use as proposed for the 
serum biomarkers. 

 Pepes et al. have proposed fi ve phases of bio-
marker development for early detection of can-
cer: (a) preclinical exploratory studies (phase 1); 
(b) clinical assay and validation (phase 2); (c) 
retrospective longitudinal (phase 3); (d) prospec-
tive screening (phase 4); and (e) cancer control 
(phase 5) [ 37 ]. These ordered phases of bio-
marker development have provided a framework 
for rational development and clinical adoption of 
serum biomarkers for cancer early detection. 

 The data from different phases of the evalua-
tion stage present different levels of evidences. 
National Comprehensive  Cancer   Network 
(NCCN) Task Force on Evaluating Clinical 
Utility of Tumor Markers in Oncology has 
affi rmed the level of evidence in their newly 
released practice guideline on cancer serum bio-
marker evaluation [ 38 ]. A system of the levels of 
evidence has been outlined as in Table  12.1 .

   Most clinical studies leading to FDA clear-
ance or approval likely remain in phase 3 devel-

opmental stage providing relatively low levels of 
evidence for clinical utility. It would be challeng-
ing in convincing clinicians that the tumor mark-
ers with regulatory clearance or approval have 
clinical utilities satisfying their unmet medical 
needs. Clinically, the only reason for diagnostic 
testing is treatment decision [ 39 ]. A biomarker 
would have clinical utilities if it can direct treat-
ment based on high level of evidences from well- 
designed clinical studies. However, clinical 
utility can be suggested by observational study 
with robust designs [ 40 ].   

12.2     HCC: Risk Factors and Clinical 
Measurements 

12.2.1     Chronic Hepatitis, Liver 
Fibrosis and Cirrhosis 

 Chronic liver diseases in forms of  liver fi brosis   or 
 cirrhosis   are precursor of liver failure and HCC, 
the end stages of the liver disease. Worldwide the 
most common causes of chronic liver disease are 
chronic hepatitis B and C virus infection. After 
decades of the initial HBV or HCV infection, a 
pathological process in liver characterized by 
stepwise progressions of chronic liver disease 
could lead to fi brosis and cirrhosis, eventually to 
liver failure or primary liver cancer. The hepatitis 
B virus B and C virus infection are the major risk 
factors for HCC. Relative risk (RR) for HCC with 
HBV infection is approximately 100 compared to 

   Table 12.1    Tumor marker utility grading system level of 
evidence   

 Level  Interpretation 

 I  Prospective, marker primary objective, 
well-powered or meta-analysis 

 II  Prospective, marker the secondary 
objective 

 III  Retrospective, outcomes, multivariate 
analysis (most currently published 
marker studies are level of evidence III) 

 IV  Retrospective, outcomes, univariate 
analysis 

 V  Retrospective, correlation with other 
marker, no outcomes 
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non-carriers; in cirrhotic HBV carrier, the RR 
was 961 compared to uninfected controls [ 8 ]. 
HCC risk was also drastically increased to 
20–200 times in HCV-infected patients compared 
to HCV-negative controls [ 41 ]. The conversion 
rate of HCC is 1–6 % per year among the chronic 
hepatitis patients with cirrhosis [ 6 ]. It has been 
reported that obesity and diabetes from metabolic 
syndrome are associated with HCC as the emerg-
ing risk factor of HCC [ 42 ,  43 ]. 

 There are multiple clinical staging systems for 
liver cancer for predicting the prognosis of 
HCC. The major ones include American Joint 
Commission on  Cancer   (AJCC) Tumor-Node- 
Metastasis      (TNM) system, the Barcelona Clinic 
Liver Cancer (BCLC) System, Cancer of the 
Liver Italian Program (CLIP), and the Okuda 
System, etc. [ 14 ]. Although none of these scoring 
systems have been universally accepted, they 
invariably incorporate some most important con-
siderations for survival of HCC, namely (a) 
severity of the underlying liver disease; (b) tumor 
size; (c) intrahepatic micro-invasion; and (d) 
metastasis [ 44 ]. In a retrospective cohort study 
published in 2009, Nathan et al. compared six 
major staging systems for HCC with an early 
HCC prognostic score [ 45 ], and concluded that 
an early HCC prognostic score is superior to the 
AJCC TNM system for predicting survival of 
patients with early HCC after liver resection or 
liver transplantation. The investigators found that 
all the major HCC staging systems performed 
poorly in patients with early HCC. This is likely 
due to the fact that liver functions are not 
accounted for in the staging schemes [ 14 ]. 

 AASLD Clinical Practice Guideline on HCC 
Management recommends use of US every 3–6 
months for HCC surveillance for patients at risk 
for HCC. NCCN Clinical Practice Guideline in 
Oncology on Hepatocellular Carcinoma 
 recommends utilizing both US and serum bio-
marker AFP for screening patients in an interval 
of every 6 months. Overseas the J-HCC/Japan 
Society of Hepatology (JSH) recommends use of 
serum biomarkers AFP,  AFP-L3   and DCP every 
3–4 months for the patients at high risk for HCC 
in addition to US [ 20 ]. 

 Other imaging modalities such as dynamic 
contrast CT and MRI have been used for annual 

surveillance of patients at risk for HCC although 
they tend to be utilized more in confi rmative 
diagnosis, especially in tertiary health care set-
tings. The imaging modalities are technically 
demanding and not as convenient as testing of 
patient specimens being drawn and sent to refer-
ence laboratories. Similar to serum biomarkers, 
the imaging modalities are, in general, of rela-
tively low sensitivity but of high specifi city. In 
recent years, the treatments of HCC can be initi-
ated according to the clinical diagnosis provided 
by the vascular characteristics on imaging of the 
liver malignancies, thereby representing a new 
framework of clinical utility of biomarkers.  

12.2.2     Clinical Measurements: 
Enzyme Aberration 
in Glycosylation 
and Carboxylation 

 Clinical measurements of serum biomarkers have 
focused on changes of protein concentration in 
circulation. However, variations in protein con-
centration such as hormones and growth fac-
tors are thought to be mostly physiological 
phenomenon refl ecting feedback regulations 
instead of pathological presentation [ 5 ]. The 
operating ranges of most of the cancer biomarker 
assays are probably well above the concentration 
gradients of many biologically important mole-
cules in cancer early development [ 46 ]. 
Furthermore, although in biology, information 
fl ows from DNA to RNA, to proteins, it is post- 
translational modifi cations such as protein phos-
phorylation and glycosylation that empowers 
protein molecules with functional signifi cance. 

 At the molecular levels,  AFP-L3   is a glycosyl-
ation variant of AFP with α-1,6 core fucosylation 
on reducing terminus of N-acetylglucosamine of 
AFP molecule which is the AFP fraction reactive 
to lectin Lens culinaris agglutinin [ 2 ]. The eleva-
tion of AFP-L3 in HCC results from over- 
expression of fucosyltransferase Fut 8 which is 
responsible for core-fucosylation of proteins in 
the liver and other enzymes facilitating synthesis 
of GDP-glucose, the substrate of the fucosyl-
transferase [ 47 ]. Fucosylation is one of the 
most common post-translational modifi cations of 
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proteins in physiology. Increase in fucosylation 
has also been reported in infl ammation and can-
cer. Fucosylated glycoproteins are involved in 
biological functions of adhesion molecules and 
growth factor receptors through Notch signaling 
[ 48 ]. Core fucosylation is reported crucial for 
cytokine  receptor   activation [ 49 ]. The increased 
concentration of AFP-L3 is also due to increased 
release of the AFP-L3 from hepatocytes in HCC 
into plasma which is normally secreted into the 
bile duct (Fig.  12.1 ) [ 50 ].

   Patients with primary malignant hepatic 
tumors seropositive for  AFP-L3   and low AFP 
concentrations appear of unique clinicopatho-
logic features. It is reported these cancers have a 
higher incidence of non-HCC primary liver can-
cer derived from cholangiocytes. They also had a 
high frequency of poorly differentiated tumors 
and sarcomatous changes, and showed a poor 
prognosis [ 51 ]. HCC patients who were positive 
for AFP-L3 and negative for DCP demonstrated 
histopathologic features of more advanced HCC 
compared with those who were seropositive for 
DCP alone such as infi ltrative growth with an 
irregular margin and showing poorly differentia-
tion of the HCC [ 52 ]. In fact, Okuda et al. found 
that a subgroup of intrahepatic cholangiocarci-
noma (ICC) are seropositive for AFP-L3 and 
those with combined hepatocellular and cholan-
giocarcinoma have features close to HCC. The 
investigators thought that these liver cancers may 
be different from the ICC which is seropositive 
with CA19-9 [ 53 ]. This suggests that AFP-L3 
seropositive HCC is a subtype of primary liver 
cancer with more aggressive behaviors. 

 DCP or proteins induced by vitamin K absence 
or antagonist-II (PIVKA II) is an abnormal form 

of the coagulation protein produced by the liver 
in HCC. Prothrombin is also known as the 
Coagulation Factor II of the blood coagulation 
cascade. In normal liver, the prothrombin under-
goes post-translational carboxylation before 
release into the peripheral blood. The carboxyl-
ation converts specifi c amino-terminal glutamic 
acid residues to γ-carboxyglutamic acid [ 54 ]. 
The vitamin K dependent carboxylase responsi-
ble for the carboxylation is absent in malignant 
cells, and an abnormal prothrombin with all or 
some of unconverted glutamic acid is released 
into the circulation instead. The non- carboxylated 
form i.e. DCP is a biomarker for HCC (Fig.  12.2 ). 
Some subgroups of HCC, probably due to mal-
function of carboxylase, secrete the unmodifi ed 
precursor, DCP. In a study comparing hypervas-
cular and hypovacular HCC, Matsubara et al. 
found that DCP production is associated with 
tumor angiogenesis of HCC [ 55 ]. Yuan et al. 
reported that the DCP levels in HCC tissue with 
portal vein invasion were signifi cantly greater 
than in HCC tissues without portal vein invasion 

  Fig. 12.1     Alpha-fetoprotein (AFP)   isoforms: AFP-L1 ( left ), and  AFP-L3   ( right ). Note: Sialic acid ( Sia ); Galatose 
( Gal ); N-Acetylglucosamine ( GlcNac ); Mannose ( Man ) (  http://www.wakodiagnostics.com/afpl3test.html    )       

  Fig. 12.2     Des-gamma-carboxy prothrombin (DCP)   
(  http://www.wakodiagnostics.com/pivka_dcptest.html    )       
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[ 56 ]. In addition, recent studies have revealed 
that DCP functions as a growth factor and might 
play signifi cant roles in cancer progression [ 57 ]. 
Durazo et al. showed that DCP has a direct cor-
relation to tumor size in patients with single 
lesion [ 58 ].

   It has been suggested that the both  AFP-L3   and 
DCP are associated with tumor aggressiveness of 
HCC [ 59 ]. In particular, AFP-L3 is related to pro-
gression from moderately differentiated to poorly 
differentiated HCC, whereas DCP is more specifi c 
to vascular invasion and is therefore likely to be a 
useful indicator of vascular invasion [ 60 ].  

12.2.3     History of  AFP-L3   
Developments and Technical 
Features 

  AFP-L3   is a glycoform with core fucose glyco-
sylation. Based on its affi nity to lectin Len culi-
naris agglutinin, AFP can be sub- fractionated 
into three distinctive species i.e. L1, L2 and L3 
according to their reactivity to Lens culinaris of 
migration pattern of affi nity electrophoresis. 
Investigations found that the L1 was elevated in 
infl ammation of liver. The L3 is tumor-specifi c 
for HCC. The micro- heterogeneity of the gly-
can structural variation between AFP-L1 and 
AFP-L3 is due to presence of an α-1,6, core 
fucose at the reducing end of the 
N-acetylglucosamine of AFP [ 2 ]. 

 The fi rst clinical laboratory assay on  AFP-L3   
was developed with a lectin-affi nity electropho-
resis method. The lectin lens culinaris was used 
to separate the three fractions of the AFP based 
on its reactivity to the agglutinin. Detection of the 
L3 ratio in percentage to L1 was achieved by 
dye-labeled antibodies and quantifi cation by den-
sitometry. An automated assay was developed for 
clinical use in 1997 in Japan on a liquid phase 
binding immunoassay platform, (LiBASys). The 
AFP-L3% reading was generated when AFP is 
>10 ng/mL with a minimal detectable limit of 
AFP-L3 at 0.8 ng/mL [ 61 ]. The LiBASys AFP/
AFP-L3 assays were cleared by the FDA for risk 
assessment of HCC in the U.S. in April of 2005. 
Subsequently, the DCP assay was also cleared by 

the regulatory agency for the same indication for 
use, and was added to the test menu. Since then 
the assay technologies have continued to evolve. 
Since 2009, the assays have migrated to a state-
of- the-art immunoassay platform based on 
microfl uidic chip as an electrokinectic analyte 
transport assay (EATA). With deployment of the 
second generation of the assay instrument, the 
analytical sensitivity has increased with further 
diminishing the minimal detection limit to 0.3 ng/
mL of AFP-L3. The assay range of AFPL3% has 
been extended from 0.6 to 1000 ng/mL of AFP 
[ 62 ]. The assay system can provide accurate and 
precise percent ratio AFP-L3 reading over the 
entire assay range of AFP from 0.6 to 1000 ng/
mL. This has rendered signifi cant improvement 
in assay sensitivity while maintaining the clinical 
specifi city facilitating clinical applications for 
early detection of smaller HCC. Furthermore, the 
fully automated features in designs of the ana-
lyzer have greatly shortened the assay turn- 
around time to less than 10 min [ 62 ].  

12.2.4     Technical Features of Chip- 
based Microfl uidic Assay 
and Analytical Performance 

 The EATA immunoassay on the microfl uidic chip 
immunoassay platform can carry out reagent and 
sample mixing, concentration, reaction, and also 
can integrate all other assay steps on chip. The 
microfl uidic chip was made with precision injec-
tion modeled from poly(methyl methacrylate- 
PMMA) plastic resin, and the channels were 
formed by bonding of plastic fi lm to the modeled 
chip. PMMA has no ionizable group. Using a 
non-charged substrate has minimized electro-
static interactions between the analytes and the 
micro-channel’s surface; and helped to reduce 
the electroosmotic fl ow (EOF) which can assists 
in clean and clinical assay grade quality separa-
tion of the immunocomplexes in the capillary 
electrophoresis on chip [ 63 ]. 

 The EATA immunoassay is highly sensitive 
using <10 nL of actual serum size of specimen 
per measurement. The underpinning technology 
of high analytical therefore the high clinical 
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sensitivity is isotachophoresis (ITP) which allows 
target analyte to be highly concentrated prior to 
detection using laser-activated immunophores-
cence dyes. ITP has been demonstrated to 
enhance analyte concentration by as much as 
three orders of magnitude enhancing the analyti-
cal sensitivity of the assays [ 63 ]. 

 DNA-conjugated antibody has been employed 
for precisely control, adjustment and fi ne-tuning 
the electrophorectic mobility of immunocom-
plexes by varying the length of the conjugated 
oligonucleotides. The immunocomplex is also 
bound to another fl uorescent-labeled antibody 
specifi c for the analyte which is under controlled 
for unidirectional migration together with the 
specimen and reagents from beginning to end of 
the assaying process on chip [ 63 ]. 

 The advanced technical features of the micro-
fl uidic assay platform are attributed to the excep-
tional performance characteristics in analytical 
validations. The reproducibility of the assays is 
demonstrated that the coeffi cient variation (CV) 
is within 2 % for AFP and 3 % for  AFP-L3  . The 
assays’ imprecision is reduced to minimum. The 
proportional bias has been shown within 2–3 % 
in comparison to the electrophoresis and LiBASys 
 methods  . The systemic bias of the assays in gen-
eral is less than 5–6 %. In serial dilution experi-
ments, the AFP-L3% has been shown held in a 
constant level over the entire assay range with 
changes in AFP concentrations in a reportable 
range from 0.6 to 1000 ng/mL [ 62 ].   

12.3     Clinical Performance: 
Parameters 
and Interpretations 

12.3.1     Clinical Validity: Parameters 

 The clinical parameters most commonly used in 
evaluating and demonstrating the clinical validity 
are sensitivity and specifi city which are relatively 
unaffected by prevalence of the disease in popu-
lation. Since the clinical sensitivity and specifi c-
ity of a test are trade-offs depending on the assay 
cut-off value which should be determined and 
chosen according to the indication for use of the 

assay. It is unreasonable to expect an assay to 
have both very high sensitivity and specifi city 
since human disease is a spectrum in develop-
ment, especially the degenerative disease such as 
cardiovascular, metabolic, and malignant disor-
ders. The purpose of diagnosis is to treat patients. 
The threshold of making defi nitive diagnosis is a 
balance between costs and benefi ts [ 64 ]. The 
benefi t is therefore also depending on effective 
treatments available. Of importance in assessing 
the clinical validity and utility of the assays is the 
indication for use and the clinical context the 
assay is applied. For example, diagnosis tools 
such as serum biomarkers could be used for rule-
in or a rule-out diagnosis. The selection of a clini-
cally valid cut- off for assay requires a clinical 
context. For the rule-in diagnosis, a positive test-
ing would be more valuable with high specifi city 
to avoid unacceptable level of false positive 
results, whereas for rule-out diagnosis, negative 
testing result is more important with high sensi-
tivity and low false negative rate. 

 In general, the microfl uidic chip-based  AFP- 
L3     and DCP assays are highly specifi c for early 
HCC although the clinical sensitivity and speci-
fi city vary by the cut-off threshold chosen and by 
tumor size which the assays designed to detect. 
These HCC usually featured by low AFP concen-
tration <20 ng/mL. For assay with high clinical 
sensitivity, negative test results are more infor-
mative. The assay with high NPV from high sen-
sitivity is used for screening or surveillance in 
clinics. The seronegative result can rule out sus-
picious HCC. In contrast, seropositive data of 
AFP-L3 and DCP should be cautious in interpre-
tation since the potential false positive results 
need to be teased out. The performance of the 
AFP, AFP-L3 and DCP assay on microfl uidic 
assay platform of  μTASWako i30  are summarized 
in Table  12.2  [ 65 – 67 ].

   The clinical performance characteristics as 
shown in the Table are clearly infl uenced by the 
cut-off selected according to the proposed indica-
tion for use of the medical devices. They could be 
affected as well by tumor characteristics such as 
tumor size which the medical devices are 
expected to detect, and the staging system used 
for categorizing the malignant disease. Since 
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dynamic imaging has been widely accepted for 
clinical diagnosis of HCC, the disease defi nition 
of HCC should be specifi ed including informa-
tion of imaging modality and the contrast reagents 
used. Also because of the background liver  cir-
rhosis  , size of the tumor nodule for defi nitive 
HCC diagnosis is also important for the perfor-
mance characterization. 

 The serum biomarkers, when used individually 
especially at the lower cutoff, have demonstrated 
comparable performance to ultrasonography. 
Recent research data have indicated that serum 
biomarkers when used in parallel or simultane-
ously, can maximize the clinical sensitivity while 
maintaining clinically acceptable specifi city to 
meet the operating requirement of performance 
for HCC surveillance [ 36 ,  66 ]. Feng reported that 
combined AFP and DCP with cut-off threshold 
set at >6 ng/mL and >100 mAU/mL, respectively, 
can signifi cantly improve the clinical sensitivity 
of the overall testing to 94.5 % [ 34 ]. Separately, 
Volk et al. also demonstrated the similar results 
for early stage HCC [ 35 ]. 

 Recent study data further indicated that the 
combined use of all three current available HCC 
serum biomarkers can improve performance of 

the overall test result for early HCC. Hanaoka 
[ 36 ] showed that the overall sensitivity of AFPL3 
plus DCP can be boosted to 78 % while maintain-
ing the specifi city basically the same as the 
respective serum biomarker at 86 %. For early 
HCC i.e. those with tumor nodule <2 cm in diam-
eter, the sensitivity of the biomarkers were 24 % 
for DCP (using 40 mAU/mL as a cut-off) and 
37 % for  AFP-L3   (using 5 % as a cut-off) 
(Table  12.2 ), respectively. The relatively low sen-
sitivities are not unexpected which may be due to 
tumor biology of the early HCC since the HCC is 
highly heterogeneous [ 68 ] as being refl ective of 
discernible and yet non-overlapping expression 
patterns of the  HCC biomarkers  . This is echoed 
by Sherman M. who reported that 20–80 % of the 
HCC did not produce AFP depending on the 
tumor size at diagnosis [ 31 ]. Of note is that breast 
cancer has multiple subgroups with distinct clini-
cal outcomes which may also be represented in 
HCC as well [ 14 ]. This further implies that the 
expectation of any single laboratory testing can 
achieve extremely high sensitivity while main-
taining high clinical specifi city may be unrealis-
tic. Therefore although high clinical sensitivity is 
desirable for cancer screening and surveillance, it 
is a complex issue involving not only assay per-
formance but also related to the gold standard 
employed for the performance comparison, as 
well as to intrinsic tumor biology. 

 Many serum  HCC biomarkers   of potential 
clinical usefulness have been found such as 
Glypican-3, Golgi protein 73 (GP73), and osteo-
pontin [ 69 ,  70 ]. Due largely to the intrinsic bio-
logical heterogeneity, some HCC were not 
detected by every serum HCC biomarker. 
Thereby the performance characteristics espe-
cially the sensitivity would vary signifi cantly 
among different serum biomarkers. It is 
expected that this performance gap would be nar-
rowed with additional new discoveries of HCC 
serum biomarkers followed by parallel 
applications of multiple serum biomarkers in the 
testing algorithm. Recently, Shen et al. reported 
that a new serum biomarker of Dickkopf-1 
(DKK1) could complement AFP in detecting 
HCC subtypes in patients of sero-negative 
AFP [ 71 ]. 

    Table 12.2     Clinical performance   of  AFP-L3  , and DCP 
assays on  μTASWako i30  a    

 HCC serum marker   Sensitivity     Specifi city   

   AFP-L3     (%)  

 >1 % 
 >5 % 
 >7 % 
 >10 % 
 >15 % 

 68 % 
 40–53 % 
 24–41 % 
 12–21 % 
 9 % 

 81 % 
 54–87 % 
 92 % 
 97–98 % 
 97 % 

   AFP-L3     (5 %)  

 ≤2 cm 
 >2 and ≤3 cm 
 >2 and ≤3 cm 
 >5 cm 

 37 % 
 46 % 
 44 % 
 47 % 

  DCP (mAU/mL)  

 >40  56 %  95 % 

  DCP (40 mAU/mL)  

 ≤2 cm 
 >2 and ≤3 cm 
 >2 and ≤3 cm 
 >5 cm 

 24 % 
 52 % 
 64 % 
 78 % 

   a All study subjects had AFP < 20 ng/mL  
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  AFP-L3   and DCP are highly specifi c cancer 
biomarkers. AFP is a tissue specifi c embryonic 
antigen. It is re-expressed in some human cancers 
distinctively such as in testicular and primary 
liver cancer. It is clear that the elevation of AFP is 
more related to tissue necroinfl amamtory reac-
tion of hepatocytes of the underlying chronic 
viral infections [ 3 ]. Empirical data demonstrated 
AFP is consists of different glycoforms with 
reactivity to Lens culinaris. AFP-L1 is the major 
AFP fraction presenting in the necroinfl amma-
tory reaction that would likely elevated at liver 
tissue regeneration after necrosis. AFP-L3 is 
cancer- specifi c [ 3 ]. The practical implications for 
the fi nding of AFP-L3 is HCC-specifi c would be 
far-reaching in risk assessment, screening or sur-
veillance, and diagnosis. Other potential clinical 
utilities of the serum biomarkers could include 
predicting prognosis and monitoring recurrence 
after treatments in surgical resection, 
 radiofrequency ablation (RFA), and liver trans-
plantation. It has been reported that the AFP-L3 
concentration has fallen signifi cantly beyond 
half-life of the serum protein in circulation in 
patients treated successfully by surgery and RFA 
in those patients presumably had not intrahepatic 
invasion or metastasis [ 72 ,  73 ]. Retrospective 
data analysis also suggested the patient cohort 
with low AFP-L3 < 5 % who had undergone suc-
cessful surgical resection showed better long 
term survival compared to those with AFP- 
L3 > 5 % [ 68 ]. In comparison, AFP and DCP have 
been utilized as  prognostic biomarkers   in liver 
transplant for predicting recurrence and out-
comes in the same study, but they were not asso-
ciated with favorable outcome in survival [ 66 ]. 
Therefore, it appears AFP-L3 could be used for 
directing treatment and predicting prognosis of 
the treatments.  

12.3.2     Test Interpretation: 
The Caveats 

 When interpreting test results of  AFP-L3   and 
DCP, keep in mind that the sensitivity and speci-
fi city are conditional probabilities. The clinical 
parameters of sensitivity and specifi city are use-

ful but limited for at least by two reasons. The 
fi rst is these are population level statistics. They 
cannot be easily applied in individual patient 
because one has to assume that the clinical truth 
about the disease status is already known. This is 
not true in clinical decision making using the bio-
markers [ 74 ]. In addition, verifi cation bias could 
affect the performance characteristics of a diag-
nostic device if gold standard is not applied 
across the entire study population for assessing 
the assay performance characterizations. This 
could happen when the test negative patients in a 
study have no imaging data to confi rm the lack of 
HCC. This is not unusual in many oncology 
device investigations. For instance, due to ethical 
consideration, some patients in a study with neg-
ative lab testing results may not be subject to the 
same rigorous verifi cation of disease status by 
tissue biopsy as the positive cases were. This is not 
trivial in clinical validation of oncology study. 

 In contrast, positive and negative predictive 
value (PPV and NPV) of testing could offer 
useful information for the assessment of risk or 
probability of HCC at individual level. However, 
PPV and NPV could be affected by pre-test 
probability i.e. the prevalence of the disease. For 
HCC, disease prevalence is relatively low in 
population, approximately 5 % among the 
patients at risk for HCC at least in North 
America. Under such circumstance, a diagnostic 
test may be unproductive in terms of the informa-
tion yield from the testing procedure. 

 This brings us to another aspect of the testing 
utilization of the  AFP-L3   and DCP in surveil-
lance of HCC risk.  Surveillance   is repeat use of 
screening for patients at risk for HCC which is a 
targeted screening using AFP-L3 and DCP assay 
in patients of chronic hepatitis and  cirrhosis   [ 15 ]. 
Outside the United States, surveillance is estab-
lished in medical protocol for HCC management 
in some countries. For example, Japanese gov-
ernment has sponsored and endorsed the practice 
guideline of HCC surveillance employing US 
and the novel HCC serum biomarkers [ 20 ]. 
Periodic and serial sampling is imperative for 
accurate assessment of the HCC risk in clinical 
decision making using the serum biomarkers in 
surveillance. In this case, changes of the serum 
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biomarkers in value compared to baseline may 
make more clinical senses than simply look at an 
individual test result at any random time point. 
The assay interpretation in surveillance should 
rely on trending of the measurement values of the 
serum biomarker variation overtime. Multiple 
readings of AFP-L3 and DCP may mitigate the 
risk of false negative testing result or can even 
help to address the concern of false positive result 
of the tests which may be a more effi cient way to 
identify the patients of early HCC. 

 In evaluating of performance of a diagnostic 
test, a test is informative if sensitivity plus speci-
fi city is >1.0 or if PPV is greater than prevalence 
[ 75 ]. But its acceptance in medical practice in 
HCC management will depend on understanding 
of what is the actionable information derived from 
the testing procedure to answer the question of 
whether a patient should be treated. For most diag-
nostic testing, such information could be only fea-
sible from post-market or phase 4 clinical study 
design, or from user experiences since the HCC 
nodules have to be found in order to be treated. 

 HCC is a future event in the context of risk 
assessment. The clinical parameters appropriate 
for this purpose are relative risk (RR) and odds 
ratio (OR). The value of RR and OR > 1.0 with 
95 % confi dence interval not bracketing 1.0 is 
considered statistically signifi cant. For risk 
assessment, it is meaningful if these values are 
much greater than 1.0 [ 76 ]. Furthermore, a time-
frame associated with the risk implied should 
also be specifi ed for RR. The RR of HCC for 
positive  AFP-L3   and DCP is 10.6 and 4.8, respec-
tively when the cut-off of AFP-L3 is set at10 % 
and DCP at 7.5 ng/mL (product package inserts, 
Wako Life Sciences, Inc., Mountain View, CA) 
indicating that the risk of HCC of seropositive 
AFP-L3 and DCP is 10 and 5 times higher, 
respectively, in next 2 years compared to those 
with the assay results remain negative.   

12.4     Summary: Potential Clinical 
Utilities 

  AFP-L3   and DCP are the serum biomarkers with 
FDA clearance for marketing in the United States 
for the indication for use of risk assessment of 

HCC development in conjunction with other clin-
ical information. The criteria of the regulatory 
clearance are safety and effectiveness of the 
device for the stated indication for use. The safety 
of the device for use in risk assessment is further 
ensured by the statement that the devices should 
be used in conjunction with other clinical diag-
nostic modalities for decision making. 
Fundamentally, the patient safety is driven by the 
biological nature of the serum biomarkers i.e. 
their disease-specifi cities in general and tissue 
specifi cities in particular. High specifi city implies 
that elevation of AFP-L3 and DCP in circulation 
is pathognomonic for HCC irrespective of the 
gold standard in use for performance compari-
son. High specifi city is also indicative of the 
devices are of low false positive rate. A positive 
assay alerts of early HCC development in the 
patients with excessive risks for HCC because 
the high PPV of such testing is revealing, and the 
patients should be followed-up closely for confi r-
mation. The dilemma facing clinicians in inter-
preting the assay results is that they will have to 
fi nd the tumor nodule in order to initiate medical 
or surgical interventions in a timely manner. 
Technology advances in clinical measurements 
sometime indeed pose unintended challenges 
instead of immediate answers to clinicians. 

 While the high specifi city of the  HCC bio-
markers   could be indicative of high risk of HCC, 
the high clinical sensitivity is desirable but it 
should be secondary to clinical specifi city. The 
improvement in clinical sensitivity was largely 
limited by the assay technology in the past, but 
also by the gold standard used for performance 
comparison now. With advancement in technolo-
gies for clinical measurements, as demonstrated 
in the cases of  AFP-L3   and DCP, it has become 
apparent that value of the clinical laboratory tests 
will depend on understanding of the clinical sig-
nifi cance of the testing results with clear clinical 
utilities. User experience should be important in 
delineating the clinical usefulness of the HCC 
biomarkers. It should also be pointed out that the 
clinical sensitivity and specifi city can be 
improved signifi cantly by serial sampling and the 
combined use of the cancer biomarkers in paral-
lel or in tandem in algorithms or by adding newer 
or more sensitive biomarkers in the future. 
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 The complexities of human biology in disease 
developments unraveled by the improvements in 
measurement technologies suggest further col-
laborative efforts for determining the potential 
clinical utilities of the novel cancer biomarkers 
are necessary. Perhaps biomedical informatics 
can come to our helps in the near future in this 
regard with integrative data modeling tools for 
clinical algorithms in clinical decision making.     
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Abstract

Structural and functional characteristics of mucins and cytokeratins are 
shortly described. Thereafter, those commonly used in breast cancer as 
serum tumor markers are considered. First CA15.3, MCA, CA549, 
CA27.29 mucins and CYFRA21.1, TPA, TPS cytokeratins alone or in 
association have been examined in different stages and conditions. Then 
their usefulness in monitoring disease-free breast cancer patients is evalu-
ated. The central role of the established cut-off and critical change, the 
“early” treatment of recurrent disease and the potential benefit in survival 
are other issues that have been highlighted and discussed. The successive 
sections and subsections deal with the monitoring of advanced disease. In 
them, the current recommendations and the principal findings on using the 
above mentioned mucins and cytokeratins have been reported. A computer 
program for interpreting consecutive measurements of serum tumor 
 markers also has been illustrated. The final part of the chapter is devoted 
to mucins and cytokeratins as markers of circulating and disseminated 
tumor cells and their usefulness for prognosis.
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13.1  Introduction

Mucins (MUCs) are normally expressed by epi-
thelial cells and contribute to the lubrication of 
hollow tubular surfaces such as ducts and the pas-
sages in the respiratory and gastrointestinal sys-
tems. They also serve as a mechanical barrier to 
extrinsic physical and biological attacks. Mucins 
play an important role in the development of 
breast cancer, and an altered expression of mucins 
is associated with cancer progression. Recent 
studies have identified a differential expression 
of both membrane bound (MUC1, 4 and 16) and 
secreted mucins (MUC2, 5 AC, 5B and 6) in 
breast cancer tissues when compared with the 
non-neoplastic breast tissues. Functional studies 
have also uncovered many roles of mucins during 
the progression of breast cancer, which include 
modulation in proliferative, invasive and meta-
static potential of tumor cells [1].

Cytokeratins are involved in the stability of 
epithelial cells and in many intracellular signal 
cascades [2, 3]. Breast ducts contain two types of 
epithelial cells, inner luminal cells and outer 
basal/myoepithelial cells. These cells can be dis-
tinguished by their immunophenotype [4]. Most 
investigators have addressed breast carcinoma 
precursors by analyzing expression of cytokera-
tins (CKs) as differentiation markers, since their 
expression is thought to remain stable throughout 
carcinogenesis [5]. Breast cancers are thought to 
arise from luminally differentiated epithelial 
cells, as evidenced by strong expression of CK8, 
CK18 and CK19, similar to the situation in the 
cells lining the lumen of normal breast ducts [5–
7]. A small fraction of breast cancers express 
CK5 together with its major partners CK14 and 
CK17 [6, 8, 9] which are normally found in the 
basal cell layer of the mammary duct [5–7, 10]. 
Tumors expressing these CKs have been named 
‘basal-type’ breast cancer. Breast cancers are 
generally thought to express either luminal 
(CK8/18/19þ) or basal (CK5/14þ) cytokeratins 
[11–13]. However, some CK5/14- and CK8/18- 
coexpressing tumors have also been found [6, 8, 
10, 14]. It has been proposed that tumors positive 
for CK5 originate from multipotent CK5- 
expressing progenitor cells [6, 10, 15, 16] located 

between the basal/suprabasal and luminal cell 
layers in normal ducts [10]. CK5-positive pro-
genitor epithelial cells can gradually differentiate 
towards glandular and myoepithelial lineages [6, 
10, 15, 16].

13.2  Biochemistry of Mucin-Like 
Breast Cancer Antigens 
and Cytokeratins

MUCs include a family of high molecular weight, 
heavily O-glycosylated proteins that are differen-
tially expressed in several epithelial malignan-
cies. MUCs are broadly classified structurally 
into two main classes: membrane-bound mucins 
(1, 3A-B, 4, 12-13, 15-17, and 20) and secreted 
or gel-forming mucins (2, 5 AC, 5B, 6-8 and 19). 
MUCs are distinct in the sequence, domain orga-
nization, length, and number of their respective 
tandem repeat sequences [1].

Various monoclonal antibodies react with 
high molecular weight mucin-like proteins which 
are located in neoplastic mammary cells, i.e. car-
bohydrate antigen 15.3 (CA15.3), mucin-like 
carcinoma-associated antigen (MCA), carbohy-
drate antigen 549 (CA549), breast cancer mucin 
(BCM) [17, 18]. CA15.3 is a serum mucin-like 
tumor associated glycoprotein corresponding to 
an immuno-dominant epitope in the extracellular 
portion of the membrane bound mucin MUC1. It 
has a molecular weight of 300 Kda and is recog-
nized by two monoclonal antibodies: 115 D8
against milk fat membrane and DF 3 against
breast carcinoma cell line. CA15.3 is the most 
widely used mucin-like antigen in breast cancer. 
MCA is a serum mucin-like glycoprotein (molec-
ular weight 350–500 KDa). The monoclonal anti-
body that tests for it recognizes a repetitive 
epitope in the peptide part of the MCA molecule. 
CA549 is a high-molecular weight mucin (molec-
ular weight 400–500 Kda) which is recognized 
by two different monoclonal antibodies; the first 
(BCAE549) is directed against a human breast 
cancer line and the second (BCAN154) against 
the membranes of milk fat globules.

Cytokeratins (CKs) belong to a family of 
 proteins which co-polymerise generating 
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 heterodimers, then tetramers, which combine 
forming intermediate filaments. At this moment 54 
genes coding for human keratin are known, and 
they can be divided in two broad groups: 28 of 
type I and 26 of type II. Type I citokeratins are 
made up of relatively small acidic subunits (40–
56 KDa) which are encoded on chromosome
17q21.2. They include 17 keratins from squamous 
epithelium and 11 from simple columnar epithe-
lium (K9-10, K12-28 and K31-40). Type II cito-
keratins are made up of slightly larger basic 
subunits (53 and 67 KDa) which are encoded on
chromosome 12q23.3. They include 20 keratins 
from squamous epithelium and six from simple 
columnar epithelium (K1-8, and K71-86) [2, 3]. 
Each epithelial tissue has a characteristic combi-
nation of cytokeratins that is maintained even after 
malignant transformation [19]. CKs 1-6 and 9-17 
are found in the squamous epithelium, CKs 7-8 
and 18-19 in the simple columnar epithelium.

Cytokeratin fragments are soluble in serum 
with a half-life of 10–15 h, and can be detected as 
aggregates by monoclonal antibodies. Tissue 
polypeptide antigen (TPA) is formed by a simple 
chain with a molecular weight between 22 and 
23 Kda and probably consists of proteolytic frag-
ments of CKs 8, 18 and 19. TPA is produced dur-
ing late S and G2 phases of cell cycle and its 
positivity is linked to a rapid cellular prolifera-
tion [20, 21]. Tissue polypeptide-specific antigen 
(TPS) test is believed to detect CKs 18 and 19; 
TPS is recognized by a monoclonal antibody 
against the M3 epitope [22]. Cytokeratin frag-
ment 21.1 (CYFRA 21.1) is a fragment of CK 19 
with low molecular weight (3 KDa) recognized

by two monoclonal antibodies: KS19.1 and 
BM12.21.

Figures 13.1 and 13.2 show the structure of 
mucins and cytokeratins.

The principal mucins and cytokeratins, their 
structure, molecular weight and monoclonal anti-
bodies commonly used to recognize them are 
shown in Table 13.1.

13.3  Mucins and Cytokeratins 
as Serum Tumor Markers 
in Different Stages of Breast 
Cancer and in Other 
Conditions

Some mucins and cytokeratins are commonly 
used as serum tumor markers in breast cancer. 
However, high levels of them has been found also 
in other cancers or in benign conditions.

13.3.1  Mucins (CA15.3, MCA, CA549, 
CA27.29)

CA15.3 is the most used mucin-like antigen in 
breast cancer. High CA15.3 values may be 
observed also in ovarian cancer, endometrial 
carcinoma and non small cell lung cancer [23, 
24]. Megaloblastic anemia, renal failure, liver, 
infectious pulmonary and autoimmune diseases, 
ovarian cysts, endometriosis, benign breast 
lesions, oral contraceptive use, pregnancy and 
treatment with G-CSF are common benign 
reasons of CA15.3 increase [25–32].

Signal sequence Tandem repeat domain EGF/SEA domain Cytoplasmic tail

Transmembrane domain

COOHNH2

Fig. 13.1 Structure of MUC-1. The extracellular region contains sites of O- and N-linked glycosilation and is predomi-
nantly composed of variable number of tandem repeats
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CA15.3 levels appear to correlate with stage 
of BC. In a study, 6/108 (6 %) stage 1, 5/52 
(10 %) stage 2 and 9/39 stage 3 (18 %) BC 
patients had elevated serum CA15.3 levels 
(≥30 U/ml) at diagnosis. In a 12-month follow-
up during which serum CA15.3 levels were mea-
sured once every 3 months, CA15.3 declined to 
normal value in all but three patients who were 
then diagnosed with metastatic disease [33]. 
CA15.3 levels in serum are elevated in 50–80 % 
of metastatic patients [34]. Using ELISA and 
normality defined as <25 U/ml, only 1/14 (7 %) 
patients with local recurrence of BC had elevated 
CA15.3 levels. Twenty-two from twenty-three 
(96 %) patients with both local recurrence and 
distant metastasis had elevated circulating 
CA15.3 levels [34].

MCA is a MUC-1 associated antigen; elevated 
levels are observed in breast, ovary, gastrointesti-
nal cancers, and in pregnancy, endometriosis, 
ovarian cysts, benign lesions of breast, kidney 
and liver [31].

CA549 has been found elevated in other types 
of tumors, like ovarian, prostate and lung cancer, 
in pregnancy and in benign conditions of the 
breast [31].

CA27.29 is a MUC-1 associated antigen 
detected by the monoclonal antibody B27.29, 
specific for the protein core of the MUC1 prod-
uct; it has comparable results to CA15.3, although 
it seems more sensitive to limited variations in 
tumor extension [35]. Elevated levels of this 
marker are observed also in ovary, gastrointesti-
nal, kidney, endometrium, liver, lung and thyroid 

Head domain

a

b

E1 V1 H1 L1

1A 1B 2A

Rod domain

L12 L2

2B Tail domain

COOH

H2 V2 E2

NH2

Fig. 13.2 Structure of keratin molecule. A: keratin protein molecules with domains and subdomains. B: heterodimer: 
type I/II keratin protein molecules in parallel alignment

Table 13.1 Principal characteristics of some mucins and cytokeratins commonly used as serum tumor markers in 
breast cancer

Tumor marker Structure Molecular weight (KDa) mAb for detection

CA15.3 Glycoprotein 300 115D8, DF3

MCA Glycoprotein 350–500 b-12

CA549 Glycoprotein 400–500 BCAE549, BCAN154

CYFRA21.1 CK 19 fragment 3 KS19.1, BM12.21

TPA CKs 8, 18 and 19 fragments 22–23 KS

TPS CKs 18 and 19 14 M3

mAb monoclonal antibody
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cancer, and in pregnancy, endometriosis, benign 
lesions of breast, kidney and liver [31].

To compare the two breast tumour markers, 
CA15-3 and MCA using Receiver Operating
Characteristic (ROC) curve analysis, 196 patients
“presenting” with breast carcinoma had serum 
CA15-3 and MCA concentrations measured. 
Using these markers as indicators of stage IV 
 disease at the recommended laboratory level, true 
positive rates (TPR) and false positive rates 
(FPR) were obtained as follows: CA15-3 
TPR = 75 %, FPR = 7.4 %, MCA TPR = 80 %, 
FPR = 59.1 %. By increasing the CA15-3 cutoff 
level to 45 U/ml, a TPR and FPR of 75 % and 
0.6 %, respectively were obtained. By increasing 
the MCA cutoff level to 23 U/ml, a TPR and FPR 
of 65 % and 2.3 %, respectively, were obtained. 
These findings show that CA15-3 is a superior 
indicator of metastatic breast disease than MCA 
at recommended laboratory levels, and by alter-
ing the cutoff points, the specificity and sensitiv-
ity for both these markers can be improved [36].

13.3.2  Cytokeratins (CYFRA 21.1, 
TPA, TPS)

13.3.2.1  CYFRA21.1
Breast carcinoma has been demonstrated to 
express CK19 fragments in the primary and met-
astatic lesions and CK19 mRNA is detectable in 
peripheral blood from patients affected by breast 
cancer. In a study, serum CYFRA 21.1, CEA and 
CA 15.3 were measured in the sera from 212 BC 
patients, including 96 with untreated primary dis-
ease (54 stage I-II, 18 stage III and 24 stage IV), 
30 regional (chest-wall and/or lymph-nodes) and 
68 metastatic (haematogenous metastases) 
relapsing disease. One hundred healthy age-
matched females and 65 patients affected by 
benign mammary gland disease (including 38 
patients with mastopathy and 27 with fibroade-
noma) were enrolled as controls. Serum levels of 
all markers increased from controls to patients 
affected by breast cancer, from stage I-II to stage 
IV of the breast cancer and from local to advanced 
recurrence [37]. In another paper, the authors 
studied serum CYFRA 21-1 in breast carcinoma 

based on evidence that breast carcinoma 
expresses cytokeratin 19 fragments and that 
CYFRA 21-1 is a specific antigen for cytokeratin 
19 fragments. The serum samples of 86 patients 
with primary breast carcinoma, 14 patients with 
recurrent breast carcinoma, 22 patients with 
benign mammary disease, and 25 healthy con-
trols were provided for measurements of CYFRA 
21-1, carcinoembryonic antigen (CEA), and CA 
15-3. The relation between clinicopathologic fea-
tures, prognosis, and disease free survival with 
serum CYFRA 21-1 was studied. There was no 
difference between the serum CYFRA 21-1 lev-
els from patients with benign mammary disease 
and those from healthy controls. The sensitivities 
of CYFRA 21-1 for patients with International 
Union Against Cancer Stage IV and recurrent 
tumors were 60 % and 64.2 %, respectively, 
which were as high as those for CA 15-3 and 
superior to those for CEA. The hematogenous 
recurrence showed a very high sensitivity of 
89 %. According to the increments of T, N, and 
M factor numbers, the serum CYFRA 21-1 levels 
were elevated. No correlation between CYFRA 
21-1 and CEA was observed and the correlation 
between CYFRA 21-1 and CA 15-3 was weak. 
The univariate and multivariate analyses for sur-
vival revealed that serum CYFRA 21-1 levels 
were an independent indicator of prognosis [38]. 
In another study from the same author, the sera 
from 173 patients with primary breast cancer or 
recurrent disease were measured for CYFRA 
21-1, carcinoembryonic antigen (CEA), and car-
bohydrate antigen 15-3 (CA 15-3) levels. The 
positive rates of serum CYFRA 21-1 for stage IV 
(n = 12) or recurrent disease (n = 26) were 83.3 
and 84.6 %, respectively, while those of serum 
CEA were 41.7 and 26.9 %, and those of serum 
CA 15-3 were 83.3 and 34.6 %. The elevated pre-
operative levels of serum CYFRA 21-1 decreased 
to normal levels after curative operation, whereas 
they remained abnormally high after noncurative 
operation. There was a significantly high fre-
quency of recurrence in patients with elevated 
levels of serum CYFRA 21-1 preoperatively 
compared to those with normal levels of the 
marker preoperatively. The positive rate of serum 
CYFRA 21-1 alone was higher than that of an 
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assay combining CEA with CA 15-3, in both pri-
mary and recurrent cases (28.8 vs. 18.8 and 84.6 
vs. 46.2 %, respectively) [39].

13.3.2.2  TPA, TPS, TPA(cyk), CYFRA 21.1
In a study, the different behaviour of TPA, TPS, 
TPA(cyk) and CYFRA 21.1 were investigated in 
serum samples, mainly of metastasized cancer 
patients. The TPA (cyk) test determines cytokera-
tin 8 and 18 fragments. By selecting individual 
samples with a high and a low TPA/TPS ratio, it 
could be proven that no correlation existed in 
these samples between TPS and CYFRA 21.1. A 
good correlation was established between the 
TPA test and the CYFRA 21.1 test, and interme-
diate correlations were present between these 
tests and TPA (cyk) [40].

Many other studies report that serum CKs 
have low specificity and a raise can be observed 
in a wide range of cancers [19, 40–45]. Acute and 
chronic infections, acute and chronic inflamma-
tion, liver chirrosis, cholestasis, renal failure, and 
also pregnancy are the most common non malig-
nant causes of serum cytokeratins high levels [31, 
46–50].

TPA Compared with CEA and CA15.3
Specificity and sensitivity of CA15.3 have been 
evaluated in another study and they were 
compared with those of CEA and TPA. Serum 
concentrations of all three TMs were determined 
in 618 individuals: 80 healthy controls, 421 
patients with local breast cancer who became 
free of disease following locoregional treatment, 
and 117 patients with disseminated disease. 
Radioimmunoassay (RIA) was the method 
employed, and the cut-off values obtained were 
30 U/ml for CA 15.3, 5 ng/ml for CEA, and 
120 U/I for TPA. The results showed CA 15.3 
and CEA specificities to be analogous (95.7 % 
and 95.5 %, respectively), while TPA specificity 
(81.9 %) was lower (p<0.001). During adjuvant
therapy, CA 15.3 serum levels were seen to 
increase, followed by a normalization of 
concentration after terminating therapy. On the

other hand, CA 15.3 and TPA sensitivities 
(64.1 % and 67.5 %, respectively) were greater 
than for CEA (44.4 %, p < 0.01). It was concluded 
that (a) CA 15.3 is a useful TM for breast cancer, 
as it offers a greater sensitivity than CEA and a 
higher specificity than TPA; (b) combining CA 
15.3 and CEA fails to increase CA 15.3 
sensitivity; (c) combining CA 15.3 with TPA 
increases false-positives therefore likely it does 
offer no additional benefit [51].

TPA, a Proliferation Tumor Marker
Unlike CEA and CA15.3, that are usually consid-
ered tumor burden markers, as their values tend 
to correlate with the stage of disease, there are 
data suggesting that TPA is a tumor proliferation 
marker.

Particularly, a study evaluated TPA in serum 
and tumor cell cytosol of breast cancer patients, 
for which proliferative activity, determined by 
the thymidine labelling index (TLI) technique, 
was also available. High serum TPA levels were 
associated with unfavourable clinicopathological 
characteristics whereas a higher tumor cell cyto-
sol TPA level was associated with better cytohis-
tological tumor differentiation. When analyzing 
cases in which serum and tumor cell cytosol TPA 
values were higher than 100 U/L and 500 U/mg 
cytosol protein, respectively, serum TPA was 
positively associated with TLI, while cytosolic 
TPA resulted negatively associated with TLI. A 
strong inverse relationship between cytosolic and 
serum TPA was evident [52]. In another study, 
TPA and CA 15.3 concentrations were routinely 
determined in serum of patients treated for breast 
cancer during a 15-month period. ROC curves
did not show differences in the ability to differen-
tiate between NED and PD on the basis of match-
ing tumor marker values. During monitoring of
patients with NED, TPA levels showed fluctua-
tions of more than 25 % that were not disease 
related. It was concluded that CA 15.3 is a more 
slowly reacting marker of tumor burden than 
TPA, which is an immediate indicator of cell 
turnover [53].
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13.4  Post-operative Follow-Up 
of Breast Cancer Using 
Serum TMs for an “Early” 
Detection of Relapse

Mainly basing upon two prospective randomized 
trials conducted in early nineties, it is commonly 
thought that in the post-operative monitoring of 
asymptomatic patients routine use of serum TMs 
with conventional instrumental examinations 
provide no advantage in survival or ability to 
palliate recurrent disease [54–59]. Therefore, in 
post-therapy surveillance and follow-up of pri-
mary breast cancer, current guidelines recom-
mend clinical exam and routine breast imaging, 
and do not support the use of TMs such as CEA 
and CA15.3 and radiological examinations 
unless investigationally [60]. In spite of this, in 
clinical practice, many patients are submitted 
also to serial serum TMs measurement and an 
instrumental follow up, with repeated US and 
bone scans. The European Group on Tumor 
Markers (EGTM) and the National Academy of 
Clinical Biochemistry (NSCB) recommend the 
use of TMs for the diagnosis of early recur-
rences, mainly because the use of TMs may 
decrease the frequency of using imaging tech-
niques, thereby reducing costs [61, 62]. In fact, 
diagnostic imaging are carried out only in 
patients suspected by clinical symptoms or by a 
TM increase. However, it must be highlighted 
that the most common guidelines, specifically 
those issued by Clinical Societies, are sometimes 
based on “old” trials, therefore new clinical 
 evidences are needed.

13.4.1  Cut-off Value and Critical 
Change (CC)

Interpretation of serum TMs value is a central 
issue. In fact, it is well known that an “ideal” 
marker, with 100 % specificity and sensitivity, 
does not exist. Intra- (CVP) and inter- (CVG) indi-
vidual biological variation, analytical imprecision 
(CVA), and indices of individuality affect serum 
TMs values. In a study, the average CVP and CVG 
obtained from 22 healthy women were, respec-
tively, 6.2 % and 62.9 % (CA 15.3), 9.3 % and 
86.8 % (CEA), and 28.3 % and 133 % (TPA). The 
indices of individuality were all <0.6: 0.2 (CA 
15.3), 0.15 (CEA), and 0.2 (TPA). CVA depended 
on the concentration of the analytes. CVP and 
CVA determine what constitutes a significant dif-
ference between sequential results. Assuming a 
CVA of 11.2 % (CA 15.3), 9.5 % (CEA), or 11.9 % 
(TPA), results must differ by 30 %, 31 %, or 72 %, 
respectively, for P ≤ 0.05. Therefore, they all 
should be considered to define at the best cut-off 
and critical change (CC). In fact, conventional cut-
off limits are inappropriate for follow-up of breast 
cancer [63] and for having a cost-effective TMs 
accuracy with early detection of recurrences [64–
67]. The addition of more markers, particularly 
CA15.3 and TPA to CEA proved to be useful for 
increasing sensitivity approximately up to 90 % 
with a lower decrease in specificity (Table 13.2). 
An appropriate cut-off and CC are necessary to get 
high sensitivity and specificity. A CC is a signifi-
cant variation between two serum TM values 
determined in two consecutive blood samples 
withdrawn at relative short interval (few weeks).

Table 13.2 Specificity and sensitivity of serum TMs for early detection of recurrences according to the number of the 
evaluated markers: a meta-analysis of 22 studies

Tm (n)

Specificity % Sensitivity %

Range Median
Difference %  
between medians Range Median

Difference %
between medians

1 90–98 96 – 33–69 54 –

2 82.5–95 88 −8 (1 vs. 2) 61–88 78.5 +24 (1 vs. 2)

3 79–91 84 −12 (1 vs. 3) 85–95 90 +36 (1 vs. 3)

13 Mucins and Cytokeratins as Serum Tumor Markers in Breast Cancer
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There are discrepancies in the criteria to define 
a critical change [40, 62, 63, 68–71]. The EGTM 
considers a significant change to be an increase in 
previous levels of at least 25 %, which must be 
confirmed by a second measurement obtained 
within 1 month and at least one of them above the 
normal level. If the TMs continue to increase, this 
indicates disease progression [40, 72–74].

Also in our Center, since a long time a dynamic 
evaluation was considered to define CC. In par-
ticular, in the event of a high value, if the tumour 
marker(s) re-measured within 2–4 weeks had 
decreased to the normal level, the initial elevated 
value was considered to be an isolated elevated 
value (IEV). The elevated tumour marker  
was considered to be progressive (progressive 

increase, PI) when it was 30 %, or more, higher in 
the sample withdrawn 2–4 weeks following the 
initial elevated value. Otherwise, two equally high
values were regarded to be a constant elevation 
(CE). In disease-free patients CE and/or PI in one 
or more markers, unexplained by a clear concomi-
tant benign pathology, was considered the predic-
tive increase, that is the kind of increase to predict 
relapse with an established tumour marker panel 
[75, 76]. In 2008, to rule out any interpretation of 
serum TMs, we proposed a CC according to a for-
mula based on an individual reference limit (IRL) 
as cut-off value. Five consecutive blood samples 
are regularly withdrawn within 6 months at the 
beginning of the follow-up and the five serum val-
ues are considered for each marker;

This cut-off value is adjusted every 2.5 years and 
two serum TMs values higher than IRL is consid-
ered a CC. So, the CC has been defined consider-
ing both mathematical criteria (within-subject 
biological and statistical variability) and observa-
tional findings (rising levels at the relapse) [77].

13.4.2  Mucins

The most widely used serum TMs for post- 
operative breast cancer surveillance are antigens 
associated with the MUC-1 gene family and 
CEA, which are recommended by the EGTM 
[62].

13.4.2.1  CEA
Carcinoembryonic antigen (CEA) is a high 
molecular weight (180 Kda) glycoprotein which 
is synthesized in the developing embryo. Its natu-
ral function is unknown, although it is believed 
that it could be related to cell recognition or 
adhesion mechanisms because of its resemblance 
with immunoglobulins. Other molecules with a
great similarity with CEA, known as CEA fam-
ily, are encoded by about ten genes located on 

chromosome 19 [78]. Several benign conditions 
can cause increased serum CEA levels, like 
smoking, thyroiditis, hypothyroidism, inflamma-
tory bowel disease, liver chirrosis, biliary 
obstruction, pancreatitis, renal failure, chronic 
obstructive lung disease, pneumonia, tuberculo-
sis, ovarian cyst [31, 61, 79–82]. Elevated serum 
values of CEA can be detected in patients with 
breast, gastrointestinal, ovary and lung cancer. In 
breast cancer, its specificity and sensitivity as 
single marker are reported to be ranging from 
92 % to 98 % and from 30.5 % to 50.5 % respec-
tively depending on criteria of positivity. The 
reported interval between increase and diagnosis 
of recurrence ranges from 2 to 18 months (mean, 
5.2 months) [50, 64, 66, 76, 83].

13.4.2.2  CA15.3
In a large study of 3953 patients with breast can-
cer followed for detection of disease recurrence, 
274 of the 784 patients (35 %) who had recur-
rence of the disease had at least one abnormally 
elevated CA15.3 measurement (>30 U/ml) [84]. 
Another study examined the value of CA15-3 as 
an alternative to conventional bone scintigraphy 
for diagnosing breast cancer metastases. A total 
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of 218 patients with breast cancer was evaluated 
over a 4-year period. Serum CA15-3 levels were 
obtained at 3-monthly intervals and bone scintig-
raphy annually or if the patient developed loco-
motor symptoms or exhibited elevated CA15-3 
levels. Of these patients, 33 with metastatic breast
carcinoma had an elevated tumour marker level 
at the time of diagnosis of their metastases; bone 
metastases alone = 15/17 (88 %), soft tissue 
metastases alone = 2/6 (33 %), simultaneous 
bony and soft tissue metastases = 7/10 (70 %). 
The preponderance of an elevated CA15-3 in 
metastatic bone disease, be it in isolation or in 
combination with non-bone metastases, yields a 
sensitivity, specificity and positive predictive 
value of 81.5 %, 66 % and 92 %, respectively. 
Although 22 of the 27 patients had an elevated 
CA15-3 at the time of diagnosis of their bone 
metastases, the remaining five patients (with 
tumour marker levels in the normal range) 
showed a similar, albeit a delayed, increase 
(median = 3 months). Thus, all metastatic bone 
disease patients demonstrated elevated marker 
levels [33]. Two hundred and forty three female 
breast cancer patients with localised disease were 
followed prospectively with CA15.3 after pri-
mary treatment until the first relapse. In the fol-
low- up period, the CA15-3 was analysed every 6 
months. During the 5 years of follow-up, 59
(24 %) relapses were discovered. CA15-3 was 
elevated in 21/59 (36 %) of the relapsed cases at 
least once. The 59 patients were subjected to 199 
tests, of which 25 (13 %) were positive. Among 
the 184 patients without recurrence, there were 6 
(3 %) with a positive CA15-3 level. The test 
failed to detect locoregional relapse or contralat-
eral breast cancer. It was elevated in approxi-
mately half of bone-only metastases and in all of 
the liver-only metastases. In the pulmonary-only 
recurrences, the marker value was not elevated. 
Authors conclude that the CA15-3 is not sensi-
tive enough to indicate the first relapse earlier 
than other methods [85].

13.4.2.3  CEA-CA15.3 Association
Many studies have shown that serial determina-
tion of CA15.3 and CEA is useful for the early 
detection of recurrences [50, 64, 85, 86].

Sixty-two women who had undergone curative 
surgery for pT1-2 pN0-1 M0 breast cancer devel-
oped local recurrences, distant metastases or con-
tralateral BC during a median relapse time of 53 
months (range 25–149 months). Sensitivity of 
CEA, CA 15-3, and CEA + CA 15-3 together was 
40.3 %, 41.9 % and 59.7 %, respectively. No cor-
relation (p = NS) was found between tumor mark-
ers sensitivity and type of recurrence, surgical 
procedure, histologic subtypes and hormone 
receptors rate. CEA significantly (p < 0.01) corre-
lated with the size of the tumor and axillary node 
status and CA 15-3 with the age of the patients 
[87]. In a prospective study, serial serum determi-
nations of CEA and CA15.3 every 3–6 months 
were performed in 1023 patients (mean follow-up 
6.2 years) with no evidence of residual disease 
(NED) after radical surgery; 246 patients devel-
oped metastases during the follow-up. CEA and 
CA 15.3 were elevated (>10 ng/ml or >60 U/ml, 
respectively) prior to diagnosis of metastases in 
40 % (98/246) and 41 % (37/91) of the patients 
with recurrence, with a lead time of 4.9 ± 2.2 and 
4.2 ± 2.3 months, respectively. When patients with 
locoregional recurrences were excluded, sensitiv-
ity improved to 46 % (CEA) and 54 % (CA 15.3), 
and to 64 % with both TMs. Specificity of the 
tumor markers was 99 % for both TMs [66]. In a 
study conducted in 8000 breast cancer patients, 
CEA and CA15.3 were in the normal range 
(CEA < 6 microg/L and CA15.3 < 40 U/L) before 
surgery, and increased only before the develop-
ment of distant metaseases. Twenty four patients 
participated in a prospective study in which they 
were monitored every 3 months after an increase 
of CEA and/or CA15.3 until the metastases were 
detected clinically. Half of these patients devel-
oped metastases within 5 months after CA15.3 or 
CEA increase, while in the remaining 12 patients 
the time interval between increase and detection 
of metastases was much longer [88].

In another study, 103 women with pT1-2, 
pN0-1, M0 operated for breast cancer were fol-
lowed up for at least 5 years and CEA and CA 
15-3 serum levels were measured every 6 months. 
During the follow-up, 21 (20.4 %) patients
showed recurrence and overall CEA and CA 15-3 
sensitivity was 38.1 % and 61.1 %, with 98.8 % 
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and 91.2 % specificity, respectively [64]. More 
recently, a prospective Iranian study assessed the 
value of CEA and CA15-3 in 159 patients with 
primary breast cancer. CEA and CA15-3 assays 
(mean 14 per patient) were performed at diagno-
sis, end of surgery and chemotherapy and every 3 
months in the first 2 years and every 6 months in 
second 2 years of the follow-up period. During
the follow-up, 33 patients (20.8 %) presented 
symptomatic metastasis. A significant relation-
ship was seen between metastasis status and posi-
tive CEA and CA15-3 levels. The sensitivity and 
specificity were 66.7 % and 98.4 % for CEA and 
84.8 % and 91.3 % for CA15-3 respectively. 
Optimum cut-offs were 4.95 ng/mL and 30.5 U/
mL for CEA and CA15-3 [89].

13.4.2.4  Lead Time and Diagnostic 
Accuracy of CEA and CA15.3

The lead time is the time interval between the 
first TM increase and the instrumental diagnosis 
of recurrence. The majority of authors report a 
led time ranging between 2 and 18 months (mean 
5.2 months) [50, 64, 65, 76, 85]. Sensitivity in 
early diagnosis of recurrence is low in locore-
gional recurrences and high in distant metastases 
[66, 85]. Published papers show that CA15.3 is 
the TM of choice in the early diagnosis of recur-
rence, but EGTM guidelines advise the inclusion 
of CEA to increase sensitivity by 5–20 %. Using 
the commercial kit cut-off values, the proportion 
of high TM values due to reasons other than 
recurrence was 6.6 % for CA15.3 and 5 % for 
CEA. Other studies have reported a specificity
ranging from 92 % to 99 % for these two TMs. 
The use of a dynamic criterion, at least two suc-
cessive increases in each of them of more than 
15 % compared to the previous measurement, 
increased specificity to over 99 % [90].

13.4.2.5  CEA-CA15.3-MCA Association
A prospective study comparing the abilities of 
CA15.3, mucin-like carcinoma associated anti-
gen (MCA), and CEA to predict the onset of 
metastasis in BC patients observed that CA15.3, 
at a cut-off of >27 U/ml, could predict metastasis 
in 36 % of BC patients compared to 64 % for 
MCA and 33 % for CEA. CA15.3 elevation in the 

serum appeared to be more sensitive (78–96 % 
sensitive with a range of 56–140 U/ml) to detect 
patients with mixed metastasis (both bony and 
soft tissue metastasis) than those with either an 
isolated bony or soft tissue metastasis (32–75 % 
sensitivity for bone metastasis, range: 21–40 U/
ml and 47–83 % sensitivity for soft tissue metas-
tasis, range: 22–67 U/ml). While MCA was a bet-
ter marker of early metastasis than either CA15.3 
or CEA, neither marker was very good at predict-
ing disease relapse [91].

13.4.3  Cytokeratins in Addition 
to Mucins

Various studies have suggested the inclusion of 
cytokeratins with or without CEA, in breast can-
cer follow-up.

13.4.3.1  CA15.3-CEA-TPA
A study investigated the ability of CA 15.3, CEA, 
and TPA to predict or exclude metastases in bone/
viscera during adjuvant treatment and follow-up 
of high-risk breast cancer patients. Ninety of them 
were followed up with TMs, clinical examination, 
and imaging techniques. During the marker moni-
toring period, four patients developed a recur-
rence confined to skin or lymph nodes, 21 
developed metastases to bone or viscera, and 65 
females had no evidence of metastases. CA 15.3, 
CEA, and TPA correctly classified 48 %, 10 %, 
and 19 % of the patients with metastases in bone/
viscera, and 100 %, 94 %, and 98 % without. The 
NPV (86 %) indicated that when CA 15.3 did not 
signal recurrence, metastases to bone or viscera 
were not likely [92]. The same TM panel was 
evaluated by Nicolini et al. in 285 breast cancer 
patients. In particular, the CA15-3 sensitivity for 
an “early” diagnosis was compared with those of 
the two other markers in order to define the most 
suitable association. Moreover, in a subset of 169 
non relapsed patients with a prolonged follow-up 
(40 ± 8 months) CA15-3 specificity was investi-
gated. During post-operative follow-up, in 27
(10 %) patients, distant metastases occurred. 
CA15-3, CEA and TPA sensitivity were 46 %, 
7 % and 63 % respectively. When each tumour 

A. Nicolini et al.



207

marker was considered in combination, CA15-3-
CEA-TPA association showed a higher sensitivity 
(87 %) than both CA15-3-TPA (83 %) and the 
CEA-TPA (70 %). Serum CA15-3 increase pre-
ceded the certain sign of metastases 2.7 ± 2.6 
months. Shortly before appearance of distant 
metastases, CE and/or PI in serum CA15-3 values 
occurred in all evaluated patients except three in 
whom IEVs were found as well. In 24 (14 %) of 
the 169 non relapsed patients, high serum CA15-3 
values occurred. In 16 of these 24 patients, an IEV 
was found, while four (2.3 %) or the eight remain-
ing ones with CE and/or PI were falsely suspected 
of metastases. In this group of non relapsed 
patients, chronic liver failure, diabetes and/or 
hepatic steatosis were the reasons more com-
monly responsible for the CA15-3 increase. These 
data indicate that in the post-operative follow- up 
of breast cancer patients, TPA is the most useful 
tumour marker and TPA-CA15-3 the most suit-
able association. Contemporaneous measurement 
of serum CEA levels only slightly increases sensi-
tivity and PPV of TPA-CA15-3 combination [50]. 
More recently, after we have adopted the previ-
ously mentioned IRL and CC in 186 disease free 
breast cancer patients, those falsely suspected 
have been evaluated. Every 100 person/years, 
1.8 %, 6 %, 0.8 % and 8.4 % were patients falsely 
suspected for relapse with CEA, TPA, CA15.3 
and CEA-TPA-CA15.3 association respectively.

13.4.3.2  CA15.3-CEA-TPS
The efficacy of CEA and CA15.3 tumor markers 
in monitoring breast cancer was evaluated in 831 
patients. Three hundred and forty-nine patients 
were monitored for either a minimum of 5 years 
or until time of recurrence. CA 15.3 and TPS sen-
sitivities were 71.9 % and 66.3 % in metastatic 
patients, respectively and in them the addition of 
TPS to CA 15.3 increased the sensitivity to 
87.6 %. During post-surgical follow-up CA 15.3
was elevated in 65.7 % and TPS in 61.3 % of 
patients with recurrence. The combination of 
TPS and CA 15.3 increased the overall sensitivity 
by 12.7 % [44]. Given et al. examined TPS, 
CA15.3 and CEA in 1082 breast cancer patients, 
277 of whom had a recurrence. The mean follow-
 up was 4.4 years. Sensitivity, specificity, PPV 

and NPV of CA 15-3, TPS and CEA for visceral, 
bony and locoregional recurrence were calcu-
lated. CA 15.3 was the most sensitive marker, 
68 % for visceral and 69 % for bony recurrence. 
TPS showed 64 % and 51 % specificity, and CEA 
27 % and 46 % for visceral and bony recurrence 
respectively. The PPV of CA 15.3 was 47 % for 
visceral and 54 % for bony recurrence, and was 
greater than that for TPS (visceral 25 %, bony 
21 %) or CEA (visceral 18 %, bony 26 %). The 
sensitivity of CA 15.3 and TPS for locoregional 
recurrence was low at 23 % and 17 % respec-
tively. A combination of CA 15.3, TPS and CEA 
failed to increase the sensitivity of CA 15.3 for 
visceral recurrence. However, a marginally 
increased sensitivity was recorded for combined 
CA 15.3 and TPS (70 %) and for combined CA 
15.3, TPS and CEA (71 %) in bony recurrence. 
The mean lead time in visceral recurrence for 
TPS and CA 15.3 were 8 and 10 months respec-
tively. In patients with bony recurrence the mean 
lead time for TPS and CA 15.3 were 7.5 and 8.25 
months. Mean lead time increased to 9 and 11 
months for bony and visceral recurrence respec-
tively when CA 153 and TPS were combined. 
Sensitivity in the early diagnosis of distant metas-
tases was 21–25 % for TPS, 47–54 % for CA15.3 
and 18–26 % for CEA. Specificity was over 90 % 
for CA15.3 and CEA, while TPS showed more 
than 12 % false positive results [86].

13.4.3.3  CEA-CA15.3-CYFRA21.1
In the study previously mentioned by Giovanella 
et al., 48 patients previously treated by surgery 
and without any evidence of disease were 
enrolled to evaluate the role of serum TMs in the 
monitoring for recurrence of the disease. The 
comparison of diagnostic accuracy in the detec-
tion of primary and relapsing breast cancer 
showed no significant differences between mark-
ers. CEA and CYFRA 21.1 detected less recur-
rences than CA 15.3. Authors concluded that 
these data showed no significant improvement in 
the diagnosis and follow-up of breast cancer by 
CYFRA 21.1 and CEA assays compared to CA 
15.3 assay and recommended that the CYFRA 
21.1 assay should not be employed in clinical 
practice [37].
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13.4.3.4  CA15.3-MCA-CEA-TPA
A study prospectively monitored 209 post- 
operative breast cancer patients with simultane-
ous serum level estimations of CA15.3, MCA, 
TPA and CEA; 141 (67.5 %) were free of recur-
rence and 68 (32.5 %) developed metastases dur-
ing the follow-up. The sensitivity of tumor 
markers were 68.2 % for CA15.3, 34.1 % for 
CEA, 72.7 % for MCA and TPA. The combina-
tion of CA15.3 with TPA or MCA with TPA 
showed a trend for improved sensitivity of both 
markers (p = 0.06), with no specific loss of speci-
ficity (p = 0.11). The addition of CEA to CA15.3 
or MCA did not provide additional information 
for clinical evaluation. Patients with elevated 
tumor marker determinations had significantly 
shorter survival than those with values within the 
normal range. Two serial, progressively increas-
ing values of tumor markers during the follow-up 
strongly predicted recurrence. Authors concluded 
that the co-measurement of CA15.3 with TPA or 
MCA with TPA is justifiable in monitoring breast 
cancer patients postoperatively [93]. In this study, 
and in the study by Vizcarra et al. already men-
tioned, adding a cytokeratin resulted in an 
increase in sensitivity, but it resulted in a decrease 
in specificity as well (over 15 % false positive 
results for TPA) [93, 94].

13.4.4  Usefulness of Serum TMs 
in Addition to Conventional 
Instrumental Examinations 
During an Instrumental- 
Biochemical Follow-Up

A few studies have addressed the usefulness of 
serum TMs in addition to conventional instru-
mental examinations for diagnosis of distant 
metastases.

13.4.4.1  Bony Skeleton
A study was conducted in order to specify the 
precise role of bone scintigraphy and serum CEA 
and CA 15-3 assays in the monitoring of breast 
cancers in order to optimize their use. In patients 
with bone metastasis, serum CEA levels were 
abnormal in 23/49 cases and CA 15-3 serum con-

centrations were elevated above the cut-off in 
33/49 cases. Among patients without bone metas-
tasis, CEA and CA 15-3 serum concentrations 
were normal in 50/74 and 55/74 cases respec-
tively. The combination of the two markers 
improved the diagnostic sensitivity. Authors con-
clude that although serial tumor marker measure-
ments are an efficient and cost effective method 
of monitoring disease progression, it does not 
allow prediction of the bone scan results; so it is 
not justifiable to reject a bone scintigraphy on the 
basis of these markers [95]. A study was per-
formed in 25 patients with breast cancer, previ-
ously surgically treated to correlate serum levels 
of CA15-3, CEA and bone scintigraphy. All 
patients underwent whole body scintigraphy. 
CA15.3 and CEA were measured by radioimmu-
noassay. Bone scintigraphy revealed bone metas-
tases in 16 (64 %) patients. Significant differences 
in CA15.3 level was found in patients with 
metastases compared to patients without metasta-
ses [96]. Another study retrospectively evaluated 
120 bone scans of patients with breast carcinoma 
Results of the bone scans were grouped as nor-
mal, equivocal and metastatic. Cutoff levels of 
4.8 U/mL for CEA and 38 U/mL for CA 15-3 
were accepted. Bone scintigraphy revealed 
metastases in 16 patients. Sixty-one patients had 
normal scans and in 47 patients metastases could 
not be ruled out. In patients with metastases, CA 
15-3 was elevated in 8 and CEA was higher than 
the upper limit in 6 [97]. Eighty-nine women 
with BC who had undergone bone scintigraphy 
as part of their follow-up were retrospectively 
evaluated in order to establish the diagnostic 
value of bone scan in association with measure-
ments of serum CEA, CA 15-3 and TPA levels. 
Serum tumor markers levels were compared with 
the results of bone scintigraphy. Serum CEA, CA 
15-3 and TPA levels of 7 ng/ml, 35 U/ml and 
90 U/I, respectively, were adopted as the upper 
limit of normal. Serum CA 15-3 was significantly 
higher in patients with a positive bone scan 
(p = 0.017). For CEA and TPA, no significant dif-
ference was found between patients with and 
without bone metastases. Twenty-five of seventy 
patients (36 %) with normal CEA had bone 
metastases. Four of 50 (8 %) patients with normal 
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CA 15-3 and 15 of 51 (29 %) patients with nor-
mal TPA had a positive bone scan. The combina-
tion of CA 15-3 with TPA showed 100 % 
sensitivity in detecting bone metastases. In all 42 
patients without bone metastases, CA 15-3 and/
or TPA levels were normal [98]. In another study 
bone scan (99 mTc-MDP) and CA15-3 were
evaluated in 35 patients with breast cancer. The 
serum CA15-3 was measured by electrochemolu-
minescence (ECLIA) method with 30 U/mL as 
cutoff value. According to bone scan results, 24 
(68.8 %) patients revealed bone metastasis. The 
mean level of serum CA15-3 was significantly 
higher in patients with bone metastasis than in 
those without metastasis (26.37 ± 4.74 U/mL vs. 
19.09 ± 1.99 U/mL; p < 0.001). There was not sig-
nificant relation between the serum level of 
CA15-3 and the extent of bone metastasis. 
Coordinates of the curve study yielded a cut-off 
point >21.8 U/mL for the serum level of CA15-3, 
with a sensitivity and specificity of 91.7 % and 
91 %, respectively [99]. A retrospective study 
assessed the value of a serum tumour marker 
panel in selecting among the patients with equiv-
ocal BS those with bone metastases. Two hun-
dred and ninety seven breast cancer patients were 
followed-up after mastectomy with serial deter-
minations of a CEA-TPA-CA15.3 tumour marker 
panel, BS and liver echography. The tumour 
marker panel was used to select patients with 
equivocal BS for examination of suspicious bone 
areas by further imaging techniques. Up to 
December 1995, 158 (53 %) patients showed an
equivocal BS and 47 patients developed bone 
metastases. In the 158 patients with equivocal 
BS, prolonged clinical and imaging follow-up 
over 45 months (mean; range 12–120) was used 
to ascertain the presence or absence of bone 
metastases. In these 158 patients the negative 
predictive value and positive predictive value of 
the tumour marker panel to predict bone metasta-
ses was 97 % and 75 % respectively. This study 
shows that in breast cancer patients the CEA-
TPA- CA15.3 tumour marker panel has a high 
value in selecting those patients with bone metas-
tases, or at high risk of developing clinically- 
evident bone metastases, among the large number 
of subjects with equivocal BS [75].

13.4.4.2  Liver
CEA, carbohydrate antigen CA19-9 (CA19-9), 
thymidine kinase (TK), TPA, TPS and CYFRA 
21-1 were evaluated in differential diagnosis 
between benign liver lesions and liver metastases 
of breast cancer. Serum levels of CYFRA 21-1, 
TPA, TPS and CEA were significantly higher in 
patients with liver metastases of breast cancer in 
contrast to healthy controls and patients with 
benign liver lesions (p-value < 0.05) [100].

13.4.4.3 Multiorgans (Bony Skeleton, 
Thorax and Abdomen)

The relationship between serum serial CA15.3 
values and 18 F-fluorodeoxyglucose (FDG) posi-
tron emission tomography (PET)/computed 
tomography (CT) findings in BC follow-up was 
assessed in a further study. Authors retrospec-
tively selected 60 patients with previous history 
of BC, already submitted to surgery and other 
treatments. Three serial measures of Ca15.3 were 
collected within 1 year before PET/CT examina-
tion, respectively, at 12–9 months, 9–3 months 
and 3–0 months. Clinical outcome or imaging 
follow-up data were used to define disease 
relapse. The increase in tumor marker value was 
compared with PET/CT results and disease 
relapse. PET/CT was negative in 36 (60 %) and 
positive in 24 (40 %) patients. Coefficient of vari-
ation of the Ca15.3 serial determinations was sig-
nificantly higher in patients with positive than 
negative PET/CT (39 % vs. 24 %, p < 0.05). 
Disease relapse was found in 25 (42 %) patients,
of these 21 (88 %) had positive PET/CT. ROC
analyses showed that an increase of Ca15.3 
between the 2nd and 3rd measures have better 
individuated positive PET/CT and disease relapse 
(AUC 0.65 and 0.64, respectively; p < 0.05) 
[101]. A retrospective Japanese study analyzed 
the lead time by periodic measurements of serum 
CEA and CA15-3 in 233 patients who underwent 
breast cancer surgery. Both tumor marker levels 
were measured every 3 months for the first 5 
years, every 6 months for the next 5 years, then 
annually. Physical examination and chest X-ray 
were routinely done at the same time, and bone or 
computed tomographic scans were done if the 
tumor marker levels were elevated or clinical 
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symptoms appeared. In patients with recurrent 
disease, the mean lead times were −333.9 days 
for CEA and −210.6 days for CA15-3, respec-
tively. Elevated tumor marker levels were found 
much later than recurrence [102]. Another retro-
spective study by our group assessed the value of 
a serum tumour marker panel in selecting from 
among the patients with equivocal chest X-ray 
(CXR) or liver echography (LE) those with tho-
racic or liver metastases respectively. We focused 
on a series of 377 patients including 341 
 non- relapsed plus 36 with liver or thoracic metas-
tases. The patients were followed-up after mas-
tectomy with serial determinations of a panel of 
CEA-TPA- CA15.3 tumour markers, bone scin-
tigraphy, CXR and LE. Up to December 1999,
equivocal CXR occurred in 23 (6.1 %) patients of 
whom 11 (47.8 %) developed thoracic metasta-
ses; 14 (3.7 %) patients showed an equivocal LE 
of whom five developed liver metastases. In the 
37 patients with equivocal CXR or equivocal LE 
prolonged clinical and imaging follow-up over 
41±36 months (mean±SD, range 3–163) was
used to ascertain the presence or absence of tho-
racic or liver metastases. In the 23 patients with 
equivocal CXR the negative and positive predic-
tive values of the tumour marker panel to predict 
thoracic metastases were 92 % and 100 % respec-
tively. In the 14 patients with equivocal LE the 
negative and positive predictive values of the 
tumour marker panel for prediction of liver 
metastases were 90 % and 100 % respectively. So 
in breast cancer patients the CEA-TPA-CA15.3 
tumour marker panel showed a high value for 
selecting those patients at high risk of developing 
clinically evident pulmonary or liver metastases 
from amongst those subjects with equivocal CXR 
or equivocal LE [76]. In a similar study, data of 
427 breast cancer patients submitted to an inten-
sive follow-up after mastectomy were retrospec-
tively reviewed by the same authors. Among the 
427 patients operated on for breast cancer, 221 
patients with a total of 332 equivocal instrumen-
tal examinations (bone scintigraphy, n = 286; 
chest X-ray, n = 29; liver echography, n = 17) 
were reviewed. All 221 patients were followed 
up clinically, biochemically and instrumentally 
until there was a clear definition of their condi-

tion, metastatic or not, for an average time of 35 
months. Concomitant clinical symptoms were 
also taken into consideration. Among the 221 
patients with equivocal bone scintigraphy, chest 
X-ray and liver echography, tumour markers 
showed a positive predictive value of 69 %, 93 % 
and 83 % and a negative predictive value of 98 %, 
86 % and 91 %, respectively, for the indication of 
the metastatic or benign origin of the equivocal 
instrumental imaging. Clinical symptoms were 
not helpful in predicting metastatic disease (sen-
sitivity, specificity and accuracy of 60 %, 53 % 
and 54 %, respectively). Basing upon these data, 
a short monitoring with the CEA-TPA-CA15.3 
tumour marker panel is suggested to confirm or 
exclude metastatic disease in those patients who 
are suspected to have metastases following com-
mon instrumental investigations. This monitoring 
can avoid false positive diagnoses [103].

13.4.5  “Early”  Treatment 
of Recurrent Disease

This is a very controversial issue. In spite the two 
above mentioned prospective randomized trials 
do not support the usefulness of an early detec-
tion of relapse, few pilot studies have reported on 
survival benefit from an “early” treatment of 
recurrent disease using serum TMs.

13.4.5.1 Pilot Studies Supporting 
Survival Benefit

Nicolini et al. studied 50 patients with an increase 
in TMs but no clinical or radiological evidence of 
disease. Twenty-eight patients were treated 
13.5 ± 10 months (mean ± s.d.) before the clinical 
and/or radiological occurrence of distant metas-
tases that were suspected because of an increase 
in the tumour markers (patients treated ‘early’). 
Their outcome was compared with that of 22 
similar patients who were treated only after a 
definite radiological diagnosis was achieved 
(patients treated ‘not early’). The groups were 
similar for all the major prognostic factors 
(menopause, staging, hormone dependency). The 
time to progression and the overall survival were 
significantly greater in the treated group. In par-
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ticular, for patients treated ‘early’, the survival 
curves up to 30 months after salvage treatment 
and up to 72 months after mastectomy showed 
greater survival than those for the patients treated 
later (42.9 % vs. 13.6 % and 42.9 % vs. 22.7 % 
respectively; P = 0.04 in both instances). These 
data suggest that treatment triggered by rising 
tumour markers before clinical and/or radiologi-
cal appearance of distant metastases can be use-
ful in prolonging both the asymptomatic interval 
and the duration of response of some relapsed 
patients [104]. These findings at least in part also 
have been observed by Jaeger et al. [88]. We suc-
cessively confirmed our data in 68 metastatic 
patients. Thirty-six (53 %) received salvage treat-
ment at the time of significant increase in one or 
more components of CEA-TPA-CA15.3 tumour 
marker panel and negative instrumental examina-
tions (“tumour marker guided” treatment) and 32 
(47 %) were treated only after radiological con-
firmation of metastases (conventional treatment). 
The prognostic factors of the two groups did not 
show any statistically significant difference. The 
time from one or more tumour marker increase to 
clear clinical and/or radiological signs of distant 
metastases (lead time) was significantly pro-
longed in the 36 patients with “tumour marker 
guided” treatment (17.3 ± 13.1 vs. 2.9 ± 2.9 
months, P < 0.001, Wilcoxon test) as well as the 
survival curves from salvage therapy and from 
mastectomy (the proportion of survivors was: at 
36 months from salvage therapy 28 % vs. 9 %, 
P = 0.0094; at 84 months from mastectomy 42 % 
vs. 19 %, P = 0.0017). The multivariate Cox anal-
ysis showed that time from mastectomy to tumour 
marker increase and “tumour marker guided” 
 salvage treatment were the only significantly dif-
ferent variables (P = 0.00001 and 0.005, respec-
tively). These data confirmed that “tumour 
marker guided” salvage treatment significantly 
prolongs disease-free and overall survivals of 
relapsing responsive patients [105]. These inter-
esting data have not yet received confirmation by 
randomized, multicenter, prospective trials. Such 
trials cannot be easily planned. In fact, they arise 
some ethical reasons on patients treated without 
certain signs of metastatic disease, due to the 
potential toxicity of the administered drugs.

13.5  Monitoring of Advanced 
Disease According to Current 
Guidelines

In advanced or metastatic disease, current guide-
lines recommend a response to treatment evalua-
tion every 2–4 cycles of chemotherapy by history, 
physical-clinical examination, routine blood tests 
and radiological examinations. The interval 
between assessments may be prolonged in case 
of indolent disease and long lasting responses. 
Serum TMs, such as CA15.3 and/or CEA, if ini-
tially elevated, are considered helpful in monitor-
ing response. However, a change in TM alone is 
not recommended as the only determinant for 
treatment decisions. In fact, a flare of TM can 
occur in the first 6 weeks of an efficacious ther-
apy and this must be considered when interpret-
ing serial values [57, 58, 60, 106] It has been 
reported that the use of serum TMs in therapy 
monitoring may reduce the follow-up expenses 
by up 50 % as compared to the use of imaging 
techniques [107] and EGTM guidelines advise 
the measurement of CA15.3 and CEA in the met-
astatic breast cancer follow-up, especially in 
patients with non measurable disease [61, 62]. 
Other clinical societies, such as the British
Association of Surgical Oncology, recommend
the use of TMs in monitoring the efficacy of 
treatment [108].

13.5.1  Serum TMs for Monitoring 
of Metastatic Disease

Monitoring response to treatment using TMs 
may provide earlier information than that 
obtained with imaging methods. In addition, with 
some new “biological” drugs, RECIST criteria 
are often inadequate [39, 40, 68–71, 109–112]. A 
decrease of at least 50 % indicates a response. It 
is important to carry out the measurement at the 
pre-therapy check in order to avoid wrongly eval-
uating transient increases during chemotherapy 
or radiotherapy, possibly related to cell destruc-
tion [40, 71–73]. EGTM guidelines recommend 
pre-cycle measurement of CEA and CA15.3 in 
patients receiving chemotherapy and at least 
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every 3 months in patients receiving hormone 
therapy. In metastatic disease, the reported sensi-
tivity of CA15.3 varies from 42 % to 82 % and 
that of CEA from 35.5 % to 50.5 % [51, 57, 61, 
62, 93, 113–116]. Various authors have suggested 
to add a cytokeratin (TPA, TPS or Cyfra 21.1) in 
order to improve sensitivity [37, 40, 50, 68, 69, 
117, 118].

13.5.2  Mucins

13.5.2.1 CA15.3
A study included 122 patients in whom the 
CA15-3 level showed either a decline (92 
patients) or an acute surge followed by a decline 
(30 patients) after chemotherapy. The clinical 
characteristics between the two groups and the 
CA 15-3 kinetics using ROC curves were ana-
lyzed. Patients with a surge had a significantly 
higher risk of disease progression than patients 
without a surge (P = 0.004; odds ratio 2.62; 95 % 
CI 1.45–4.72). The clinicopathologic characteris-
tics were significantly different between the two 
groups with respect to the distribution of ER, PR, 
and HER2 status, relapse-free survival, and the 
severity and extent of the involved organs. For 
patients with a surge, a CA 15-3 slope threshold 
>≥0.0038 was chosen with a sensitivity of 80.0 % 
and a specificity of 80.4 %. The area under the 
curve was 0.847 (95 % CI 0.771–0.906; 
P = 0.0001). A significant correlation between 
PFS and CA 15-3 slope was shown with Cox- 
regression modeling (P = 0.036; hazard ratio 
[HR], 2.1; 95 % CI 1.01–4.14). These kinetics 
might serve as a good predictive marker of treat-
ment response and response duration [119]. In 
mestatatic disease, serial measurement of serum 
CA15.3 levels with a cut-off of 33 U/ml (prior to 
start of therapy and then at 2, 4, and 6 months 
after starting therapy) significantly correlated 
with progression of the disease (non-progression 
being defined as having either a complete/partial 
response or stable disease). The sensitivity and 
specificity of CA15.3 in detecting progressive 
disease were 85 % and 91 % at 2 months, 96 % 
and 96 % at 4 months, and 92 % and 100 % at 6 
months respectively [120, 121].

13.5.2.2 CA549
A study investigated whether the serum tumour 
marker CA549 gave early and reliable informa-
tion about disease activity among metastatic 
breast cancer patients during cytostatic treatment 
and follow-up. Fifty females were monitored 
clinically and with the tumour marker CA549. 
Response evaluation was based upon clinical 
(World Health Organization) and elaborated
CA549 criteria, respectively. In 113 blindly and 
matched evaluations, concordance appeared in 
73/113 and discordance in 40/113 evaluations. In 
27, discordance concerned degree of response, in 
two clinical progression followed marker pro-
gression after the end of the study, and in 11 pro-
gressive disease was established by clinical 
investigation alone. CA 549 response excluded 
clinical progression in bone or viscera and 
reversed. Clinical progression within 2 months in 
viscera and bone was predicted among 91 % by 
marker progression. Clinical progression was 
excluded among 93 % without marker progres-
sion [122].

13.5.2.3 CEA-CA15.3 Association
An established biochemical index for monitoring 
therapy in patients with metastatic breast cancer 
was tested prospectively in a multicentre study. 
The index uses two serum tumour markers – car-
cinoembryonic antigen (CEA) and carbohydrate 
antigen 15-3 (CA15-3) along with erythrocyte 
sedimentation rate (ESR). Sixty-seven patients 
treated by either endocrine or chemotherapy had 
CA15-3, CEA and ESR measured at diagnosis of 
metastases and sequentially during therapy. Two 
markers, CA15-3 and CEA, were measured on a 
further 16 patients giving a total of 83 patients 
who were assessable for CA15-3 and CEA. Of
the patients with CA15-3, CEA and ESR mea-
sured at diagnosis of metastases 84 % (56/67) 
had elevation of one or more markers. During
therapy the number with elevated marker(s) rose 
to 96 % (64/67). Changes in the markers were in 
line with and often pre-dated therapeutic out-
come as assessed by the International Union 
Against Cancer (UICC) criteria both for remis-
sion and progression. Patients without elevation 
of markers on diagnosis subsequently showed a 
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rise in the marker(s) at or before documented dis-
ease progression by UICC. The three women in 
whom markers were at no time significantly ele-
vated remained in remission. The results using 
CA15-3 and CEA were similar but 12 % less 
patients were assessable. It was concluded that 
CA15-3 and CEA (with and without ESR) pro-
vide an objective method to guide therapy in 
patients with metastatic breast cancer [69].

The utility of computer simulation models for 
performance comparisons of different tumor 
marker assessment criteria to define progression 
or nonprogression of metastatic breast cancer 
was investigated. Clinically relevant values for 
progressive CA15.3 and CEA concentrations 
were combined with representative values for 
background variations in a computer simulation 
model. Fifteen criteria for assessment of longitu-
dinal tumor marker data were obtained from the 
literature and computerized. Modulation of the 
background variation, the starting concentra-
tions, and the cutoffs enabled identification of 
criteria that were robust against false-positive 
signals of progression. The computer simulation 
model showed to be a fast, effective, and inex-
pensive approach for comparing the diagnostic 
potential of assessment criteria during clinically 
relevant conditions of steady-state and progres-
sive disease. Authors concluded that the pro-
posed model can be used to generate tumor 
marker assessment criteria for a variety of malig-
nancies and to compare and optimize their diag-
nostic performance [71].

When CA15.3, CEA and ESR were used as a 
panel of serum markers in monitoring therapeutic 
response, over 90 % of patients are biochemi-
cally assessable. A biochemical index score com-
prising these three markers has been devised 
retrospectively, validated prospectively, in a sin-
gle centre and in a multicentre study. Biochemical 
assessment by serum markers correlated with 
clinical/radiological (UICC) assessment and 
often pre-dated remission and progression shown 
by UICC criteria. Authors stated that it is also the 
only validated method in monitoring metastatic 
breast cancer with disease unassessable by UICC 
criteria (e.g. sclerotic bone metastases, irradiated 
lesions) [123].

To clarify the significance of CEA and CA 
15-3 in monitoring advanced breast cancer, the 
Tumor Marker Study Group of the Japanese 
Breast Cancer Society conducted a large-scale 
retrospective study. The findings of 528 patients 
from four clinical trials and seven institutes with 
advanced breast cancer were collected. Three 
hundred and forty-eight patients, in whom both 
serum CEA and CA 15-3 were measured during 
therapy, were selected for analysis. The pretreat-
ment positivity rate of CA 15-3 was significantly 
higher than that of CEA (p < 0.0001). Time-to- 
progression (TTP) in CEA- and CA 15-3-positive 
patients was significantly shorter than TTP in 
negative patients. The changes in either marker 
level correlated well with response to therapy in 
marker-positive patients but not in negative 
patients. TTP in the marker-positive patients with 
a greater than 20 %-reduction in either marker 
level during therapy was significantly longer than 
that in positive patients without such a reduction 
(p < 0.01 for CEA and CA 15-3) [124].

The Tumor Marker Study Group of the Japanese 
Breast Cancer Society conducted also a prospec-
tive study. Patients with advanced breast cancer 
who were treated with systemic therapy between 
January and December 2002 were recruited from
five collaborative institutes in Japan. The patients 
were monitored every 4 weeks using three serum 
tumor markers, CEA, CA 15-3 and NCC-ST-439 
during the therapy. Findings from 108 eligible 
patients were analyzed. The pretreatment positivity 
rates were 51.9 % for CEA, 50 % for CA 15-3, and 
34.3 % for NCC-ST-439. The changes in each 
marker level at 8 and 12 weeks but not at 4 weeks 
after the start of therapy seemed to correlate with 
the response to therapy in pretreatment marker- 
positive patients but not in negative patients. The 
Cox proportional hazard model revealed a greater 
than 20 % reduction in CEA, CA 15-3 or 
NCC-ST-439 levels at 4, 8 and/or 12 weeks after 
the start of therapy to be an independent predictive 
factor for longer time-to-progression (TTP) in pre-
treatment marker-positive patients. This prospec-
tive study supported the findings obtained from the 
previous retrospective study that in pretreatment 
marker-positive patients (1) the changes in serum 
tumor marker levels after the start of therapy cor-
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relate with the response to therapy; and (2) a greater 
than 20 % reduction in the tumor marker levels is a 
favorable predictive factor for TTP during systemic 
therapy. When the pretreatment serum level of 
these markers is over the respective cut-off value, 
sequential measurement of them may be useful for 
evaluating the efficacy of treatment as well as mon-
itoring the outcome of patients with advanced 
breast cancer [125]

To predict the response to chemotherapy of 
patients with metastatic or recurrent breast can-
cer using serum TMs, a study retrospectively 
analyzed a training set of 105 patients with meta-
static or recurrent breast cancer. Their chemo-
therapeutic response had been evaluated 
according to the World Health Organization
(WHO)’s response criteria. The model for pre-
dicting response using CEA, CA15-3, and 
NCC-ST-439 was determined using the area 
under the ROC (ROC-AUC) and the overall mis-
classification rate (OMR) in a random cross-
validation. The prediction model was then 
verified in a consecutive set of 64 patients. Their 
response had been evaluated using the response 
evaluation criteria in solid tumors (RECIST). 
The best prediction model consisted of the serum 
CEA, CA15-3, and NCC-ST-439 levels, but the 
prediction formula varied according to the base-
line CA15-3 level (elevated or normal). The over-
all ROC-AUC and OMR in the training set were
0.83 and 0.19, respectively. The overall ROC-
AUC and OMR in the verification set were 0.72
and 0.28, respectively. When the verification set 
was stratified according to either the objective 
response or the predicted response, the time-to- 
progression, but not the overall survival, was sig-
nificantly different. This model for predicting the 
response to first-line chemotherapy of patients 
with metastatic or recurrent breast cancer pre-
dicted the outcome of more than 70 % of the 
patients in an independent verification set [126].

13.5.3  Cytokeratins

During therapy, monitoring of metastasized
patients with TPA, TPS, TPA (cyk) and 
CYFRA21.1 could show a different pattern of 

reactivity and the different test results during 
therapy monitoring are not always easy to inter-
pretate [40].

13.5.3.1 CYFRA21.1
In both previously mentioned studies by Nakata 
et al. [38, 39], the measurement of the serum 
CYFRA 21-1 titer in patients with breast carci-
noma was useful in monitoring for recurrence 
and well correlated with response to 
chemotherapy.

13.5.4  Mucins and Cytokeratins

13.5.4.1 CA15.3, CEA, TPA
To clarify the usefulness of the serial combina-
tion assay of serum CEA, CA 15-3 and TPA in 
monitoring the clinical course of patients during 
therapy, the relationship between the initial 
changes and the kinetic patterns of the markers 
after therapy and the objective responses was 
investigated. When an increase or decrease of 
over 20 % in these markers was taken as signifi-
cant, then the initial changes in all three markers 
significantly correlated with the therapeutic 
responses (P < 0.01). Five distinct kinetic patterns 
in the marker levels were observed. A paradoxi-
cal kinetic pattern of CEA and CA 15-3 levels – 
that is, an “initial surge and subsequent drop” – was 
seen in one-third of the responders. The TPA lev-
els tended to exhibit a “steady decline” pattern in 
those responders. The sensitivity and specificity 
of the kinetic patterns to predict the clinical 
courses were significantly higher than those 
obtained from the analysis of initial changes. 
These findings thus suggest that adequate knowl-
edge of the unique kinetics of each marker may 
help to make a more accurate prediction of the 
therapeutic responses [127].

In an above mentioned study by A Nicolini 
et al., in metastatic patients serum TPA values 
showed the highest sensitivity and paralleled 
clinical and/or instrumental signs better than the 
CA15-3 and even more than CEA values. The 
reported data indicated that in the post-operative 
follow-up of breast cancer patients, TPA is the 
most useful tumour marker and TPA-CA15-3 the 
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most suitable association. Contemporaneous 
measurement of serum CEA levels only slightly 
increases sensitivity and positive predictive value 
of TPA-CA15-3 combination [50].

In another study, authors investigated whether 
model systems integrating stochastic variation 
into criteria for marker assessment could be used 
for monitoring metastatic breast cancer. A total 
of 3989 serum samples was obtained from 204 
patients receiving first-line chemotherapy. Each 
sample was analyzed for CA 15.3, CEA, and 
TPA. The efficiency for identifying progression 
and nonprogression was 94 % during therapy, 
with no false-positive marker results for progres-
sive disease. At clinical progressive disease, the 
median positive lead time was 35 days during 
therapy. Tumor marker assessment may docu-
ment that a therapy is effective and ought to be 
continued in spite of adverse toxic effects, and 
that a treatment is ineffective and should be 
stopped to prevent unnecessary toxicity [68].

In a further study of the same author, 192 
patients were monitored during first-line chemo-
therapy for metastatic breast cancer and during 
follow-up. Blood specimens were sampled 
approximately every 4 weeks. Steady state con-
centrations were registered for 77 (CA 15.3), 96 
(CEA), and 127 (TPA) patients with below cutoff 
level values and for 28 (CA 15.3), 25 (CEA), and 
11 (TPA) patients with above cutoff level values. 
Clinical and marker progression was registered 
for 75 (CA 15.3), 62 (CEA), and 57 (TPA) 
patients. The coefficients of total variation of 
steady state concentrations (comprising the intra- 
and interassay analytical imprecision and the 
within subject biological variation) were higher 
below (14.9 % CA 15.3, 15.4 % CEA, 25.9 % 
TPA) than above cutoffs (9.6 % CA 15.3,6.0 % 
CEA, 19.9 % TPA). The variability was similar 
for CA 15.3 and CEA but higher for TPA. During
progression the rates of increase in concentra-
tions were similar for CA 15.3 (0.0257) and CEA 
(0.0214) and lower than for TPA (0.0346). These 
data indicated that criteria for assessment of 
sequential tumor marker concentrations should 
consider the marker in question, the steady state 
variability, the cutoff value, and the rate of 
increase during disease progression [74].

13.5.4.2 CA15.3, TPS, TPA
The clinical utility of CA 15-3, TPS, TPA, human 
chorionic gonadotropin (hCGbeta) and tumour- 
associated trypsin inhibitor (TATI) as indicators 
of chemotherapy response was assessed in 
advanced breast cancer. Serum was prospectively 
collected in one center before treatment (after the 
first course of chemotherapy) and at response 
evaluation from 57 patients taking part in a mul-
ticentre randomized trial comparing docetaxel 
with sequential methotrexate and 5-fluorouracil 
in the treatment of advanced breast cancer. The 
pretreatment levels of the serum markers were 
not predictors of the later response to treatment. 
Changes in the TPS level showed the strongest 
association with clinical response after the first 
course of chemotherapy and CA 15.3 at the best 
response evaluation. However, distinct mis-
matches occurred with every marker. The most 
problematic error was an increase in marker lev-
els in patients with clinical responses, which 
might have caused interruption of therapy. This 
occurred in 8 % and 17 % of patients after the 
first course of chemotherapy and in 4 % and 17 % 
of patients at the best response evaluation with 
CA 15.3 and TPS, respectively. Moreover, after 
the first course of chemotherapy only 39 % and 
33 % of the patients with progressive disease 
could be identified on the basis of increasing lev-
els of CA 15.3 and TPS respectively. Later, TPA 
and TPS were found to be better indicators of 
clinical disease progression than CA 15.3. In 
conclusion, in this study changes in CA 15.3 or 
TPS levels usually correlated with clinical 
response, but owing to distinct discordances, 
authors did not recommend them to be used as 
sole indicators of response to chemotherapy in 
advanced breast cancer [128].

Recently, the EGTM has convened a multidis-
ciplinary panel of scientists to plan a trial aimed 
at defining guidelines on tumor biomarker evalu-
ation in cancer patients monitoring. The panel 
proposed a four-phase model for biomarker- 
monitoring trial analogous to that in use for the 
investigation of new drugs. In phase I, biomarker 
kinetics and correlation with tumor burden will 
be assessed. Phase II will evaluate the ability of 
the biomarker to identify, exclude, and/or predict 
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a change in disease status. In phase III, the effec-
tiveness of tumor biomarker-guided intervention 
will be assessed by measuring patient outcome in 
randomized trials. Phase IV will consist of an 
audit of the long-term effects after biomarker 
monitoring has been included into standard 
patient care [129].

13.6  A Computer Program 
for Interpreting Consecutive 
Measurements of Serum TMs

It is time-consuming to process and compare the 
clinical and marker information registered dur-
ing monitoring of breast cancer patients. To 
facilitate the assessment, a computer program 
for interpreting consecutive measurements also 
was developed. The intraindividual biological 
variation, the analytical precision profile, the 
cutoff limit, and the detection limit for each 
marker are entered and stored in the program. 
The assessment procedure for marker signals 
considers the analytical and biological variation 
of the applied markers. The software package 
contains a database that can store the interpreta-
tion of the measurements as evaluation codes 
together with patient demographics, informa-
tion about treatment type, dates for treatment 
periods, control periods, and evaluation codes 
for clinical activity of disease. The consecutive 
concentrations for a patient are imported tempo-
rarily into the program from outside sources and 
presented graphically. Marker concentrations to 
be compared are selected with the computer 
mouse and the significance of the difference is 
calculated by the program. The program has an 
option for calculating the lead time of marker 
signals versus clinical information. The pro-
gram facilitates the monitoring of individual 
breast cancer patients with tumor marker mea-
surements. It may also be implemented in trials 
investigating the utility of potential new mark-
ers in breast cancer as well as in other malignan-
cies [130].

13.7  Mucins and Cytokeratins 
as Markers of Circulating 
Tumor Cells/Disseminated 
Tumor Cells

13.7.1  Circulating Tumor Cells (CTCs)

Recently, technological advances permitted to 
detect and enumerate CTCs in peripheral blood 
of cancer patients. Because of the rarity of CTCs 
in the blood, the majority of these technologies 
use some kind of enrichment step, followed by a 
detection step.

13.7.1.1 Assays for CTCs Detection
The most commonly enrichment method is 
immunomagnetic separation with antibody-based 
magnetic capture, in which magnetically bound 
antibodies are directed against the epithelial cell 
adhesion molecule (EpCAM), so that EpCAM- 
positive cells are selected or against clusters of 
differentiation 45 (CD45) so that CD45-positive
cells are not selected. There are various tech-
niques for the detection of CTCs, including direct 
antibody-based methods in which antibodies are 
directed against CKs, such as immunocytochem-
istry, immunofluorescence, or flow cytometry, 
and indirect nucleic acid-based methods that 
measure messenger RNA (mRNA) transcript 
expression levels by reverse transcriptase poly-
merase chain reaction (RT-PCR) [131]. 
CellSearch (Veridex LLC, Raritan, NJ), a semi-
automated, fluorescence-based microscopic 
assay, is the only standardized, objective test 
approvedby theUSFoodandDrugAdministration
for the detection of CTCs in patients with meta-
static breast, prostate, and colorectal cancer. This 
assay is a combined enrichment and detection 
system that uses EpCAM antibodies for enrich-
ment. The enriched cells are subsequently sub-
jected to immunofluorescent staining using CD45
and CK antibodies (CK8, CK18, CK19) for 
detection. The cells are recognized as CTCs if 
they are CK-positive and CD45-negative and
have the signatures of malignant cells, including 
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large size and large nuclei with or without nucle-
oli. Cells are analyzed using an automated micro-
scope and counted using a cell spotter analyzer 
[132]. Another CTC detection test is the AdnaTest 
Breast Cancer Select/Detect (AdnaGen,
Langenhagen, Germany), which is based on the 
analysis of tumor-associated mRNA isolated 
from CTCs after immunomagnetic separation 
that uses EpCAM and mucin 1 (MUC1) as the 
targets. For detection of CTCs, multiplex RT-PCR 
is performed to analyze the relative expression 
levels for three tumor-associated transcripts: 
human epidermal growth factor 2 (HER2), 
MUC1, and GA733-2. This test is scored positive 
if at least one of the PCR transcript products for 
the three markers is detected at a concentration of 
>0.15 ng/microL [133]. Technologies based on 
morphologic evaluation are very specific but they 
are generally less sensitive. Molecular methods, 
which allow for the concomitant evaluation of 
multiple markers, such as CK19, MUC1, and 
mammaglobin, are generally more sensitive, but 
they may generate false positive results due to 
low expression of the tested marker in noncan-
cerous cells [131].

13.7.1.2 CTCs for Prognosis 
and Monitoring of Breast 
Cancer

In breast cancer, CTCs detection has been evalu-
ated as prognostic value in both metastatic and 
disease-free patients and as tool to monitor 
advanced disease. The majority of clinical trials 
used the CellSearch for CTCs enumeration. In 
the DETECT study, the CellSearch assay with
cut-off level of five or more cells/7.5 microL was 
used to evaluate 221 metastatic breast cancer 
patients; 116 (50 %) of them had positive CTCs. 
Median overall survival (OS) was 18.1 months
for CTC positive patients and 27 months for CTC 
negative patients (p < 0.001). In multivariate anal-
ysis, the presence of CTCs was an independent 
predictor for OS [134]. In another study, in a 
cohort of 302 disease-free breast cancer patients, 
CTCs were measured by the CellSearch assay. 
Authors identified one or more CTCs in 73 
(24 %) patients who showed both decreased pro-
gression free survival (PFS) and OS. Patients

with two or more CTCs had decreased PFS and 
OS than patients with less than two CTCs.
Similarly, patients with three or more CTCs had 
decreased PFS and OS than patients with less
than three CTCs [135]. As regard to disease mon-
itoring, in 2009 Liu et al. evaluated CTC levels 
and imaging in 68 metastatic breast cancer 
patients receiving chemotherapy or endocrine 
therapy during a median follow-up of 13.3 
months. They demonstrated a statistically signifi-
cant correlation between CTC levels and radio-
graphic disease progression [136]. In the United 
States, a phase III clinical trial (Southwest 
Oncology Group, SWOG S0500) is ongoing in
metastatic breast cancer patients to determine: (a) 
whether CTC monitoring can be used to predict 
the response to treatment at an early time, and 
thereby promptly discontinue ineffective antican-
cer drugs and switch to another therapy if a 
response is unlikely; (b) whether outcomes can 
be improved by adhering to this procedure. 
Moreover the potential of CTCs is not restricted 
to simple enumeration of tumor cells. Since the 
phenotype of CTCs may differ from that of the 
primary tumor, clinical trials have been initiated 
to establish targeted treatment strategies based on 
expression profiles of CTCs [137].

13.7.2  Disseminated Tumor Cells 
(DTCs)

The detection of disseminated tumor cells 
(DTCs) in the bone marrow have been used to
identify micro-metastasis, and therefore, predict 
prognosis in breast cancer patients [138].

13.7.2.1 Assays for DTCs Detection
DTCs are rare with only 10–20 cells among
millions of bone marrow cells. Therefore, 
procedures have been developed for their 
enrichment prior to detection and further 
characterization [139, 140]. There are 2 different 
methods to screen bone marrow aspirates for 
DTCs, namely cytologic/cytometric (antibody-
based) and molecular approaches [141]. Among 
the cytologic methods, immunocytochemistry is 
the most widely used approach [140, 142]. 
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Antibodies against various epithelium-specific 
antigens such as cytoskeleton-associated 
cytokeratins, surface adhesion molecules or 
growth factor receptors are applied [140, 143]. 
The main advantage of cytologic methods is the 
opportunity to combine immunostaining with the 
morphology of the cells so that both cell size and 
shape as well as the nucleus/plasma relation 
might be estimated and illegitimate expression of 
the protein of interest in bone marrow cells can 
be excluded as far as possible. The pan-anti- 
cytokeratin antibodies A45-B/B3 or AE1/AE3 
against a wide spectrum of cytokeratins are 
recommended as standard application, thereby 
ensuring detection of DTCs also in cells that have
downregulated the expression of individual 
cytokeratins in the course of EMT [144].

Nucleic acid-based techniques enable the 
detection of DTCs also at the single cell level.
Measurement of epithelium-specific or more 
organ-specific mRNA species such as cytokeratin 
19 or mammaglobin mRNA by RT-PCR has been 
proven as promising approach to detect DTCs in
bone marrow samples [145–148]. Multimarker 
real-time RT-PCRs have the potential to improve 
the method even in case of downregulation of the 
expression of a single gene [149, 150]. A new 
technique, designated EPISPOT (epithelial
immunospot) detects proteins secreted/released/
shed from single epithelial cancer cells. In breast 
cancer, the release of cytokeratin-19 (CK19) and 
mucin-1 (MUC1) were measured and it was dem-
onstrated that many patients with apparently 
localized tumors harbored viable DTCs.
Preliminary clinical data showed that patients 
with DTC-releasing CK19 have an unfavorable
outcome [151].

Sensitivity, Specificity and Clinical 
Relevance of DTCs
A study aimed at examining the mucin expres-
sion profile of DTCs in the bone marrow of pre-
operative BC patients showed that MUC2, 
MUC3, MUC5B, MUC6, and MUC7 were 
detectable in at least one bone marrow specimen 
[152]. MUC5B was the most discriminating 
mucin marker, distinguishing between healthy 
and cancer patients with a sensitivity of 47 % and 

specificity of 100 %. Based on the results in the 
bone marrow, a nested RT-PCR assay was 
designed to detect MUC5B transcripts in the 
peripheral blood of BC patients. This test was 
moderately sensitive (52 %) but highly specific 
(100 %), suggesting it could be used clinically to 
identify the appearance of DTCs in BC patients.
When applied to the bone marrow samples of BC 
patients collected at the time of surgery, however, 
nested PCR for MUC5B was as sensitive (19.5 %) 
as that for carcino-embryonic antigen (CEA, 
17 %) and inferior to PCR for CK19 (41 % sensi-
tivity) in identifying DTCs. While the diagnostic
potential of MUC5B remains to be examined fur-
ther, the study uncovered that MUC5B expres-
sion in the bone marrow positively correlates 
with the size of the tumor and stage (but not the 
nodal status). These results suggest a role for the 
mucin in the metastasis of BC cells. 
Immunomagnetic separation using one or more 
anti-MUC1 antibodies is now commonly used to 
isolate DTCs from the peripheral blood of BC
patients. Further, the percentage of MUC1- 
positive DTCs increased progressively with
increasing stage of the disease (0 %, 6 %, and 
33 % positive cases in stage 1, 2, and 3, respec-
tively), nodal involvement (7 %, 16 %, and 33 % 
positivity in patients without nodal involvement, 
or with N1 and N2 disease, respectively) and 
metastasis [1, 153].

Several studies have demonstrated worse 
prognosis following detection of DTCs in bone
marrow of breast cancer patients [154, 155]. In a 
pooled analysis evaluating the results from 9 dif-
ferent European centers, including a total of 4703 
patients, Braun et al. [156] have reported that 
approximately 30 % of women with primary 
breast cancer have DTCs in bone marrow, and in
a multivariate analysis, the 10-year follow-up of 
these patients revealed a significantly decreased 
overall survival, when compared to patients with-
out DTCs. The presence of DTCs in bone mar-
row was significantly associated with higher 
tumor stage, worse differentiation, lymph node 
metastasis and negativity in hormone receptor 
expression. Prognostic relevance was shown for 
all subgroups, even among those patients with 
small tumors and without lymph node metastasis. 
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Although using different antibodies and detec-
tion methods, almost all investigators participat-
ing in this pooled analysis used anti-cytokeratin 
antibodies to screen for DTCs in the BM [156]. 
Moreover, the persistence of DTCs in BM from
breast cancer patients after adjuvant therapy was 
predictive for a subsequent disease recurrence 
[157, 158].
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    Abstract  

  CA 125 also known as mucin 16 or MUC16 is a large membrane glycopro-
tein belonging to the wide mucin family, encoded by the homonymous 
 MUC16  gene. Following its discovery in the blood of some patients with 
specifi c types of cancers or other benign conditions, CA125 has found 
application as a tumor marker of ovarian cancer. Thirty years after its dis-
covery, use of CA 125 is still FDA-recommended to monitor response to 
therapy in patients with epithelial ovarian cancer and to detect residual or 
recurrent disease in patients who have undergone fi rst-line therapy and 
would be considered for second-look procedures. However, due to its lim-
ited specifi city and sensitivity, CA 125 alone cannot still be an ideal bio-
marker. Increased clinical performance, in terms of better sensitivity and 
specifi city in identifying epithelial ovarian cancer relapse, has been 
obtained by combined use of CA 125 with HE4, another ovarian cancer 
marker recently introduced in clinical use. Signifi cant advancements have 
been achieved more recently, due to the introduction of FDA-approved 
ROMA and OVA1 algorithms to evaluate the risk of ovarian cancer for 
patients with a pelvic mass.  
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14.1         Introduction: Biochemical 
Structure 

 CA125 is a large transmembrane glycoprotein, 
the largest of the class of membrane-associated 
 mucins   (MAMs) to which it belongs. 

 For long debated whether the mucin family 
members were secreted or associated with the cell 
membrane, it is now known that both two classes 
of  mucins   exist, the secreted mucins and the cell-
surface associated mucins, including different 
members that have common structural features. 
Mucin consists typically of a protein backbone, 
termed apomucin, covered with many O-linked 
oligosaccharides and a number of N-glycan 
chains [ 1 ]. The range and chemical composition 
of structures that are created by branched O-linked 
oligosaccharides are immense. In addition, many 
post-translational modifi cations, including glyco-
sylation, sialylation and sulfation may then occur 
on mature mucin glycoproteins often in a cell-
type specifi c manner. Structural feature that is 
common to all mucins and differentiate them 
from other membrane- bound glycoproteins, the 
exceptions being MUC14, MUC15, and MUC18 
[ 2 ], is the centrally located tandem-repeat (TR) 
domain [ 3 – 5 ], which comprises TRs of identical 
or highly similar sequences particularly rich in 
proline, threonine, and serine and for this also 
known as a PTS domain [ 6 ]. The TR regions, 
whose number and specifi c sequence is highly 
variable among different mucins, provides a scaf-
fold on which cells build complex oligosaccha-
ride structures. The TR repeats typically consist 
from 5 to 100 potential glycosylation sites per 
repeat, and this peculiar TR arrays contribute 
increased ‘stoichiometric power’ to a confi ned 
area, thereby creating a locally high concentration 
of specifi c molecular structures. Also regions sur-
rounding the TRs can contain carbohydrate struc-
tures which can be potential binding sites for 
interacting partners. The non-glycosylated regions 
of mucins consist of many structural motifs and 
domains [ 7 ] that might play a pathophysiological 
role [ 1 ]. 

 In addition to glycosylated TR regions, com-
mon to all the mucin family members, additional 
structural motifs are present in the amino and car-

boxy termini of mucin protein backbones. Based 
on their biochemical features and physiological 
fate, mucin class are grouped into two structur-
ally distinct categories: the secreted and the 
membrane-associated  mucins  . 

14.1.1      Secreted Mucins   

 Next to the centrally located variable number TR 
sequences, which are unique to each MUC gene, 
the secreted  mucins   contain characteristic cyste-
ine rich, cysteine knot and von Willebrand C and 
D domains (named D because of its homology 
with dimerisation domain of von Willebrand fac-
tor) at the N- or C-termini of the monomers, 
which are linked through disulphide bridges. 

 These domains are deemed to be responsi-
ble for oligomerization of the very large 
core-proteins. 

 Secretory  mucins   are further subdivided into 
those gel-forming and non-gel-forming. The fi rst 
include the large secretory mucins with cysteine- 
rich motifs, MUC2, MUC5AC, MUC5B, MUC6, 
encoded by a cluster of genes at the chromosomal 
locus 11p15 and evolved from a common ances-
tor with von Willebrand factor (VWF). More 
recently has been identifi ed and characterized 
MUC 19, another cysteine-rich secretory mucin, 
encoded by a gene showing 12q12 chromosomal 
location [ 8 ]. MUC7 and MUC9, instead, are 
smaller secreted mucins that do not oligomerize 
and do not form gels [ 9 ]. Also MUC18 do not 
form gels, and lacks the VWF D4 or C1, C2 
domains typically present in the carboxy end of 
large secretory mucins. For a more detailed 
description we refer to some exhaustive review 
[ 9 ,  10 ].  

14.1.2     Membrane-Associated Mucins 

 Cell-surface-associated  mucins  , which form the 
largest group of mucins, are bound to cells by an 
integral transmembrane domain and have rela-
tively short cytoplasmic tails (CT) domain, often 
containing sites of phosphorilation that interact 
with mediators of signal transduction and other 
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cytoskeleton-associated proteins [ 11 ]. On the 
extracellular side of the membrane-associated 
unit most MAMs have one, but also two or three 
domains which show signifi cant homology to the 
epidermal-growth-factor (EGF) family members. 
The precise functions of EGF-like domains 
remains to be established, however, experimental 
evidence support their role in mediating interac-
tions between cell-surface-associated mucins and 
members of EGF receptors (ERBB) family, 
which are involved in regulation of cellular 
growth, differentiation, motility and infl amma-
tion [ 12 ]. Another important functional module 
widely distributed among cell surface associated 
proteins is the SEA domain, so named after the 
fi rst three proteins in which it was identifi ed 
(Sperm protein, Enterokinase and Agrin). It is an 
extracellular domain of ~120 amino acids, of 
which an about 80-residue conserved region and 
an about 40-residue segment that separates the 
conserved region from the subsequent C-terminal 
domains. Characteristically located between the 
 O -glycosylated PTS repeats and the transmem-
brane domain, SEA module contains autocata-
lytic proteolytic cleavage site that leads to the 
release of the large extracellular mucin into the 
mucus gel layer. This involvement of SEA 
domain in the cleavage of proteins has been well 
investigated in MUC1 [ 13 ]. Generally present in 
only one unit in the mucins, SEA domains can 
also to be present in more modules, such as in 
 MUC16  , which contains multiple SEA domains. 
The presence of multiple SEA domains, but no 
EGF-like domains, in MUC16 emphasizes the 
diversity in the evolution and potential function 
of the different MAMs [ 10 ]. Common feature of 
the ectodomains of MAMs is the heavy 
O-glycosylation, for which up to 80 % of the 
mass of the mucin is O-glycans, with galactose, 
N-acetylgalactosamine, N-acetylglucosamine 
and sialic acids as the main sugars with minor 
amounts of fucose, mannose and glucose. 

14.1.2.1      MUC16  : Biochemical Structure 
 In the genome,  MUC16   is localized in 19p13.2 
chromosome and is coded by sequences present 
within approximatively 179 kb of genomic 
DNA. MUC16 protein, also known as CA125 
antigen, is a MAM, the largest of the class. With 

a core peptide of 22,152 amino acids and a 
molecular weight of 2,353,428 Da, MUC 16 is 
more than twice as long as MUC1 and MUC4. 

  MUC16   is composed of three different 
domains: an N-terminal domain, a central tandem 
repeat region, and a carboxy terminal domain. 
The N-terminal and tandem repeat domains are 
entirely extracellular and highly O-glycosylated. 
In particular, the N-terminal domain consists of 
12,070 amino acids rich in serine/threonine resi-
dues and has been reported to contain the major 
O-glycosylation known to be present in CA125. 
The MUC16 protein back bone is composed of 
tandem repeat region, which has more than 60 
repeat domains of 156 amino acids each. Though 
not all individually similar, most of the repeat 
units, which, such as any  mucins  , are rich in ser-
ine, threonine and proline residues, recur more 
than once inside the sequence. In the tandem- 
repeat domain of MUC16 there is also a small 
cysteine ring region on which are thought to be 
present the epitopes for known anti-CA125 anti-
bodies (OC125 and M11). 

 The carboxy-terminal domain has 284 amino-
acids and consists in an extra cellular region, a 
transmembrane and a cytoplasmic tail. The extra-
cellular part of the carboxy-terminal domain con-
tains multiple SEA modules, many 
N-glycosylation sites and some O-glycosylation 
sites. It has been reported to harbor also a puta-
tive cleavage site. The  MUC16   cytoplasmic tail is 
31 amino acids long and contains several poten-
tial phosphorylation sites, in particular a putative 
tyrosine phosphorylation site (RRKKEGY), 
which was fi rst recognized in Src family protein. 
Recently, it has been shown that MUC16 cyto-
plasmic tail, which contains a polybasic amino-
acid sequence, can interact with cytoskeleton 
through ERM (ezrin/radixin/moesin) actin- 
binding proteins.    

14.2     Biological Functions 

14.2.1     Physiology 

 All  mucins   are highly O-glycosylated in tissue- 
specifi c manner and in function of specifi c roles 
that they play at these locations. The properties 
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and the wide variety of types of mucins expressed 
by epithelia, refl ecting their different structural 
organization, the nature of their post-translational 
modifi cations, the degree of intramolecular and 
intermolecular crosslinking, has raised interest 
for further investigation into the biochemical 
properties and biological implications of mucins 
and their functional roles in normal and malig-
nant cells. 

 Mucins produced by secretory epithelial cells 
of the gastrointestinal, respiratory, and urinogeni-
tal tracts contribute to confer normal physiologi-
cal lubrifi cation and protection to epithelial 
surfaces ducts and lumens within the human 
body. Keeping epithelial surfaces hydrated, 
needed for the lubrication and normal function-
ing of ducts and passageways, may guarantee to 
the epithelial cells also an effective protection 
from infections and injuries [ 7 ,  14 ]. The continu-
ous need for maintaining mucosal protection 
against all external aggressive forces requires a 
normal turnover of the barrier. From this it results 
a dynamic and balanced process of mucin bio-
synthesis, secretion and degradation at mucosal 
surfaces that relies on the availability of specifi c 
proteases and glycosidases secreted by other 
mucosal cells or present in the extracellular 
microfl ora [ 9 ]. In addition,  mucins   play an impor-
tant role in renewal and differentiation of the epi-
thelium, in modulation of cell adhesion and cell 
signalling and immuno suppression [ 15 ]. 

 Secreted  mucins   show patterns of expression 
that are restricted to specialized organs and cell 
types that secreted them into the extracellular 
space. They are key components in most mucus 
gels that protects underlying epithelia from 
adverse conditions by forming a chemical barrier 
that limits exposure to various injuries, including 
bacteria, virus, pH, ingested toxins, reactive oxy-
gen species (ROS) and proteolytic enzymes in 
the gastrointestinal tract, and suppresses the 
infl ammatory response. Mucin 2 (MUC2), the 
major secreted mucin lining the gastrointestinal 
mucosa, functions by suppressing infl ammation 
in the intestinal tract and inhibiting the develop-
ment of intestinal tumours [ 10 ]. Near the cell sur-
face, the secreted mucin layer might interact with 
MAMs or other cell-surface molecules, thus con-

tributing also in this way to physicochemical pro-
tection of the epithelial cell surfaces by 
maintaining the local molecular environment 
with respect to hydration, ionic composition and 
concentration, and accessibility of macromole-
cules [ 7 ]. 

 Unlike the secreted  mucins  , MAMs are 
released from the apical cell membrane by enzy-
matic cleavage of the N-terminal subunit into the 
mucous gel; alternative splicing can also pro-
duce secreted variants [ 1 ]. From an evolutionist 
point of view, the inclusion of a transmembrane 
component provides many advantages to the epi-
thelial cell. Informations about the condition of 
the external environment can be transmitted to 
the interior of the cell, to indicate that a normal 
status exists at the cell surface or that infl amma-
tion processes and other forms of stress are pres-
ent. In such way, MAMs behaves as cell- surface 
receptors and sensors, and conduct signals in 
response to changes in conformation or ligand 
status of their extracellular domains. All that 
leads to coordinated cellular responses that 
include proliferation, differentiation, apoptosis 
and secretion of specialized cellular products 
[ 7 ], thus providing an additional level of defence 
to promote the growth, repair and survival of 
epithelial cells. In fact, among the multiple bio-
logical functions of MAMs, of particular impor-
tance is their role in signal transduction. The 
presence in many MAMs (specifi cally in 
MUC3A, MUC3B, MUC4, MUC12, MUC13, 
and MUC17) of two or three EGF-like domains 
might allow these membrane mucins to interact 
with the ErbB receptors and regulate EGF-
receptor  - mediated cell signalling, whose exces-
sive signalling is well-known to be associated 
with the development of a wide variety of 
tumours.  

14.2.2     Pathophysiology 

 Alterations in mucin forms and amounts can 
occur in numerous pathologic processes, includ-
ing lung diseases such as asthma, bronchitis, cys-
tic fi brosis and chronic obstructive pulmonary 
disease. 
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 Mucus and  mucins   play in fact a fundamental 
role in disease mechanisms leading to the charac-
teristic mucus hypersecretion, pulmonary 
obstruction, reduced mucociliary clearance and 
subsequent infection. 

 More importantly,  mucins   have multiple 
implications in cancer development. It is well 
known that mucins are overexpressed and aber-
rantly glycosylated in many adenocarcinomas, 
including in the breast, lung, gastric, colorectal, 
pancreatic, cervical and ovarian cancers. These 
aberrant forms can derive from deregulation of 
expression of mucin core proteins and alteration 
of enzymatic glycosylation events, which may be 
by incomplete synthesis or neosynthesis, with 
subsequent expression of novel, pathological 
combinations of different mucins. This results in 
an enormous selective advantage for tumor cell, 
which, by acquiring a widest range of potential 
ligands for interaction with other receptors at the 
cell surface, modifi es its behaviour and enhances 
its survival ability during invasion and metastatic 
events. The changes in mucin expression lead in 
general to a loss of normal epithelial function, 
with decreased mucosal protection. In addition, 
the control of local environment by mucins and 
the capture of growth factors and cytochines can 
contribute not only to cell proliferation, invasion 
and metastasis, but also to affect the ability of 
immune, infl ammatory and stromal cells to inter-
act with the tumour, with subsequent impact, 
more or less direct, on the development and 
maintenance of immune responses, which are 
frequently suppressed in malignancies that over-
expressed mucins [ 16 ]. 

 Also the interactions between transmembrane 
 mucins   and several protein partners seems to be 
very important to regulate different molecular 
and cellular events, including cell-cell/protein- 
protein binding, signal transduction and protein 
stabilization. In fact, carbohydrate structures 
present in the highly glycosylated TR region or 
outside the TR region of mucins make them 
potential candidates to interact with several car-
bohydrate binding proteins, including the galec-
tin family. Among the 14 known galectins, it has 
been observed an interaction of galectin-3 with 
both  MUC16   (also called CA125) and MUC1, 

and of galectin-1 with MUC16 [ 17 ,  18 ]. In par-
ticular, following the observation that MUC16 is 
also a potent inhibitor of natural killer (NK) cell 
responses in vitro [ 19 ], it has been hypothesized 
that the interaction of the galectin-1 with MUC16 
may be important in the attachment of the mucin 
to the NK cell surface, thus promoting metasta-
sis and evading immune responses [ 20 ]. The 
association of cell surface mucins with galec-
tin-3 has been reported to contribute to the ocu-
lar surface epithelial barrier, which is critical to 
preventing damage to and infection of wet-sur-
faced epithelia [ 17 ]. Furthermore, of particular 
importance is the direct interaction occurs 
between mesothelin, a glycosylphosphatidylino-
sitol-linked cell surface protein present on meso-
thelial/ovarian cancer cells, and MUC16 [ 21 , 
 22 ]. This interaction, which relies on MUC16-
N-glycosylation, seems to involve the MUC16 
TR region and mesothelin residues 296–359 [ 23 , 
 24 ]. The biological importance of MUC16-
mesothelin interaction in facilitating cell-cell 
adhesion, thus promoting the metastasis of ovar-
ian cancer cells has aroused lively interest in its 
potential therapeutic implication. Additionally, 
the identifi cation of the MUC16-interacting 
region in mesothelin has favoured the design of 
antibodies against MUC16 that can be used as 
potential agents to inhibit the MUC16-
mesothelin interaction, thus inhibiting ovarian 
cancer cell metastasis. Furthermore, the charac-
terization of the interacting domains in both the 
two partner proteins is opening new ways for the 
development of specifi c pharmacological tools 
against these interactions [ 23 ]. Further studies 
are needed, however, to determine the in vivo 
effectiveness of all these novel potential thera-
peutic agents.   

14.3     Measurement of  CA 125   

  CA 125   was discovered by Bast et al. in [ 25 ], 
with the development of a murine monoclonal 
antibody (OC 125) produced by immunizing a 
mouse with OVCA 433 cell line, derived from a 
patient with ovarian serous carcinoma. The fi rst 
 immunoassay for CA 125 developed and 
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 commercialized in [ 26 ] used the OC 125 anti-
body for both capture and detection [ 27 ]. 

 A second-generation assay (CA125 II) typi-
cally uses the monoclonal antibody, M11, as the 
capture antibody and OC 125 as the conjugate 
antibody. Other FDA-cleared assays for  CA 125  , 
which employ antibodies other than the OC 125 
and M11 antibodies, are available on automated 
immunoassay platforms. Notably, although the 
majority of manufacturers reports similar refer-
ence intervals, the concentrations of CA125 can 
vary because of differences in calibration, assay 
design, and reagent specifi cities [ 28 ]. It follows 
that, at present, results obtained with different 
assay  methods   cannot be used interchangeably. 
As recommended on National Academy of 
Clinical Biochemistry Laboratory Medicine 
Practice Guidelines for Use of Tumor Markers, in 
the absence of an International Standard for 
CA125, it is then suitable that manufacturers 
specify all features of the used method and labo-
ratories indicate them on their clinical reports. 
For all that, patients should be monitored with a 
single assay or rebaselined if there is a change in 
adopted methodology [ 29 ]. 

14.3.1      Sensitivity  ,  Specifi city   

 In a healthy population,  CA 125   serum levels are 
<35 U/mL. This cutoff was determined from the 
distribution of values in healthy individuals so as 
to include 99 % of normals [ 30 ]. Values tend to 
decline with menopause and aging. Elevations of 
CA 125 assay values may be found in approxi-
mately 1–2 % of healthy individuals [ 26 ] and in 5 
% of individuals with nonmalignant conditions 
such as in women in the follicular phase of the 
menstrual cycle [ 31 ] and in individuals with  cir-
rhosis   [ 32 ,  33 ], hepatitis [ 34 ], endometriosis [ 35 , 
 36 ], fi rst trimester pregnancy [ 37 ,  38 ], ovarian 
cysts [ 39 ], and pelvic infl ammatory disease [ 38 , 
 40 ]. Increased CA 125 values have been reported 
in 28 % of subjects with non-ovarian malignan-
cies which include breast, lung liver pancreatic, 
colon, stomach, biliary tract [ 34 ,  41 ] cervical [ 34 , 
 40 ] uterine [ 33 ] fallopian tube [ 40 ] and endome-
trial carcinomas [ 42 ]. Therefore, CA-125 has 

poor specifi city as biomarker for ovarian cancer 
because of many infl ammatory conditions in the 
abdominal area that cause fl uctuations in CA-125 
levels, and other non-ovarian malignancies which 
result often in false positives. CA 125 has limited 
sensitivity in detecting ovarian cancer. Elevated 
levels of CA 125 have be found in about 50 % of 
patients with early stage ovarian cancer, meaning 
that CA 125 has particularly poor sensitivity for 
ovarian cancer before the onset of symptoms. 
Furthermore, CA 125 is elevated in 90 % of 
patients with stage II disease, and more than 90 
% with stage III and IV, whereas the remainder 
do not express this antigen. The concentration of 
CA 125 correlates with tumor size and staging. 
The use of CA 125 to detect ovarian cancer, espe-
cially in early stages of disease, can frequently 
lead to false negatives with important clinical 
implications. It follow in fact that patients that 
receive false negatives could not receive required 
cares and an appropriate treatment for their dis-
ease. CA 125 determination may be then useful 
in the evaluation of the disease status in patients 
with advanced endometriosis, but is not useful in 
screening for ovarian cancer in asymptomatic 
populations. 

 Another issue that should be consider in mea-
suring  CA 125   is the possible interference which 
may be observed in presence of heterophilic anti-
bodies in the serum, similarly to other immuno-
assays [ 43 ,  44 ]. In particular, individuals who 
follow a therapeutic protocol with monoclonal 
antibodies by parenteral routes may produce anti- 
mouse antibodies. Serum specimens from these 
patients may produce erroneous results in such 
assay.   

14.4      CA 125   Determination 
in Clinical Practice 

14.4.1     Ovarian Cancer Statistics 

 Ovarian cancer is the seventh most common can-
cer in women worldwide (18 most common can-
cer overall) and the second most common 
gynaecological cancer after uterus. Worldwide, 
nearly 239,000 women were estimated to have 
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been diagnosed with ovarian cancer, with inci-
dence rates varying across the world. The highest 
incidence of ovarian cancer was in Central and 
Eastern Europe and Northern America, and the 
lowest in Western Africa and Asia, but this partly 
refl ects varying data quality worldwide. The 
most striking international difference occurs in 
Japan, which has lower rates of ovarian cancer 
than in Europe. In Europe, ovarian cancer is the 
13th most common cancer overall and the fi fth 
most common cancer for females with around 
65,600 new cases diagnosed in 2012. Some of 
this variation may be explained by different prev-
alence of risk factors, use of screening, and diag-
nostic  methods  . Morphologically, ovarian cancer 
is composed of different tumor categories includ-
ing surface epithelial tumors, sex-cord stromal 
tumors, and germ cell tumors [ 45 ]. Of these, epi-
thelial tumors (carcinomas) are the most com-
mon, representing the 80–90 % of overall ovarian 
malignancies, and are divided into the following 
histologic types: serous, mucinous, endometri-
oid, clear cell, and transitional [ 46 ]. Data on 
prevalence and mortality clearly indicate that 
serous ovarian carcinoma represents the most 
important of all primary ovarian carcinomas [ 47 ]. 
Importantly, this distinct histological features 
result in different clinical behavior, tumorigene-
sis and pattern of gene expression, with subse-
quent and considerable clinical implications. 

 The latest statistics available on mortality for 
ovarian cancer are of 2012 and indicate that, 
worldwide, around 152,000 women were esti-
mated to have died from ovarian cancer in 2012, 
with mortality rates varying across the world. 
Data related to the same year 2012 estimate that 
in Europe around 42,700 women have died from 
ovarian cancer [ 48 ]. Since ovarian cancer often 
has no symptoms at the early stages, its diagnosis 
happens generally when the disease is in 
advanced stage. That implies that, even though 
10-year survival from ovarian cancer has almost 
doubled over the last 40 years, it remains how-
ever still poor, ranging from approximately 
30–50% at 5 years after diagnosis (which com-
pares the 5-year survival of people with the can-
cer to the survival of others at the same age who 
do not have cancer). As often happens for other 

types of cancer, early detection is often crucial 
for a better outcome of the disease. Statistical 
data recently reported show, in fact, that ovarian 
cancer survival is highest in younger women, 
who are more often diagnosed with early cancer.  

14.4.2      CA 125   as a  Screening   
and Diagnostic  Biomarker   
for Ovarian Cancer 

 Due to its limited specifi city and sensitivity,  CA 
125   alone is not useful as a screening assay for 
ovarian cancer detection in asymptomatic popu-
lation. A single measurement of CA 125 cannot 
be interpreted, without use of other diagnostic 
techniques, as absolute evidence of the presence 
or absence of disease.  Screening   is however rec-
ommended by the NACB Panel or by other 
authoritative organizations in at-risk women with 
a family history of hereditary ovarian cancer, in 
conjunction with pelvic examination and ultra-
sound testing [ 49 – 51 ]. To improve the clinical 
usefulness of CA 125 for screening/early detec-
tion, several strategies has been suggested, 
including approaches combining CA125 with 
ultrasound, longitudinal measurements of 
CA125, and measurement of CA125 in combina-
tion with other recently proposed multimarker 
panels [ 27 ,  52 – 55 ]. 

 The recognition that early detection of ovarian 
cancer may have the potential to considerably 
improve prognosis prompted the development, in 
the last few years, of a number of large prospec-
tive trials to evaluate the potential role for 
CA125 in screening for ovarian cancer in asymp-
tomatic populations. A total of 82,487 low-risk 
postmenopausal women were screened using an 
annual ultrasound and CA125 determination in a 
Japanese Shizuoka Cohort Study of  Ovarian 
Cancer    Screening  . The trial showed encouraging 
sensitivity (77.1 %) and specifi city (99.9 %) with 
a more effectiveness in detecting cancer at an 
early stage (63 %) compared to the control arm 
(38 %) [ 56 ]. 

 The  Prostate  , Lung, Colorectal and Ovarian 
(PLCO)  Cancer    Screening   Trial was designed to 
determine the effect of specifi c cancer screening 
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tests on cause-specifi c mortality. Enrollment for 
this randomized controlled trial began in 
November 1993 and concluded in July 2001. 
Planned follow-up was for up to 13 years from 
randomization. A total of 68,616 women aged 
55–74 were enrolled, of whom 30,630 underwent 
screening, between 1993 and 2007, for serum 
CA125 and transvaginal ultrasound for 4 years 
followed by CA125 alone for a further 2 years. 
Data from this study indicate that annual screen-
ing for ovarian cancer as performed in the PLCO 
trial with simultaneous CA-125 and transvaginal 
ultrasound does not reduce disease-specifi c mor-
tality in women at average risk for ovarian cancer 
but does increase invasive medical procedures 
and complications in women undergoing surgery 
for false positive results [ 57 ]. 

 If the PLCO trial has reported no mortality 
benefi t of ovarian cancer screening, also the larg-
est prospective randomized trial realized so far, 
the United Kingdom Collaborative Trial of 
 Ovarian Cancer    Screening   (UKCTOCS), has 
been designed to assess the effect of screening 
with serial CA125 measurements and transvagi-
nal sonography on cause-specifi c mortality. 
Between 2001 and 2005, a total of 202,638 post- 
menopausal women aged 50–74 years were ran-
domly assigned to no treatment (control; 
 n  = 101,359); annual CA125 screening (inter-
preted by a ‘Risk of Ovarian  Cancer  ’ algorithm, 
ROCA) with transvaginal ultrasound as a second- 
line test (multimodal screening [MMS]; 
 n  = 50,640); or annual screening with transvagi-
nal ultrasound (USS;  n  = 50,639) alone. The use 
of longitudinal algorithm ROCA, that compares 
the CA125 profi le of cases to that of healthy 
women and incorporates age-specifi c incidence 
of ovarian cancer in estimating risk, seems to 
shown encouraging performance characteristics 
both on prevalence and incidence screening [ 58 ]. 
Data from the UKCTOCS suggest that CA125 
rise within normal range can be detected by the 
ROCA well before any abnormalities are detected 
on transvaginal imaging. Whether this converts 
into a mortality impact will be known as soon as 
the results will be available [ 59 ]. 

 If not recommended by NACB for use in 
screening asymptomatic women,  CA 125   is 

 however considered useful in distinguishing 
benign from malignant disease in women, partic-
ularly in postmenopausal women with suspicious 
ovarian masses, thus facilitating orientation for a 
more o less extensive surgical intervention. If in 
premenopausal women several benign conditions 
that cause increased values of CA 125 may be a 
confounding factors, thus rendering more diffi cult 
the discrimination of benign from malignant dis-
ease, in postmenopausal women elevated concen-
trations of CA125 > 95 kU/L can discriminate 
malignant from benign pelvic masses with a posi-
tive predictive value of 95 % [ 27 ].  

14.4.3      CA 125   as Biomarker 
for Ovarian Cancer Prognosis 
and Monitoring 
of Therapeutic Effect 

 Measuring  CA 125   is actually considered stan-
dard of care by many for ovarian cancer patient 
surveillance. Monitoring response to therapeutic 
treatment is in fact the primary FDA-indicated 
use for CA 125 in patients with epithelial ovarian 
cancer. The second FDA-indicated use is to 
detect residual or recurrent disease during the 
follow up of patients who have undergone fi rst- 
line therapy and would be considered for second- 
look procedures.  

 Generally, in monitoring studies, elevations of 
 CA 125   > 35 U/mL after debulking surgery and 
 chemotherapy   indicate that residual disease is 
likely (>95 % accuracy). A persistently rising CA 
125 value after three cycles of chemotherapy 
suggests progressive malignant disease and poor 
therapeutic response. However, CA-125 levels 
below 35 U/mL do not rule-out recurrence, 
because patients with histopathologic evidence 
of ovarian carcinoma may have CA-125 test con-
centrations within the range of healthy individu-
als. Then clinical decisions for these patients 
should not be based on a CA-125 test concentra-
tion below 35 U/mL. 

 Currently, there is general consensus about the 
recommendation of  CA 125    measurement   for 
monitoring response to treatment and detecting 
disease recurrence. However, which may be the 
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best evaluation criteria of CA 125-based response 
remains still debated [ 60 – 62 ]. In 2011, the 
Gynecologic  Cancer   Intergroup (GCIG), in eval-
uating the criteria of CA 125 use to defi ne 
progression- free survival after fi rst-line therapy 
as well as the criteria to defi ne response to treat-
ment in recurrent disease, suggested that CA 125 
alone can be used to evaluate the effectiveness of 
treatment [ 63 ]. The commonly accepted response 
criterion is a 50 % decrease in CA 125 as com-
pared to the pretreated sample, which should be 
taken 2 weeks before treatment. According to 
NACB ovarian cancer panel recommendation, 
subsequent samples should be taken at 2–4 weeks 
during treatment and at intervals of 2–3 weeks 
during follow-up [ 28 ]. Then, if CA 125 monitor-
ing is actually considered a relatively sensitive 
and cost-effective test to follow up of ovarian 
cancer patients, however other  methods   such as 
physical examination, CT scan, and ultrasound 
are also important for detecting residual disease. 
Of note, the retrospective study of Gadducci et al. 
[ 64 ] assessed the pattern of failures of 412 
patients with recurrent ovarian cancer followed 
up with different surveillance protocols. 
Follow-up by using clinical examination, imag-
ing technique and serum CA 125 raised the sus-
pect of recurrent disease in the 80 % of patients, 
while only 23 % of them were detected by CA 
125 measurement alone [ 64 ]. It is likely that the 
GCIG progression or recurrence criteria, based 
on CA 125 monitoring, might be so strict as they 
do not allow to detect disease progression in 
those patients whose CA 125 levels are less than 
two times the upper limit of the reference range 
or nadir value [ 62 ]. 

 The possible advantages related to use of  CA 
125    nadir   have been recently evaluated in several 
retrospective studies, suggesting that the nadir 
serum CA-125 level, in women achieving a 
clinically- defi ned complete response to primary 
 chemotherapy  , accurately defi ned the risk of 
relapse [ 65 ,  66 ]. According to these reports, the 
retrospective analysis of Markman et al. [ 67 ] 
demonstrated that the baseline CA-125 level 
before initiation of maintenance chemotherapy 
may be of strong prognostic value. In particular, 

baseline CA-125 levels distributed into sub-
groups for values of (A) < or = 10 U/mL, (B) 
11–20 U/mL, and (C) 21–35 U/mL, was highly 
statistically signifi cant in strongly predicting the 
risk of subsequent relapse. At premaintenance 
baseline CA-125 values < or = 10 U/mL corre-
sponds to a superior progression-free survival 
compared with higher levels in the normal 
CA-125 range. Given fi ndings of different prog-
nostic groupings existing within the commonly 
regarded normal CA-125 range, Liu et al. [ 68 ] 
evaluated another criterion to detect early signal 
of progressive disease, by predicting progression 
if CA 125 ≥ 20 U/mL on two consecutive occa-
sions for patients with CA 125 nadir ≤ 10 U/mL 
or if CA 125 ≥ 2 × nadir on two consecutive occa-
sions for patients with nadir more than 10 U/
mL. This proposal, which essentially applies the 
GCIG CA-125 disease progression criterion, 
lowering however the upper normal limit from 35 
to 10 U/mL, obtained a positive predictive value 
of 93 % (95 % CI, 88–97 %). 

 To analyze the prognostic value of the CA-125 
nadir in the normal range (<35 U/mL), Prat et al. 
[ 69 ] included in their retrospective analysis 
patients with CA-125 > 35 U/mL at time of diag-
nosis, treated with optimal cytoreductive surgery 
and perioperative platinum/taxane-based  chemo-
therapy  . By dividing patients that have achieved a 
complete biochemical (<35 U/mL) and radiologi-
cal response after primary treatment into the fol-
lowing arbitrary groups, group A ≤10 U/mL; and 
group B, 11–35 U/mL, they have found that the 
outcome were signifi cantly improved for group A 
as compared to group B. Similarly to previous 
fi ndings, also results from this study, with a 96.4 
% positive predictive value, demonstrated that the 
CA-125 nadir value is a strong independent prog-
nostic factor for subsequent disease relapse and 
overall survival. All together, these results suggest 
that variations in the CA- 125 levels after primary 
surgery and, more importantly, the nadir value of 
the CA-125 after primary chemotherapy, are asso-
ciated with patient outcome. An appropriate use 
of  CA 125   and a careful evaluation of the varia-
tions from  CA 125 nadir   may be useful to oncolo-
gist to early detect ovarian cancer relapse.   

14 The Role of CA 125 as Tumor Marker: Biochemical and Clinical Aspects



238

14.5     Other Serum Markers 
for Pancreatic Cancer 

14.5.1      HE4   

 Human epididymis protein 4 ( HE4  ) is another 
ovarian cancer marker intensely studied in the 
last years and recently introduced in clinical use. 
HE4 is a small secretory protein, encoded by the 
 WFDC2  gene, which resides on human chromo-
some 20q12-13.1, a region that harbors a locus of 
14 genes encoding protein domains that have 
homology with whey acidic protein (WAP) [ 70 ]. 
This protein is also designated WAP four-disul-
fi de core domain protein 2 (WFDC2) because it 
contains two WAP domains and a “four disulfi de 
core” made up of eight cysteine residues. The 
WAP domain is a conserved motif, containing 
eight cysteines found in a characteristic 
4- disulphide core arrangement, that is present in 
a number of otherwise unrelated proteins. These 
proteins typically are secreted and are protease 
inhibitors, although this function has not been 
ascribed to HE4, and its exact physiologic role 
has not been characterized. 

  HE4   protein was initially discovered, by using 
microarrays, to be overexpressed in epididymal 
tissue and later in ovarian cancer tissue [ 71 ,  72 ]. 
Generation of the monoclonal antibodies 2H5 
and 3D8 to epitopes on HE4 has allowed devel-
opment of a sandwich ELISA and measurement 
of HE4 serum, test which has become available 
for the routine laboratory repertoire. Subsequent 
studies have shown that HE4 is not specifi c for 
ovarian tumors, although its expression is how-
ever restricted to the normal tissue of the repro-
ductive tracts and respiratory epithelium. It has 
been observed also in a subset of lung tumour 
cell lines [ 73 ]. 

 In the serum of patients with epithelial ovarian 
cancer,  HE4   is overexpressed in 93 % of serous 
histologic subtype and in 100 % of endometrioid 
epithelial ovarian cancers, but only in 50 % of 
clear cell carcinomas and not in mucinous or 
germ-cell ovarian cancers. 

14.5.1.1     Clinical Applications of  HE4   
 At an  HE4   concentration of 150 pM, 95 % of 
healthy women were below this cutoff, while 79 
% of women with ovarian cancer were above this 
cutoff. Elevations in other subjects include breast 
(13 %), endometrial (26 %), gastrointestinal (16 
%), and lung cancers (42 %), as well as benign 
gynecologic disease (7 %) and other benign dis-
ease (24 %). A recent study revising the available 
literature on biological and lifestyle factors 
affecting HE4 concentrations in serum highlights 
that, in contrast to CA-125, higher HE4 concen-
trations are reported in the elderly, with a strong 
difference in biomarker biological intra- 
individual variation according to the fertility sta-
tus is reported. In addition, the evaluation of HE4 
results may be problematic when patients suffer 
from additional conditions that may alter HE4 
level. Other factors, such as smoking and 
decreased renal function also show a substantial 
impact on HE4 values, which should be consid-
ered in each patient [ 74 ]. 

 The great interest aroused by  HE4   is moti-
vated primarily by better specifi city that this pro-
tein seems to have compared with CA125 in 
discriminating benign diseases. Recent studies 
demonstrated that the more prominent differ-
ences among them are observed in patients with 
some benign ovarian diseases, such as endome-
triosis, who showed the 67 % of increased  CA 
125   values compared with 3 % of HE4 [ 75 ]. It 
has been reported that mean serum concentration 
of HE4 was signifi cantly higher in serum samples 
of patients with both endometrial (99.2 pM, 
 P  < 0.001) and ovarian (1125.4 pM,  P  < 0.001) 
cancer but not with ovarian endometriomas (46.0 
pM) or other types of endometriosis (45.5 pM) as 
compared with healthy controls (40.5 pM) [ 76 ]. 

 At present, although several studies compar-
ing  HE4   and  CA 125   performance demonstrated 
that HE4 is a more specifi c marker for ovarian 
cancer than CA 125 [ 75 ,  76 ], the clinical use of 
HE4 in differentiation of ovarian cancer from 
other benign gynecologic diseases continues to 
be evaluated. Certainly, measuring both HE4 and 
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CA125 serum concentrations may allow more 
accurate prediction of cancer than use of the indi-
vidual markers, thus providing valuable informa-
tion to discriminate ovarian tumours from ovarian 
endometriotic cysts. Furthermore, the HE4 assay 
is FDA cleared for monitoring recurrence or pro-
gressive disease in patients with epithelial ovar-
ian cancer. Similarly to CA 125, a prompt 
reduction and subsequent normalization of HE4 
levels refl ects a response to primary surgery and 
 chemotherapy  . But HE4 values that remains ele-
vated are important indicator of the recurrence of 
the disease. Interestingly, the study by Anastasi 
et al. [ 77 ] showed that, in the follow-up of 
patients with ovarian cancer, the increased 
expression of HE4 is detected 5–8 months before 
CA125 increment, suggesting that HE4 might be 
a better marker for monitoring disease progres-
sion. Hynninen et al. [ 78 ] in evaluating response 
of patients treated with primary surgery and six 
cycles of chemotherapy demonstrated that HE4 
correlated with PET/CT results better than CA 
125. Similarly, the study of Manganaro et al. [ 79 ] 
confi rmed that HE4 may serve as marker of epi-
thelial ovarian cancer relapse and, more impor-
tantly, its values, measured within three time 
intervals after surgery and  adjuvant chemother-
apy  , were found to increase early compared with 
CA 125. A percentage of elevated HE4 levels 
were detected already in patients within the fi rst 
time interval, while positivity for CA-125 was 
found later at time interval III and only in 44 % of 
patients. Combining then HE4 serum evaluation 
with CE CT imaging may improve the monitor-
ing management of women affected by ovarian 
cancer. 

 About the diagnostic test performance, avail-
able data are rather limited and still insuffi cient to 
conclude that  HE4   alone or in combination with 
CA-125 has signifi cantly better diagnostic per-
formance than CA-125 alone. Moreover, there is 
not suffi cient evidence from prospective or con-
trolled studies demonstrating that HE4 is an 
effective screening tool for identifying ovarian 
cancer in asymptomatic women.    

14.6     Multiple-Marker Based 
Algorithms 

 Due to well-known limitations associated to the 
use of a single marker, for some years oncologic 
research has turned to evaluate clinical utility of 
the combined use of multiple biomarkers associ-
ated with ovarian cancers, including biochemi-
cal, ultrasound and other imaging techniques. 
Two algorithms, ROMA and OVA1, have been 
recently approved by FDA and are used to assess 
ovarian cancer risk for premenopausal or post-
menopausal women with a pelvic mass. 

 ROMA (Risk of Ovarian Malignancy 
Algorithm) is a qualitative serum test that gener-
ates a numerical score (from 0.0 to 10.0) by 
incorporating the results of CA-125 (the most 
widely accepted biomarker for ovarian cancer) 
and  HE4   blood tests, plus menopausal status, to 
identify patients presenting with an adnexal mass 
as being at high or low likelihood for having 
malignancy. Results must be interpreted in con-
junction with an independent clinical and radio-
logical assessment (  https://www.accessdata.fda.
gov/cdrh_docs/reviews/K103358.pdf    ) 

 Data from a combined population of pre- and 
postmenopausal women, published in the instruc-
tions for use of ROMA [ 80 ], showed for this 
algorithm a sensitivity of 88.4 %, a specifi city of 
67.2 %, and an NPV of 96.2 %. The high accu-
racy and reproducibility characteristic of this 
regression model in stratifying patients into a 
high or low ovarian cancer risk is independently 
confi rmed in a number of publications, some of 
which indicated increased benefi t with ROMA vs 
traditionally measured CA-125 and  HE4   [ 81 –
 83 ]. It may, furthermore, be improved with inclu-
sion of supplemental data, such as age and ultra-
sound fi ndings. The performance and clinical 
utility of ROMA has been described in detail by 
Chudecka-Głaz [ 84 ] in her exhaustive review. 

 Based on the proteomics biomarker discovery 
approach using mass spectrometry, Zhang and 
coworkers [ 55 ,  85 ] identifi ed several proteins 
that, when combined with  CA 125  , provide 
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 diagnostic value for ovarian cancer. Data were 
submitted to the FDA and were cleared for clini-
cal use as the OVA1 test the fi rst in vitro diag-
nostic multivariate index assay proteomic 
diagnostic for cancer. 

 The OVA1 Test is a qualitative serum test that 
combines the values for 5 analytes (Prealbumin, 
Apo A-1, β2M, Transferrin, and  CA 125  ) from 
separately run immunoassays into a single 
numerical score between 0.0 and 10.0 to indicate 
the likelihood that the pelvic mass is benign or 
malignant. The algorithm was derived using two 
independent training data sets from preoperative 
serum samples. Two cutoffs, 5.0 and 4.4 for pre- 
and post-menopausal patients respectively, were 
identifi ed based on the training data. The cutoff 
score classifi es a patient based on her OVA1™ 
Test score as low probability or high probability 
for presence of ovarian malignancy [ 86 ]. The 
FDA reviewed a study of 516 patients, collected 
from 27 clinical sites and including 269 evalu-
ated by non-gynecological oncologists, which 
compared OVA1 results with biopsy results. 
When combined with pre-surgical information, 
such as radiography and other laboratory tests, 
results from the OVA1 tests identifi ed additional 
patients, not identifi ed using pre-surgical infor-
mation alone, who might benefi t from oncology 
referral (  https://www.accessdata.fda.gov/cdrh_
docs/reviews/K081754.pdf    ). 

 The effectiveness of OVA1 in the preoperative 
assessment of ovarian tumors has been investi-
gated in a study of Ueland and coworkers [ 87 ], 
who assessed its clinical performance in a 
prospective, double-blind clinical study of 524 
subjects (29 % with ovarian cancer) at 27 demo-
graphically diverse collection sites throughout 
the U.S. The authors reported high sensitivity 
(93 %) and NPV (93 %) but low specificity 
(43 %) and low PPV (42 %), demonstrating for 
OVA1 a higher sensitivity and lower specifi city 
compared with physician assessment and  CA 125   
in detecting ovarian malignancies. Similar results 
were reported by Bristow et al. [ 88 ], who evaluated 
the effectiveness of a multivariate index assay in 
identifying ovarian malignancy compared to clinical 
assessment and CA125-II. Data from a prospec-
tive, multi-institutional trial, enrolling a total of 

494 women, scheduled to undergo surgery for an 
adnexal mass from 27 non-gynecologic oncology 
practices, showed that, when combined with clin-
ical impression, the sensitivity for OVA1 was 
95.7 %, validating its usefulness as a preoperative 
cancer referral test. Investigators concluded that 
OVA1 demonstrated higher sensitivity and nega-
tive predictive value (98.1 %) for ovarian malig-
nancy compared to clinical impression and 
CA125-II in an intended 

 In conclusion, OVA1 test is not intended for 
ovarian cancer screening or for a defi nitive diag-
nosis of ovarian cancer. It should be used as an 
adjunctive test to complement, not replace, other 
diagnostic and clinical procedures. Furthermore, 
interpreting the test result requires to know 
whether the woman is pre- or post-menopausal. 

 More recently, Grenache et al. [ 89 ] evaluated 
the clinical performance of OVA1 and ROMA for 
the prediction of malignancy in women with an 
adnexal mass, reporting a sensitivity of OVA1 
and ROMA of 97 % and 87 %, respectively 
( p  = 0.25). Results indicated that ROMA was 
more specifi c than OVA1 (83 % vs. 55 %, respec-
tively;  p  < 0.0001), while the negative predictive 
values of both tests were similar (98.4 % and 96.0 
%, respectively). A sequential testing strategy 
may improve overall performance, producing a 
positive predictive value of 69 % when ROMA is 
performed on all patients identifi ed as high risk 
by OVA1. The authors concluded that the use of 
these tests to appropriately triage women with an 
adnexal mass should be gauged within the con-
text of their respective limitations.  

14.7     Conclusions 

 Although the role of  CA 125   in the screening is 
controversial, CA 125 serum measurement is 
useful in the differential diagnosis of ovarian 
masses, and in monitoring response to therapeu-
tic treatment and in detecting residual or recur-
rent disease during the follow up women with 
epithelial ovarian cancer. However, due to its lim-
ited specifi city and sensitivity, CA 125 alone can-
not still be an ideal biomarker. From all these 
considerations arises the need to identify comple-
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mentary biomarkers which may be used in asso-
ciation with CA 125, to improve diagnostic 
performance.  HE4   is another ovarian cancer 
marker intensely studied in the last years and 
recently introduced in clinical use as marker of 
epithelial ovarian cancer relapse. Considerable 
efforts have been applied to the development of 
multiplexed biomarker-based tests and more than 
200 potential markers of ovarian cancer has been 
proposed so far [ 90 ]. Several signifi cant advance-
ments have been achieved recently, including the 
introduction of FDA-approved HE4, ROMA and 
OVA1 tests to evaluate the risk of ovarian cancer 
for patients with a pelvic mass. Results from 
recent studies are encouraging, in demonstrating 
that a multi-marker approach seems guarantee a 
better sensitivity than CA 125 alone, although 
their real clinical contribution is still under accu-
rate investigations in properly designed clinical 
trials. Meanwhile major efforts are underway to 
detect biomarkers capable of recognizing disease 
in its preclinical phase, in an attempt to improve 
ovarian cancer risk stratifi cation by identifying 
populations at greatest risk of disease. It is a very 
diffi cult challenge, but the considerable advances 
in high-throughput technologies over the past 
decade and their intense use in identifying a char-
acteristic disease-related markers profi le clearly 
indicates that a new era in screening is 
underway.     
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  CA19-9 (carbohydrate antigen 19-9, also called cancer antigen 19-9 or 
sialylated Lewis a antigen) is the most commonly used and best validated 
serum tumor marker for pancreatic cancer diagnosis in symptomatic 
patients and for monitoring therapy in patients with pancreatic adenocar-
cinoma. Normally synthesized by normal human pancreatic and biliary 
ductal cells and by gastric, colon, endometrial and salivary epithelia, CA 
19-9 is present in small amounts in serum, and can be over expressed in 
several benign gastrointestinal disorders. Importantly, it exhibits a dra-
matic increase in its plasmatic levels during neoplastic disease. However, 
several critical aspects for its clinical use, such as false negative results in 
subjects with Lewis  a-b-  genotype and false positive elevation, occasional 
and transient, in patients with benign diseases, together with its poor posi-
tive predictive value (72.3 %), do not make it a good cancer-specifi c 
marker and renders it impotent as a screening tool. In the last years a large 
number of putative biomarkers for pancreatic cancer have been proposed, 
most of which is lacking of large scale validation. In addition, none of 
these has showed to possess the requisite sensitivity/specifi city to be intro-
duced in clinical use. Therefore, although with important limitations we 
well-know, CA 19-9 continues being the only pancreatic cancer marker 
actually in clinical use.  
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15.1         Introduction 

 CA 19-9 (carbohydrate antigen 19-9, also called 
cancer antigen 19-9) is the most widely used and 
best validated marker for pancreatic cancer [ 1 ]. 
First described in 1979 by Koprowski et al. [ 2 ] in 
colorectal carcinoma cell line SW1116 using the 
mouse monoclonal antibody 1116-NS-19-9, this 
molecule was then discovered in the serum of 
patients with colon and pancreatic cancer in 1981 
[ 3 ] and was later found also to be a component of 
glycoproteins and  mucins   [ 4 – 6 ]. It belongs to the 
large family of mucinous markers: glycoproteins 
with a transmembrane protein skeleton and the 
extracellular side consisting of oligosaccharides 
chains extensively glycosylated, which are a nor-
mal component of the glandular secretions of 
mucous type. In particular, CA 19-9 is synthe-
sized by normal human pancreatic and biliary 
ductal cells and by gastric, colon, endometrial 
and salivary epithelia. Normally present in small 
amounts in serum, in which it exists as mucin, a 
high molecular mass (200–1000 kDa) glycopro-
tein complex, CA 19-9 is over expressed in cer-
tain infl ammatory conditions as pancreatitis and 
other benign gastrointestinal diseases. Moreover, 
it exhibits an increase in its plasmatic levels in 
course of neoplastic disease, during which sev-
eral processes regulating both the passage of 
these molecules in the bloodstream and their 
metabolization appear altered [ 7 ]. Sialyl Lewis a 
is not found at high levels in normal tissues, 
whereas it is found at elevated levels in patients 
with pancreatic, hepatobiliary, gastric, hepatocel-
lular, colorectal and breast cancer.  

15.2     Biochemical Structure 

 CA 19-9 antigen is a tetrasaccharide carbohy-
drate termed sialyl Lewis a (part of the Lewis 
family of blood group antigens) with the sequence 
Neu5Aca2,3Galb1,3 (Fuca1,4) GlcNAc. Sialyl 
Lewis a is synthesized by glycosyltransferases 
which sequentially bind the monosaccharide pre-
cursors onto both N-linked and O-linked glycans. 
The expression of the antigen requires the Lewis 
gene product, 1,4-fucosyltransferase, and sub-

jects who are genotypically Le a–b– , approximately 
6 % of Caucasian and about 22 % of non- 
Caucasican population, do not synthesize the 
molecule. The Lewis blood group system com-
prises a set of fucosylated glycosphingolipids 
that are synthesized by exocrine epithelial cells 
and subsequently adsorbed onto the surface of 
the erythrocyte, giving rise to their Lewis pheno-
type and thus circulating in body fl uid as red cell 
antigens. The Lewis antigen system is based on 
expression of genes members of the fucosyltrans-
ferase family, which catalyzes the addition of 
α-fucose residue to precursor polysaccharides in 
the last step of Lewis antigen biosynthesis. In 
particular, enzymes with α 1 → 3 fucosyltransfer-
ase and α 1 → 4 fucosyltransferase activities, 
encoded by Le or FUT3 gene, add an α-fucose 
residue to the precursor oligosaccharide substrate 
in subterminal position, converting it to the Le a  
antigen. The α-fucose residue linked to terminal 
β-galactose through 1 → 2 linkage is synthesized 
by the α1 → 2 fucosyltransferase, encoded by 
FUT2 (Se) gene, and can be added only if an 
α-fucose has already been added by the Le gene 
product. Therefore, the addition of a second 
fucose to the Le a  antigen produces the Le b  
antigen. 

 Besides Le a  and Le b , also two minor antigens 
exist, Le c  and Le d , and several sialylated or 
 sulfated forms of antigens whose identifi cation 
has been facilitated by the use of monoclonal 
antibodies, started on a large scale about 30 years 
ago. Le a–b+  phenotypes are present with a fre-
quency of 72 % among Europeans and white 
American populations, followed by Le a+b–  (22 %), 
and Le a–b–  (6 %), while the percentage of Le a–b–  is 
as high as 22 % in Afro-Americans [ 8 ]. The Le a+b+  
phenotype is more frequent among people of 
East Asia and the Pacifi c rim region, due to the 
presence of  Se  genes encoding less effi cient 
α1 → 2 fucosyltransferase [ 9 ]. 

 Le a  and Le b  antigens start to appear after birth, 
the fi rst develops soon, the second much later, till 
it reach the adult level at 6 years of age. It has 
long been known that Le a  and Le b  glycolipid anti-
gens are mainly synthesized by intestinal epithelial 
cells, secreted into the blood stream, and adsorbed 
at the surface of RBCs. This process can be 
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affected by abnormalities in serum lipoprotein 
composition during pregnancy or malignant dis-
orders, thus resulting in a considerable decrease 
of Le a  and Le b  antigen expression on RBCs.  

15.3     Physiology 
and Pathophysiology 

 It is well known that immune cells express spe-
cifi c recognition molecules for cell surface gly-
cans, such as galectins, sialic acid binding Ig-like 
lectins (siglecs), and selectins [ 9 – 11 ]. Such recog-
nition molecules seem to be essential in cell- cell 
interaction processes, but the exact mechanism 
that involve glycan-mediated cell- cell interactions 
in mucosal immunity are still to be clarifi ed. 

 It has also long be known that cell surface gly-
cans undergo remarkable changes during malig-
nant transformation, an altered expression 
ascribable to a process already defi ned ‘incom-
plete synthesis’ of complex carbohydrate deter-
minants, with the resulting expression of 
structurally less complicated carbohydrate mole-
cules [ 12 – 15 ]. 

 The sialyl Lewis a antigen is just one of these 
carbohydrate determinants. It has recently been 
shown that, besides this determinant, linked to a 
single molecule of sialic acid, there is another 
form, tied to two molecules of sialic acid (the 
second sialic acid residue attached at the 
C6-position of penultimate GlcNAc in sialyl 
Lewis a), which is prevalently expressed in non- 
malignant epithelial cells (disialyl Lewis a). This 
‘normal’ molecule, whose expression decreases 
signifi cantly during malignant transformation, 
functions as a ligand for immunosuppressive 
receptors and contributes to maintaining immu-
nological homeostasis of the gastrointestinal 
mucous membranes. In particular, studies con-
ducted by Miyazaki et al. [ 16 ] indicate that the 
glycans expressed in normal epithelial cells 
serves as ligands for sialic acid-binding 
immunoglobulin- like lectin-7 (Siglec-7) and 
sialic acid-binding immunoglobulin-like 
lectin-9 (Singlec-9), the immunosuppressive 
carbohydrate- recognition receptors expressed 
mainly on leukocytes, whereas the cancer- 

associated glycans do not. The downregulated 
transcription of a gene encoding the α 2 → 6 sial-
yltransferase in cancer cells produces initially a 
partial synthesis of incomplete bond of the sec-
ond sialic acid residue then a gradual transition of 
carbohydrate determinants from disialyl Lewis 
a-dominant status to sialyl Lewis a-dominant sta-
tus, with a resulting accumulation of this last. 
Important functional consequences are evident, 
such as the loss of right cell-cell recognition 
between mucosal epithelial cells and lymphoid 
cells and the gain of E-selectin binding activity. 
Similarly, impairment of 6-sulfation seems to 
occur on malignant transformation of colonic 
epithelial cells, leading to the loss of sialyl 
6-sulfo Lewis x determinant and gain of sialyl 
Lewis x in cancer cells, another ligand for 
E-selectin [ 17 ]. Therefore, the expression of 
these siglec-7/-9 ligands that was impaired upon 
carcinogenesis were replaced by cancer- 
associated glycans sialyl Lewis a and sialyl Lewis 
x, which have no siglec ligand activity. If normal 
glycans of epithelial cells exert a suppressive 
effect on cyclooxygenase-2 expression by resi-
dent macrophages, thus maintaining immuno-
logical homeostasis in colonic mucosal 
membranes, their loss caused by impaired 
 glycosylation can enhance infl ammatory media-
tor production [ 18 ]. Subsequently, hypoxic con-
ditions that arise in the course of neoplastic 
disease, in inducing the transcription of several 
genes responsible for glycosylation involved in 
the synthesis of sialyl Lewis a, further accelerate 
the expression of this determinant in hypoxia- 
resistant cells with a high degree of malignancy, 
which become the predominant clones in 
advanced tumors with high frequency of hema-
togenous metastases [ 19 ].  

15.4     Measurement of CA 19-9 

15.4.1     Clinical Interferences 
with the Assay 

 Initial enthusiasm for applying sialyl Lewis a for 
serum diagnosis of cancers has waned in part 
when the presence of false-positives in patients 
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suffering from intra- and extra-cholestatic dis-
eases as well as liver dysfunction have been 
reported [ 20 – 22 ]. Since then, it appeared to be 
clear that clinical interpretation of CA 19.9 mea-
surement requires a careful evaluation of impor-
tant interfering situations which render diffi cult 
the use of this tumor marker in clinical practice. 
Now, in the light of more recent data analyzing 
the diagnostic accuracy in patients with pancre-
atic cancer, appear evident that the diagnostic 
utility of CA 19.9 presents important limitations 
above all related to a low sensitivity in symptho-
matic patients and a low PPV. In particular for the 
following:

•    Impossibility to detect CA 19-9 in subjects 
that have a fucosyltransferase defi ciency, 
approximately of 5–10 % of the Caucasian 
population, who cannot synthesize the 
Ca-19-9 epitope. Therefore, in these genotypi-
cally Lewis  a–b–  patients, false negative results 
for CA 19-9 serum levels can be obtained even 
in the presence of advanced pancreatic cancer. 
It follows that the maximum achievable sensi-
tivity of CA 19-9 for pancreatic cancer in 
Caucasian populations is 90–95 % [ 23 ];  

•   Appearance of sialyl Lewis a in the serum is 
not specifi c to malignant disorders, and 
patients with benign disorders sometimes 
show elevated serum levels of sialyl Lewis a. 

•  The occasional and transient elevation of CA 
19.9 serum levels in a wide variety of benign 
conditions limits its diagnostic utility, show-
ing as sialyl Lewis a is not a cancer-specifi c 
marker in a strict sense. The determinant is 
expressed by a small number of ductal epithe-
lial cells in the normal pancreas, and its serum 
levels exhibit an increase, sometimes dramatic 
[ 24 ], in several non-malignant disorders such 
as infl ammatory diseases, including chronic 
and acute pancreatitis, liver  cirrhosis  , cholan-
gitis and obstructive jaundice [ 25 ]. Other 
benign conditions, including ovarian cyst, 
heart failure, hashimoto’s thyroiditis, rheuma-
toid arthritis and diverticulitis have been 
reported to cause an increase of CA 19-9 
serum levels [ 26 – 31 ];  

•   Possibility to detect elevated CA 19-9 levels 
in multiple types of adenocarcinoma, espe-

cially in advanced gastrointestinal cancers 
[ 1 , 7 , 26 ]. In an overview study, Steinberg [ 26 ] 
reported an elevation percentage, which some-
times may be signifi cant, of CA 19-9 in 
patients with bile duct cancer, gastric and 
colorectal cancer, and with hepatocellular 
carcinoma;  

•   Lacking in CA 19-9 sensitivity for early or 
small-diameter pancreatic cancers. Because of 
serum CA 19-9 concentration is highly corre-
lated to the tumor size in most, if not in all, 
patients with pancreatic cancer [ 32 ], just 50 % 
of patients with pancreatic cancers less that 
3 cm in diameter presents elevated levels of 
CA 19-9 [ 26 ], thus it is diffi cult to use CA 
19-9 as a marker for early diagnosis of pancre-
atic cancer [ 33 , 34 ];  

•   Poor correlation between the degree of cell 
differentiation of the tumor and the serum 
level of CA 19-9 (National health Insurance 
Corporation [ 35 ]). Poorly differentiated pan-
creatic cancers appear to express less CA 19-9 
than either moderately or well differentiated 
cancers [ 26 ].    

 Given all these limitations, it is evident the CA 
19-9 is a marker that should be used carefully, 
particularly in the initial diagnostic approach, 
during which its use may at worst aid diagnosis, 
but of course cannot replace histological proof of 
pancreatic cancer, even when imaging is indica-
tive [ 1 ]. Moreover, if false-positive results in a 
given population of patients with benign disor-
ders are inevitable, however the possibility to 
simultaneously determinate serum levels of 
sialyl- and disialyl Lewis a and to calculate the 
monosialyl/disialyl Lewis a ratio is very impor-
tant to limit these false positives. In particular, 
during the course of cancer progression, the 
expression of sialyl Lewis a determinant is accel-
erated, with consequent increase of sialyl Lewis 
a/disialyl Lewis a ratio, which tends to be higher 
in serum of cancer patients while maintaining 
low in patients with benign disorders. In this way 
it is possible to distinguish pathological forms 
more severe than the benign, thus reducing the 
number of patients who are sometimes subjected 
to long hospitalization periods, and undergo 
unnecessary further clinical examinations, 
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including diagnostic imaging techniques, for 
have differential diagnosis.  

15.4.2     Methodological Interferences 
with the Assay 

 Almost all assays for  CA 19-9   detection depend 
on the use of the monoclonal antibody 1116-NS- 
19-9, which recognizes a carbohydrate epitope 
expressed on circulating antigen. An important 
aspect must be considered about CA 19.9 assays. 
In fact, although assays for the quantitative detec-
tion of CA 19-9 have been available for almost 30 
years, its measurement is still somewhat prob-
lematic, refl ecting primarily the lack of an inter-
national standard for CA 19-9 and differences in 
assay design. A comparative analysis of different 
assays for CA19-9 carried out extensively over 
the last few years has clearly demonstrated that 
different assays may give different results [ 36 –
 38 ]. Also a recent study, undertaken to compare 
the results obtained by two widespread commer-
cial  methods  , showed that the two assays were 
comparable in diagnostic accuracy and had a 
good correlation, but are not interchangeable 
[ 39 ]. The poor comparability of CA 19-9 results 
obtained using different methods complicates 
their clinical interpretation. It is therefore funda-
mental that patients who undergo serial determi-
nation of CA 19-9 levels are monitored for this 
marker using a single method and that each report 
states the method used for analysis [ 40 ]. 

 Another problem in measuring of CA 19.9 is 
represented by the possibility of obtaining false 
results caused by the presence of interference 
methodology. Although interferences in the CA 
19-9 assay are not frequent, this phenomenon, 
common to all immunoassays, must therefore 
always be considered. It has been reported that 
the presence of rheumatoid factor (RF) and of 
heterophilic antibodies are the most important 
causes of interference in the determination of CA 
19-9. First described by Biguet et al. in [ 41 ], the 
possible interference of RF in the determination 
of CA 19-9 has been afterwards evaluated by 
Berth and co-workers in an RF-positive popula-
tion, with RF concentrations exceeding 
100 kIU/L, using four different immunoassay 

platforms [ 42 ]. The Authors reported that, among 
the eight discrepant results probably related to 
method dependent differences, only one, obtained 
with an assay for CA 19-9 (Centaur, Siemens 
Healthcare) but not with three others 
(ARCHITECT and AxSYM, Abbott, and Vidas, 
Biomerieux), is clearly referable to a interference 
problem of RF, with high level positivity for high 
RF (900 kU/L) associated with a very high posi-
tivity of CA 19-9 (80,000 U/L). 

 Contrarily, in a case report of a patient with a 
history of biliary polyp, Liang et al. [ 43 ] exclude 
that RF is responsible for the falsely elevated car-
bohydrate antigen 19-9 level, attributing instead 
this false-positivity to the presence of hetero-
philic antimouse antibody interference. 
Regarding the possible interference by hetero-
philic antibodies in serum CA 19-9 determina-
tion, Passerini et al. [ 39 ] demonstrated that both 
immunoassays considered in their study appeared 
to be affected by such interference, because a 
reduction of values below the proposed diagnos-
tic cut-off was seen in 40–46 % of discrepant 
specimens after these antibodies were removed.  

15.4.3      Sensitivity  ,  Specifi city   

 Some scientifi c publications have been carried 
out on the diagnostic accuracy of CA 19-9 in 
patients with pancreatic cancer and have been 
recently revised by Duffy et al. [ 1 ] in their 
exhaustive and comprehensive review. In all 
these works, in which serum CA 19-9 levels in 
pancreatic cancer patients have been compared 
with different control groups, has been used 
37 kU/l as cut-off point for CA 19-9 and, with 
this cut off, CA 19-9 has been shown to have an 
overall mean sensitivity of 81 % and a mean 
specifi city of 90 % for pancreatic cancer. 
Increasing the cut-off point improved consider-
ably the specifi city, but reduced gradually the 
sensitivity [ 26 ]. Data from 1990 to 2005, ana-
lyzed by Goonnetilleke and Siriwardena in a 
recent review, showed a median sensitivity of CA 
19-9 for pancreatic cancer of the 79 % and a 
median specifi city of 82 % [ 7 ]. Moreover, CA 
19-9 sensitivity varies with the stage of pancre-
atic cancer, and only 50 % of patients with pan-
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creatic cancers of <3 cm diameter will have an 
elevated CA 19-9 level. As reported in a docu-
ment of the Association for Clinical Biochemistry 
[ 44 ], sensitivity for other malignancies is the fol-
lowing: 70 % for hepatobiliary, 40–50 % for gas-
tric cancer, 30–50 % for hepatocellular carcinoma, 
30 % for colorectal cancer and 15 % for breast 
cancer.   

15.5     Clinical Indications 

15.5.1     Pancreatic  Cancer   

 According to American  Cancer   Society, in 2014 
there will be 46,420 new cases of pancreatic can-
cer and an estimated 39,590 people will die of 
this disease. Rates of pancreatic cancer have been 
increasing slightly over the past decade, account-
ing for about 3 % of all cancers in the United 
States, and for about 7 % of cancer deaths. 
Compared to other cancers, pancreatic cancer is 
relatively rare, with an average lifetime risk of 
developing it of about 1.5 %. Although only the 
12th most frequent malignancy, cancer of the 
pancreas was the fi fth most frequent cause of 
cancer-related mortality in the Europe [ 1 ] and the 
fourth leading cause of cancer death in the 
US. With increasing age, this cancer type 
becomes more common and slightly more com-
mon in men than women. 

  Cancer   stage at diagnosis addresses to  chemo-
therapy   or chemoradiotherapy treatment options 
and early detection has a strong infl uence on the 
patient survival. In general, the earlier pancreas 
cancer is caught, the better chance a person has of 
surviving 5 years after being diagnosed. The 
5-year survival for localized pancreas cancer 
(approximately 9 % of the total) is of 25.8 %. 
Moreover, only 20 % of patients who have diag-
nosis of pancreas cancer are considered eligible 
for surgery and, of these, about a half undergoes 
successful resection. For the remaining 80 % of 
patients, suffering from locally advanced or met-
astatic disease, no curative therapy currently 
exists, and the median survival times estimated 
for them are of the order of 8–12 months and 5–8 
months, respectively [ 1 ]. This poor prognosis is 

attributable to late pancreas cancer detection, that 
renders often ineffective the therapeutic treat-
ments, to its early recurrence and, above all, to 
the absence of clinically useful biomarker(s) 
which can detect pancreatic cancer in its precur-
sor form(s) or earliest stages [ 45 ]. Therefore, the 
prognosis continues to be poor, despite some 
improvements, mainly due to a more specialized 
surgery treatment and to the application of spe-
cifi c chemotherapy protocol, have been made in 
recent years. Yet, the large number of new puta-
tive pancreatic biomarkers that have been recently 
proposed needs to a large scale clinical valida-
tion, which at present still lacks.  

15.5.2     CA 19-9 as a  Screening   
and Diagnostic  Biomarker   
for Pancreatic  Cancer   

 The role of CA 19-9 as a screening tool for pan-
creatic cancer in asymptomatic individuals has 
been extensively evaluated, demonstrating that it 
has no utility as a screening marker given its very 
low positive predictive value [ 27 , 28 ]. In particu-
lar, Kim et al. [ 27 ] have drawn this conclusion, 
analyzing data from our study in which 70,940 
asymptomatic subjects were screened using 
CA19-9. Only four cases of pancreatic cancer 
were detected along with 1059 false-positives, 
yielding a positive predictive value of only 0.9 %, 
although the sensitivity and specifi city were 
100 % and 98.5 % respectively. Similarly, Chang 
et al. [ 28 ], in illustrating results of our screening 
study on a group of 5343 subjects, reported that 
only two, among the 385 patients with CA 19-9 
serum level >37 U/ml, were suffering from pan-
creatic cancer. The PPV of an elevated serum CA 
19-9 level in the asymptomatic population in this 
study was only 0.5 %. False positive elevation of 
the CA 19-9 serum levels was noted in 325 
patients (6.1 %) and a total of 58 other cancers 
were identifi ed. Moreover, in screening high-risk 
populations, serum CA19-9 level is often normal 
also when many preinvasive pancreatic lesions 
are detected by imaging [ 46 – 48 ]. Based on these 
evidences, according to American Society of 
Clinical Oncology (ASCO) guidelines, CA 19-9 
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should not be used as screening in asymptomatic 
subjects. Currently, a multimodality screening 
combining various evaluative imaging techniques 
appears to be the most effective way to detect 
precancerous pancreatic lesions, even though it is 
an issue still controversial in some its aspects (the 
age to initiate screening, the optimal screening 
modalities as well as the intervals for follow-up 
imaging). In 2013, International  Cancer   of the 
Pancreas  Screening   (CAPS) consortium state that 
“initial screening should include endoscopic 
ultrasonography (EUS) and/or magnetic reso-
nance imaging (MRI)/magnetic resonance chol-
angiopancreatography (MRCP), not computed 
tomography (CT) or endoscopic retrograde chol-
angiopancreatography (ERCP)” [ 49 , 50 ]. 

 In addition to screening, early detection of 
pancreatic cancer is important for a differential 
diagnosis and a timely management of this 
malignancy. The utility of serum CA19-9 in the 
diagnosis of pancreatic cancer has been exten-
sively evaluated, as well as the diagnostic cutoff 
value of CA19-9. Results from a study per-
formed in 1999, enrolling 20,035 asymptomatic 
subjects, 160 patients with pancreatic diseases 
and 322 with biliary tract diseases, showed a 
mean serum concentration of CA19-9 in asymp-
tomatic individuals of 9.42 ± 9.95 U/ml. Levels 
above 37 U/mL were determined to be most 
accurate for discriminating pancreatic cancer 
from benign pancreatic diseases (sensitivity and 
specifi city of 77 % and 87 %, respectively) [ 29 ]. 
The diagnostic utility of CA 19-9 has been inves-
tigated also in the already mentioned review by 
Goonnetilleke and Siriwardena [ 7 ], who ana-
lyzed pooled data from 2283 symptomatic sub-
jects. The Authors reported a median sensitivity 
of serum CA 19-9 level for pancreatic cancer of 
79 % and a median specifi city of 82 % with a 
PPV and NPV of 72 % and 81 % respectively. 
Among patients with symptoms suspicious for 
pancreatic cancer, elevated CA 19-9 is a poor 
predictor of pancreatic cancer with a predictive 
value of 0.5–0.9 %. Based on this evidence of 
poor sensitivity for early lesions, the European 
Group on Tumor Marker (EGTM) guidelines 
affi rms that CA 19-9 has limited value in the 
diagnosis of pancreatic cancer, especially for 

early forms of the disease. Similarly, the National 
Academy of Clinical Biochemistry (NACB; 
USA) does not recommend measurement of CA 
19-9 in the diagnosis of pancreatic cancer, but 
states that the marker could be used in aiding 
diagnosis, in conjunction with results from accu-
rate radiological procedures, such as computed 
tomography (CT) or endoscopic ultrasound 
(EUS) and can guide further invasive testing such 
as endoscopic retrograde cholangiopancreatogra-
phy, laparoscopy or EUS fi ne-needle aspiration 
[ 1 ].  

15.5.3     CA 19 - 9 Serum Levels 
as a  Biomarker   of  Prognosis   
in Patients with Pancreatic 
 Cancer   

 Measuring serum CA 19-9 levels provides sig-
nifi cant prognostic information and allows 
patient stratifi cation (survival groups) and deter-
mination of resectability of pancreatic cancer. 
For example, based on pre-operative CA 19-9 
levels, Berger et al. stratifi ed 129 surgically 
resected pancreatic cancer patients into four 
groups [(undetectable, normal (<37 U/ml), 
38–200 U/ml, and >200 U/mL)], demonstrating 
an inverse correlation between CA 19-9 levels 
and median survival of patients [ 51 ]. Preoperative 
CA19-9 levels ( p  = 0.030) and lymph node ratio 
( p  = 0.042) emerged as independent predictors of 
survival on multivariate analysis conducted by 
Smith et al. [ 52 ] in patients with resected pancre-
atic ductal adenocarcinoma. Data from study of 
Zhang et al. [ 53 ] showed that preoperative serum 
CA19-9 level is a useful marker for evaluating 
the resectability of pancreatic cancer, while the 
multivariate analysis of factors predicting sur-
vival, conducted by Waraya et al. [ 54 ] in 117 pan-
creatic cancer individuals undergoing surgical 
resection, demonstrated the prognostic value of 
preoperative Ca 19-9, in conjunction with dis-
sected peripancreatic tissue margin, and con-
fi rmed that at higher preCA19-9 corresponds a 
worse prognosis. 

 Moreover, several Authors investigate which 
prognostic value, if the pre- or post-operative 
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serum CA19-9 level, is more useful in predicting 
survival. Besides correlating preCA 19-9 levels 
with stage of disease, Ferrone and coworkers 
[ 55 ], showed that both a postoperative decrease 
in CA19-9 and a postoperative CA19-9 value of 
less than 200 U/mL are strong independent pre-
dictors of survival. In analyzing data of pre- and 
postoperative serum CA19-9 levels from 109 
patients who underwent surgical resection for 
pancreatic cancer, Kondo et al. [ 56 ] considered 
signifi cant the differences in overall survival 
between groups divided on the basis of four post-
operative CA19-9 cutoff values (37, 100, 200, 
and 500 U/ml) but not signifi cant those between 
groups divided on the basis of the same four pre-
operative CA19-9 cutoff values. They conclude 
that postoperative CA19-9 level is a better prog-
nostic factor than preoperative CA19-9 level. All 
together, results from these studies suggest that: 
(i) preoperative CA 19-9 correlates with stage of 
disease; (ii) a median of pre operative CA 19-9 
serum level <100 U/ml correlates with resectabil-
ity (41–80 %) whereas levels >100 U/ml suggest 
advanced or metastatic pancreatic cancer (60–
85 %) [ 30 ,  57 ]; (iii) postoperative normalization 
or a downward trend of the CA 19-9 serum level 
is associated with prolonged survival whereas 
elevated or failure of the CA 19-9 to decrease fol-
lowing pancreatic resection refl ects residual dis-
ease or occult metastasis and portends a poor 
survival [ 58 ].  

15.5.4     CA 19-9 Serum Levels 
as a  Biomarker   
for Chemotherapy Response 
in Pancreatic  Cancer   Patients 

 Several studies have been performed investigating 
the utility of CA 19-9 for assessing the effi cacy 
of  chemotherapy   for advanced pancreatic cancer. 
Willett et al. [ 59 ] measured serum CA 19-9 levels 
in 42 individuals before and following chemo-
therapy treatment with 5-fl ourouracil and irradia-
tion, to defi ne the potential role of this tumor 
marker in preoperative management of these 
patients. In comparing these CA 19-9 values with 
fi ndings of restaging computed tomography (CT) 

scan and laparotomy, the Authors showed a cor-
relation, statistically signifi cant ( P  = 0.009), 
between increased or decreased CA 19-9 levels 
and disease progression. Results suggest that 
monitoring of CA 19-9 appears useful for the 
identifi cation of patients who manifest progres-
sive tumor growth and metastasis in spite of this 
treatment. In analyzing data of CA 19-9 levels in 
36 subjects receiving gemcitabine treatment, 
Halm et al. [ 60 ] demonstrated the utility of serial 
measurements of this marker, to evaluate the 
response to chemotherapy. Authors showed that 
patients with a decrease of CA 19-9 >20 % after 
8 weeks of treatment ( n  = 25) have a signifi cantly 
better median survival compared to patients with 
a rise or a decrease < or = 20 % ( n  = 11)  P  < 0.001. 
Other more recent studies analyzing prospective 
trials showed similar results, suggesting that CA 
19-9 is a prognostic and predictive biomarker in 
patients with advanced pancreatic cancer who 
receive gemcitabine-containing chemotherapy 
[ 61 – 63 ]. Moreover, on the basis of data, from 
1997 to 2002, of 96 patients who underwent pan-
createctomy without  adjuvant chemotherapy   as 
the control arm of a large randomized prospective 
adjuvant therapy trial, Hernandez et al. [ 64 ] con-
cluded that CA 19-9 velocity predicts disease-
free survival and overall survival after 
pancreatectomy of curative intent. According to 
previous results, Reni et al. [ 65 ], plotting the sur-
vival curves on a pre-defi ned decline in CA 19-9 
serum levels of 247 advanced pancreatic cancer 
patients enrolled in fi ve consecutive chemother-
apy trials, illustrated that a higher percent decline 
in CA 19-9 serum levels following treatment cor-
responds to an improved overall survival. In spite 
of all these evidences, however, the NACB Panel 
recommends that serial CA 19-9 measurements 
during palliative chemotherapy should be used in 
conjunction with imaging tests to determine the 
effi cacy of treatment. Serial CA19-9 monitoring 
is also recommended in the follow-up of patients 
after potentially curative surgery. Moreover, 
according to 2006 ASCO update of recommenda-
tions for the use of tumor markers in gastrointes-
tinal cancer, CA 19-9 should not be used to defi ne 
disease recurrence if not with the support of 
accurate evaluative imaging techniques.   
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15.6     Other Serum Markers 
for Pancreatic  Cancer   

  Early detection   of pancreatic cancer is an ever 
prominent problem, considering the high death 
rate for this disease. A wide range of potential 
new markers, including serum, pancreatic juice 
and tissue-based markers, have been proposed 
for early detection, as reported by the European 
Group on Tumor Markers (EGTM) [ 1 ]. Among 
these, duke pancreatic monoclonal antigentype 2 
( DUPAN-2  ), macrophage inhibitory cytokine 
( MIC-1  ) and regenerating islet derived ( REG-4  ), 
being unaffected by Lewis blood group status, 
may be more effective for detecting the presence 
of pancreatic cancer in sialyl Lewis negative pop-
ulation [ 66 ]. Additional tissue-based markers 
have been object of a series of studies, reporting 
initially promising results. For example, among 
possible oncogene/oncosuppressor mutations, 
which occur at various stages during proceeding 
of neoplastic disease, the most important are: 
K-ras, EGF e EFGR (precocious), of p16 and  p53   
(intermediate in the neoplastic evolution), and of 
SMAD and BRCA2 (more tardy). The KRAS is 
an oncogene that encodes a small GTPase trans-
ductor protein called p21, which participates in 
intracellular signal transduction and is involved 
in the regulation of cell division. Activating 
mutations in the KRAS gene impair the ability of 
the KRAS protein to switch between active and 
inactive states, inducing the active state. The 
resulting aberrant forms of p21 have a profound 
effect on the downstream effector pathways, 
resulting in much higher proliferation rates, 
enhanced cell survival and resistance to apoptosis 
that may evolve toward neoplastic process. K-ras 
mutations are frequently observed in human can-
cers [ 67 ] and are reported to be present in about 
90 % of pancreatic ductal carcinomas, appearing 
in the relatively early stages of carcinogenesis 
[ 68 ]. The mutations found most frequently in the 
KRAS gene of cancer cells are located at posi-
tions 12 and 13 in exon 1, and less frequently in 
codons 61, 63, 117, 119, and 146 [ 69 ]. In particu-
lar, mutations in codons 12 or 13, which are pres-
ent with high frequency in pancreatic cancer, are 
known to lead to conformational changes in the 

KRAS protein. The majority studies analyzing 
the potential biomarker role of KRAS mutations 
in pancreatic adenocarcinoma show those muta-
tions as an adverse prognostic indicator, others, 
however, does not found signifi cant relationship 
between the presence of mutant K-ras and poor 
outcome. The resulting data, obtained moreover 
by using  methods   with varying sensitivities and 
specifi cities to determine K-ras mutant, are still 
confl icting, as reported in a systematic review of 
the literature of Garcea et al. [ 68 ]. The available 
evidence do not sustain till now the use of K-ras 
for routinely determining prognosis in patients 
with pancreatic cancer. Of similar limitations suf-
fer studies that related p53 mutation/overexpres-
sion to outcome in patients with pancreatic cancer 
[ 68 ]. As well known, p53 tumor suppressor gene 
encodes a transcription factor which is involved 
in regulating cell cycle, apoptosis, and has been 
defi ned “the guardian of genome” [ 70 ], because 
of its role in conserving stability by preventing 
genome mutation [ 71 ]. Mutations in the p53 gene 
are frequently found in human cancer, and are 
present in a percentage ranging from 50 % to 
70 % of pancreatic cancers, appearing relatively 
late in the genesis of this malignancy. However, 
available confl icting data does not permit to 
establish a strict association between p53 status 
and patient outcome. 

 Also  mucins   are extensively studied in rela-
tionship with pancreatic cancer [ 72 ]. As well 
known, mucins are high molecular weight glyco-
proteins widely expressed by specialized epithe-
lial cells of the gastrointestinal, respiratory, and 
urinogenital tracts. Under normal circumstances, 
mucins are known to play a protective role for 
epithelial tissues. However, in numerous patho-
logic situations, their aberrant expression is 
known to have multiple implications in develop-
ment, progression, metastasis and a poor progno-
sis of cancer [ 73 , 74 ]. In particular, MUC1, 
MUC2, MUC4 and MUC5AC are key mucins in 
pathological diagnosis of pancreatic neoplasm. 
In 2007, Wang and coworkers, in immunohisto-
chemically confi rming the aberrant expression as 
well as changed in the level and distribution pat-
tern of mucins (MUC1, MUC2 and MUC5AC) in 
pancreatic cancer, furthermore observed that the 
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combined implementation of conventional imag-
ing technique and molecular diagnostic 
approaches may provide improved sensitivity 
and specifi city of diagnosis of pancreatic cancer 
and mucinous neoplasms. In particular, the 
Authors reported that the combination test of 
MUC1 + cytology and MUC5AC + cytology 
could improve sensitivity (respectively 85 % ver-
sus 65 %, 100 % versus 65 % of cytology alone) 
and accuracy (89 % versus 73 %, 91 % versus 
72 % of cytology alone) for pancreatic cancer 
diagnosis. Also the combination test of 
MUC2 + cytology and MUC5AC + cytology 
could achieve higher sensitivity (78 % versus 
39 %, 100 % versus 39 % of cytology alone), 
specifi city (97 % versus 60 %, 71 % versus 60 %) 
and accuracy for mucinous neoplasm diagnosis. 
Recently, Yokoyama et al. [ 75 ] showed that three 
mucin genes (MUC1, MUC2 and MUC4) expres-
sion in cancer cell line was regulated by DNA 
methylation and analyzed the DNA methylation 
status of mucin genes by a ‘methylation-specifi c 
electrophoresis’ method to high sensitivity and 
resolution. Results from pancreatic juice samples 
from 45 patients with various pancreatic lesions 
indicated that the DNA methylation status of 
MUC1, MUC2 and MUC4 in pancreatic juice 
with the mucin expression in tissue. Analyses of 
the DNA methylation status of MUC1, MUC2 
and MUC4 of human pancreatic juice may pro-
vide useful information for differential diagnosis 
of human pancreatic neoplasms, with specifi city 
and sensitivity of 87 % and 80 % for PDAC. In an 
attempt to defi ne the cellular and molecular 
mechanisms through which MUC4 contributes to 
the metastasis of pancreatic cancer cells, Senapati 
et al. demonstrated that MUC4-NIDO domain 
interaction may play a role in promoting the 
breaching of basement membrane integrity and 
spreading of cancer cells [ 76 ]. 

 More recently, the discovery of miRNA, small 
non-protein-coding RNA molecules that nega-
tively regulate gene expression at the post- 
transcriptional level, seems to open new ways not 
only in oncology research but also in cancer ther-
apeutics. A growing number of direct and indi-
rect evidence demonstrates that miRNAs 
expression is profoundly altered in human cancer 

or strongly modulated during carcinogenesis. 
Moreover, the peculiar features of miRNAs, 
including their tissue- and disease-specifi c 
expression and their high stability in tissue and 
fl uids, together with the possibility to detect them 
in very low amount of samples, may provide 
important advantages for supporting the possible 
use of miRNA as diagnostic and prognostic/pre-
dictive biomarkers and therapeutic targets. 
Following the fi rst report in 2007 by Lee and 
coworkers [ 77 ], who identifi ed a differential 
miRNAs expression profi le in clinical specimens 
of pancreatic adenocarcinoma and pancreatic 
cancer cell lines, Wang et al. [ 78 ], 2 years later, 
detected miRNA in the blood of patients with 
PC. They showed that plasma profi ling of four 
miRNAs ( miR-21  , miR-210, miR-196a and miR- 
155) can differentiate cancer patients from 
healthy controls, revealing a sensitivity of 64 % 
and a specifi city of 89 % for pancreatic cancer. 
Afterwards, a series of researches have been per-
formed for characterizing the miRNAs expres-
sion profi le, highlighting a clear discrimination 
between pancreatic cancer, chronic pancreatic 
and normal pancreas. From all these translational 
studies, a panel of miRNAs whose expression 
results profoundly altered in PC is emerging [ 79 ]. 
Interestingly, a series of miRNA which are either 
upregulated (e.g. miR-146) or silenced (e.g. miR- 
205 and miR-7) was recently identifi ed in 
advanced pancreatic cancer clinical samples as 
well as in pure populations of CSCs isolated from 
pancreatic cancer cell line resistant to gem-
citabine [ 80 ]. In their recently published miRNA 
analysis from plasma of 140 pancreatic cancer 
patients, Liu et al. [ 81 ] support the diagnostic 
utility of the combination of plasma miRNAs 
(miR-155, 181a, 181b and 196a) with serum 
CA19-9 for early detection of pancreatic cancer. 
Using logistic modeling analysis, they proved 
that major effectiveness in combining  miR-16  , 
miR-196a and CA19-9 for discriminating PCa 
from non-PCa (normal + CP) (AUC-ROC, 0.979; 
sensitivity, 92.0 %; specifi city, 95.6 %), and for 
discriminating PCa from CP (AUC-ROC, 0.956; 
sensitivity, 88.4 %; specifi city, 96.3 %) compared 
with the miRNA panel (miR-16 + miR-196a) or 
CA19-9 alone. Importantly, the combination was 
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reported to be effective at identifi cation of tumors 
in Stage 1 (85.2 %). Similarly, Wang et al. [ 82 ] 
identifying in peripheral blood mononuclear cells 
(PBMC) specifi c microRNAs whose levels might 
facilitate diagnosis of pancreatic cancer, evalu-
ated their predictive value by logistic regression 
models, showing that a combination of PBMC 
miR-27a-3p and serum CA19-9 levels provided a 
higher diagnostic accuracy with a sensitivity of 
85.3 % and specifi city of 81.6 % (AUC = 0.886; 
95 % CI, 0.837–0.923 %). Last, to assess the 
diagnostic value of the serum miRNA profi ling, 
Liu et al. [ 83 ] identifi ed a panel of seven miRNA 
(miR-20a, miR-21, miR-24, miR-25,  miR-9  9a, 
miR-185, and miR-191), which appear to have an 
high sensitivity and specifi city for distinguishing 
various stages of PaC from cancer- free controls 
and to accurately discriminate PaC patients from 
chronic pancreatitis patients. The diagnostic 
accuracy rate of the 7-miRNA profi le was 83.6 % 
in correctly classifying 55 cases with clinically 
suspected PaC. 

 All these evidences suggest that miRNAs pro-
fi ling may be used as potential tool for the early 
stage PC diagnosis, monitoring cancer progres-
sion and effi cacy of the treatment. Another inter-
esting aspect that is attracting the attention of 
oncologic research is the therapeutic potential of 
miRNAs. Recent studies demonstrate that 
microRNAs may soon translate into clinical 
applications not only as screening tools but also 
as therapeutic targets for this cancer. In fact, the 
possibility to modulate the miRNAs expression, 
by activating tumor suppressive miRNAs and by 
inhibiting oncogenic miRNAs with small mole-
cules or gene transfer, seems to open new ways 
for the development of cancer therapeutics. This 
potential therapeutic aspect is very intriguing. At 
present, however, this application remains still a 
challenge and requires further in depth studies.  

15.7     Conclusions 

 A large number of putative biomarkers derived 
from serum, tissue, bile, pancreatic juice and 
saliva has been proposed and are currently under-
going evaluation for pancreatic cancer detection. 

At present, most of them lacks large scale valida-
tion and however none of them has showed to 
possess the sensitivity and specifi city required to 
be employed individually in early detection of 
pancreatic cancer. Therefore, although with 
important limitations we well-know, ranging 
from false negative results in sialyl Lewis nega-
tive subjects to false positive results in the pres-
ence of obstructive jaundice, CA 19-9 continues 
being the only pancreatic cancer marker of actual 
clinical use. However, because of its low positive 
predictive value, serum CA 19-9 determination 
cannot be used as screening marker, while it can 
be used in aiding diagnosis, in conjunction with 
results from accurate radiological procedures, in 
symptomatic patients. Measuring preoperative 
serum CA19-9 level is useful for evaluating the 
resectability of pancreatic cancer and for predict-
ing the disease course. The inverse correlation 
existing between CA 19-9 levels and median sur-
vival of patients renders serum CA 19-9 a good 
marker for estimating overall survival of the 
patient and for evaluating the possible presence 
of residual disease after pancreatic resection. 
Serial CA 19-9 monitoring can be useful in the 
follow-up of patients during  chemotherapy   for 
appraising the effi cacy of treatment. 

 Poor prognosis of pancreatic cancer patients 
makes the research of new sensitive and specifi c 
markers necessary to identify this malignancy at 
early stages of development. The possibility of a 
timely therapeutic intervention should assure a 
more effective treatment and could translate in a 
real improvement in the patients’ survival but 
also in their of quality of life during the course of 
the illness.     
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    Abstract  

  The pursuit of minimally invasive biomarkers is a challenging but exciting 
area of research. Clearly, such markers would need to be sensitive and spe-
cifi c enough to aid in the detection of breast cancer at an early stage, would 
monitor progression of the disease, and could predict the individual patient’s 
response to treatment. Unfortunately, to date, markers with such characteris-
tics have not made it to the clinic for breast cancer. Past years, many studies 
indicated that the non-coding part of our genome (the so called ‘junk’ DNA), 
may be an ideal source for these biomarkers. In this chapter, the potential use 
of microRNAs and long non-coding RNAs as biomarkers will be discussed.  
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16.1         Introduction 

 Despite worldwide research on detection and 
therapy, breast cancer remains the leading cause 
of cancer death in women.  Early detection   of 
breast cancer is essential for survival and effi -
cient treatment, yet current  methods   of detection, 
such as mammography, lack the sensitivity to 

suffi ciently detect occult cancer and differentiate 
indolent from aggressive breast cancer. This defi -
ciency may result in mortality due to a missed 
diagnosis or require additional invasive testing, 
which can result in unnecessary distress or over- 
treatment. Biomarkers that could function as an 
adjunct to mammography to detect breast cancer 
at an early stage, to identify aggressive disease or 
predict metastasis, could have a major impact on 
the management and outcome of this disease. 

 Currently, standard clinical parameters such 
as tumor size, grade, lymph node involvement 
and tumor-node-metastasis staging correlate with 
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outcome and serve to stratify patients with respect 
to (neo) adjuvant chemotherapy   and/or radiother-
apy. Furthermore, molecular breast cancer mark-
ers of which the best known are  estrogen receptor   
overexpression or HER2 amplifi cation are used 
to predict the response to hormone therapy. 
However, stage-matched tumors grouped by his-
tological or molecular subtypes can respond dif-
ferently to the same treatment, so there is an 
additional need for tumor classifying molecular 
biomarkers. Emerging players in genetics are 
classes of non coding RNA molecules (like miR-
NAs and lncRNAs), due to their key roles in 
almost every developmental and cellular process, 
there for the possibility they could function as 
biomarkers in (breast) cancer is not unthinkable.  

16.2     MicroRNAs 

 The fi rst microRNAs (miRNAs) were character-
ized in the early 1990s [ 1 ]. However, miRNAs 
were not recognized as a distinct class of biologi-
cal regulators with conserved functions until the 
early 2000s. MicroRNAs are small (ca. 22 nucle-
otides) non-coding RNA molecules found in 
plants and animals, which function in transcrip-
tional and post-transcriptional regulation of gene 
expression [ 2 ]. Encoded by eukaryotic nuclear 
DNA, a miRNA will translationally repress or 
degrade his target through base-pairing with 
complementary sequences within mRNA mole-
cules [ 3 ,  4 ]. The human genome may encode over 
1000 miRNAs, which may target about 60 % of 
mammalian genes and are present in many human 
cell types [ 5 – 8 ]. 

 Most  microRNA   genes are found in intergenic 
regions or in anti-sense orientation to certain 
genes and hence contain their own miRNA gene 
promoter and regulatory units [ 9 – 12 ]. However, 
probably 40 % is situated in introns of protein 
and non-protein coding genes or even rarely in 
exons. These are usually, though not exclusively, 
found in a sense orientation and thus show a con-
current transcription and regulation expression 
profi le originating from a common promoter with 
their host genes [ 13 ,  14 ]. 

 Mature miRNAs are produced through a mul-
tistage process that starts in the nucleus, where 

primary (pri-)miRNAs (several hundred to a 
thousand nucleotides in length) are transcribed 
by RNA polymerase II [ 12 ,  15 ,  16 ]. Pri-miRNAs 
are then processed to shorter (70–85 nucleotide) 
precursor (pre-)miRNAs mediated by Drosha, an 
RNase III enzyme, and its cofactor DGCR8 [ 17 , 
 18 ]. Subsequently, pre-miRNAs are exported to 
the cytoplasm by exportin 5 [ 18 ,  19 ] and then 
cleaved by Dicer, another RNase III enzyme, to 
produce a ∼22 nucleotide double-stranded 
miRNA duplex [ 20 – 22 ]. The strand containing 
less stable hydrogen-bonding at its 5′ end is a 
mature miRNA and is integrated into the RNA-
induced silencing complex, while the other strand 
is degraded [ 23 ,  24 ]. The  microRNA  /RISC com-
plex attaches to the messenger RNA (mRNA) in 
one of two ways: when the sequences are per-
fectly complementary, the microRNA/ RISC 
complex binds tightly to the mRNA and, with the 
help of the enzyme Ago2, the mRNA is degraded 
[ 23 ,  25 ]. More commonly, when the sequences 
are imperfectly complementary, the microRNA/
RISC complex binds and inhibits translation of 
the mRNA without degradation. The fi nal out-
come of either of these pathways is a decrease in 
the protein level of the target gene. 

 miRNAs are thought to have a key role in gene 
regulation although mostly they exhibit only par-
tial complementarity to their mRNA targets [ 26 , 
 27 ]. A ‘seed region’ of about 6–8 nucleotides long 
at the 5′ end of a miRNA is an important determi-
nant of target specifi city [ 8 ,  28 ]. It has been shown 
that gene regulation by miRNAs is a complex net-
work, a given miRNA may have multiple different 
mRNA targets and a given target might similarly 
be targeted by multiple miRNAs [ 29 ,  30 ]. 

16.2.1      MiRNAS and Breast Cancer   

 Three important observations in the early history 
of miRNAs suggested a potential role in human 
cancer:

    1.    The miRNAs discovered in  C. elegans  and 
 Drosophila  were shown to be involved in cell 
proliferation and apoptosis, hence their dereg-
ulation may therefore contribute to prolifera-
tive diseases such as cancer [ 1 ,  31 ].   
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   2.    When human miRNAs were discovered, it 
was noticed that many miRNA genes were 
located at loci in the genome that are fre-
quently amplifi ed or deleted in human cancer 
[ 32 ]. A specifi c example of this is the polycis-
tron cluster miR-17–92 at the  c13orf25  locus 
on chromosome 13q31. This locus is known 
to undergo loss of heterozygosity in a number 
of different cancer types, including breast can-
cer [ 33 ]. Similarly, miR-125b, which is under-
expressed in breast cancer, is located at 
chromosome 11q23-24, one of the regions 
most frequently deleted in breast, ovarian, and 
lung tumors [ 33 ].   

   3.    Malignant tumors and tumor cell lines were 
found to have widespread deregulated miRNA 
expression compared to normal tissues [ 34 –
 36 ]. The question remains whether the altered 
miRNA expression observed in cancer is a 
cause or consequence of malignant 
transformation.     

 In 2002, Calin et al. [ 37 ] reported the fi rst 
direct evidence of miRNAs playing a role in 
human cancer; they found that miR-15 and  miR- 
16     contribute to chronic lymphocytic leukemia. 
They discovered that this specifi c miRNA cluster 
was deleted in a signifi cant portion of chronic 
lymphocytic leukemia cases. It was found that 
normally these miRNAs had a direct repressive 
effect on  Bcl-2  , a well-characterized anti- 
apoptotic protein. In these CLL cases with low 
miR-15a/16-1 expression, it was found that Bcl-2 
levels were increased, leading to an increased 
ability to avoid apoptosis, cell-death and tumor 
suppressor mechanism. 

 Subsequently, more examples of miRNAs 
involved in human cancer were discovered. Iorio 
and colleagues [ 38 ] fi rst demonstrated miRNA 
deregulation in human breast cancer by miRNA 
microarray analysis; they identifi ed a set of 15 
miRNAs that was able to correctly predict the 
nature of the sample analyzed (i.e., tumor or nor-
mal breast tissue) with 100 % accuracy. These 
results leave few doubts that aberrant expression 
of miRNA is indeed involved in human breast 
cancer. They found that  miR-10b  , miR-125b, and 
 miR-145   were down regulated, while  miR-21   
and miR-155 were up regulated, suggesting that 

these miRNAs may have potential tumor sup-
pressor genes or oncogenes as targets. In addi-
tion, miRNA expression was correlated with 
biopathologic features such as  estrogen receptor   
(ER), progesterone  receptor   status and tumor 
stage [ 38 ]. Measurement of miRNA levels dem-
onstrates a global decrease in miRNA expression 
in breast tumours compared to adjacent normal 
tissue and a gradual decline with increased 
tumour grade [ 39 ]. 

 The differential expression of miRNAs in 
breast tumor compared with normal breast tissue, 
and the indication of associations between miR-
NAs and tumor subtypes, suggest a potential role 
for such molecules in diagnostic biomarker 
panels.  

16.2.2     miRNAs and Breast Tumor 
Tissue Profi ling 

 To date, commonly three markers are established 
in the routine evaluation of breast tumors: estro-
gen and progesterone receptors (ER/PR: for pre-
dicting response to endocrine therapies) and 
HER2/neu (for predicting response to 
Trastuzumab) [ 40 ]. The most commonly 
employed technique to evaluate the hormone 
 receptor   status of breast tumors is immunohisto-
chemistry, which relies on recognition of the 
receptor protein by specifi c antibodies. Although 
technically easy to perform and cost effective, 
this method is subjective and time consuming. If 
miRNAs prove useful for clinical diagnosis, their 
key advantage might be their high stability. In 
contrast to most messenger RNAs, they are long- 
lived in vivo and very stable in vitro, which might 
allow analysis of paraffi n-embedded samples for 
routine diagnostic applications [ 24 ,  41 ]. 

 miRNA profi ling can be used to cluster cancer 
types with the cell of origin [ 42 ], so miRNA pro-
fi ling may provide useful information to classify 
and diagnose metastases of unknown origin. This 
type of classifi cation represents an important 
application in the diagnosis of patients with 
metastases (late-stage disease) without an estab-
lished primary tumor (i.e., a site where a thera-
peutically curative or palliative intervention can 
be performed). 
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 miRNA expression profi les have been used to 
differentiate tumor tissue from surrounding nor-
mal tissue for tumor classifi cation and for prog-
nostication. The capacity of miRNA expression 
profi les to classify breast tumors according to 
clinicopathologic variables currently used to pre-
dict disease progression highlights the potential 
of miRNA signatures as novel prognostic indica-
tors which may contribute to the improved selec-
tion of patients for adjuvant therapy. 

 There are large-scale molecular differences 
between  estrogen receptor   (ER) α-positive and 
ERα-negative breast cancers [ 43 ,  44 ]. Endocrine 
therapy has become the most important treatment 
option for women with ERα-positive breast can-
cer, and approximately 70 % of primary breast 
cancers express ERα. ERα is essential for 
estrogen- dependent growth, and its level of 
expression is a crucial determinant of response to 
endocrine therapy and prognosis in ERα-positive 
breast cancer [ 45 – 47 ]. Of all histopathological 
clinical parameters, ER status has the largest 
effect on the miRNA expression profi les (Dvinge 
et al. 2013). Multiple studies now have shown 
that  ERα-expression  is regulated by miRNAs. 
For example, miRNAs, miR-18a, miR-18b, miR- 
22, miR-193b, miR-302c, and miR-221/222, as 
well as miR-206, directly target ERα in 3’UTR 
reporter assays. Adams et al. [ 48 ] investigated the 
relationship between miR-206, and the expres-
sion of ERα. The authors identifi ed and verifi ed 
two specifi c miR-206 binding sites in the ERα 
3′-UTR. Transfection of MCF-7 breast cancer 
cells with synthetic pre–miR-206 induced a dose- 
dependent repression of ERα mRNA levels. 
Conversely, MCF-7 cell transfection with 
antagomiR-206 resulted in increased ERα 
mRNA, indicating that miR-206 regulates endog-
enous ERα mRNA levels. Furthermore, treat-
ment with ERα-selective agonists decreased 
miR-206 levels within MCF-7 cells. Notably, this 
study detected at least 65 putative miRNA target 
sites in the 3′-UTR of the ERα transcript, con-
fi rming that multiple miRNAs may play a role in 
regulation of ERα expression. The existence of a 
feedback loop between miR-206 and estradiol 
has considerable implications for our understand-
ing of the endocrine infl uence on breast cancer, 

and the mechanisms involved in hormonal therapy 
resistance. Another interesting observation is that 
the expression of various   let-7  miRNA   isoforms is 
associated with features like progesterone  receptor   
status, lymph node metastasis, or high prolifera-
tion index in breast tumor samples. The human 
 let-7 miRNA  family consists of 13 members 
located in 8 genomic locations frequently deleted 
in human cancers [ 49 ]. Nine distinct mature let-7 
miRNAs with identical seed sequences are pro-
duced from 12 precursor sequences [ 50 ]. A 
reduced expression of let-7a in breast cancer was 
associated with larger tumor size and higher pro-
liferative status, indicative that reduced let-7a 
expression may contribute to tumor growth. 

 mRNA profi les have identifi ed distinct molec-
ular subclasses of breast cancer, predictive of 
prognosis, based on their ER and   Her2neu/
ERBB2     classifi cation  (luminal A, luminal B, 
basal-like, Her2-overexpressing, normal-like) 
[ 44 ]. A comprehensive study of the breast cancer 
subclasses through miRNA expression profi ling 
could probably further characterize the molecular 
basis underlying these subtypes, perhaps defi ne 
more precise subsets of breast cancer. Blenkiron 
et al. [ 51 ] performed an integrated analysis of 
miRNA expression, mRNA expression and 
genomic changes in breast cancer and found that 
many miRNAs were differentially expressed 
between the different molecular subclasses of 
breast tumors. They identifi ed a miRNA signa-
ture that differentiated basal from luminal sub-
types and found nine miRNAs that were 
differentially expressed between luminal A and 
luminal B tumors (miR-100,  miR-9  9a, miR- 
130a, miR-126, miR-136, miR-146b, miR-15b, 
miR-107 and miR-103). Similar to mRNA profi l-
ing, Mattie et al. [ 52 ] could show clustering of 
breast cancer tumors according to Her2/neu/
ErBB2 status or ER/progesterone  receptor   status 
by miRNA profi ling, Her-2neu/ERBB2–overex-
pressing breast tumors exhibit aggressive growth 
and unpredictable response to therapy; enhanced 
understanding of the regulation of ERBB2 
expression has the potential to greatly improve 
the management of these aggressive tumors and 
miRNA profi les may have superior accuracy to 
mRNA profi ling in this regard [ 35 ]. 
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 Dvinge et al. found that the mRNA-miRNA 
landscape is dominated by positive associations, 
suggesting that downregulation of target mRNA 
levels by miRNAs across the global breast tumour 
cohort is minor. They postulated that rather than 
acting as on-off switches of particular mRNAs, 
most miRNAs exert their effect by modulating 
the relationship between effector and target 
mRNAs, conceptually acting as co-repressors or.  

16.2.3      Circulating miRNAs   

 A number of circulating tumor markers (for 
example: carcinoembryonic antigen and carbo-
hydrate antigen 15–3) can be used in the manage-
ment of breast cancer, but the sensitivity of these 
markers is low [ 53 – 55 ]. Therefore, they are not 
well suited to monitor disease progression or 
recurrence. Current challenges in the manage-
ment of breast cancer include an ongoing search 
for sensitive and specifi c biomarkers that can be 
used to detect early neoplastic changes to facili-
tate the detection of breast cancer at an early 
stage. Furthermore, biomarkers are needed to 
monitor the progress of patients with breast can-
cer and their response to treatments. Existing 
diagnostic tools and biomarkers for breast cancer 
have many defi ciencies. Mammography is cur-
rently the golden standard as diagnostic tool 
however it is not without limitations, including 
its use of ionizing radiation and a false positive 
rate of 8–10 % [ 56 ]. 

 MiRNA presence in serum was described in 
patients with diffuse large B-cell lymphoma a 
few years ago [ 57 ]. Subsequently, a number of 
studies have reported similar fi ndings on the 
presence of circulating miRNAs and have illus-
trated the potential of these miRNAs as novel 
biomarkers for diseases [ 58 ,  59 ].  Circulating 
miRNAs   have many of the essential characteris-
tics of good biomarkers. They are stable in the 
circulation and resistant to storage handling. 
Serum miRNAs are resistant to RNase digestion 
and other harsh conditions such as extreme pH, 
boiling, extended storage, and multiple freeze- 
thaw cycles. Further, most miRNAs sequences 
are conserved across species and third in some 

cases, changes in miRNA levels in circulation 
have been associated with different diseases as 
well as certain biological or pathological stages 
[ 60 – 63 ]. 

 Although the exact mechanisms on how the 
small RNAs enter the plasma/serum and whether 
or not they are biologically functional need fur-
ther investigations, it is possible that circulating 
miRNAs, compared to ‘tissue’ miRNAs are a 
unique diagnostic system. There is little doubt 
that plasma/serum miRNAs are cancer related, 
but the releasing mechanisms may be compli-
cated. While the majority of miRNAs are found 
intracellularly, a signifi cant number of miRNAs 
have been observed outside of cells, including 
various body fl uids [ 64 – 68 ]. Given the instabil-
ity of most RNA molecules in the extracellular 
environment, the presence and apparent stabil-
ity of miRNAs here is surprising. Serum and 
other body fl uids are known to contain ribonu-
clease, which suggests that secreted miRNAs 
are likely packaged in some manner to protect 
them against RNase digestion [ 69 ]. Tumor-
derived microvesicles/exosomes are probably 
involved in the way miRNAs enter the circula-
tion, rather than a simply leaking from cancer 
cells. One may hypothesize that at least some of 
the exported miRNAs are used for cell-to-cell 
communication, although further investigations 
are needed to determine how miRNAs are spe-
cifi cally targeted for secretion, recognized for 
uptake, and what information can be transmitted 
via this process [ 61 ]. 

 Before this relatively new source of biomark-
ers can make it to the clinic, certain points remain 
to be explored. An important issue is the suitabil-
ity of different sample types for miRNA detec-
tion. While Mitchell et al. [ 70 ] found no 
signifi cant differences when comparing serum 
and plasma levels of miRNAs this result was lim-
ited to only four miRNAs and might not refl ect 
the general image [ 71 ]. Studies have been per-
formed in non-enriched or enriched whole blood, 
serum and plasma, without clear data being avail-
able on the distribution of miRNAs in these dif-
ferent blood compartments. It is acceptable that 
only a selection of miRNAs is, actively or pas-
sively, shed from circulating tumor cells. 
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 A variety of independent studies have success-
fully proved the use of circulating miRNAs as 
diagnostic tools. Wu and colleagues [ 72 ] found 
that   miR-21    and   miR-29    were signifi cantly up 
regulated in the serum of breast cancer patients 
and may be useful biomarkers for breast cancer 
detection [ 72 ,  73 ]. Heneghan et al. [ 74 ] surveyed 
a panel of 7 candidate miRNAs in whole blood 
RNAs from 148 breast cancer patients and 44 
age-matched and disease free controls. They 
found that the expression of   miR-195    was sig-
nifi cantly elevated in breast cancer patients. 
Additionally, they observed a signifi cant reduc-
tion in miR-195 in post-operative whole blood 
compared to the pre-operative samples of the 
same patients. However, Zhao et al. [ 75 ] could 
not confi rm differential expression of miR-195 
between cases and controls. The discrepancy 
between two studies might be due to different 
study materials. The fi rst study used whole blood 
for detection of miRNAs, while the second one 
used plasma. Whole blood contains different 
types of cells, so the detected miRNAs may be 
circulating miRNAs as well as cellular miRNAs 
from additional cell types. Another explanation is 
that the discrepancy may refl ect the heterogene-
ity of breast cancer. Different molecular path-
ways are involved in different subtypes of breast 
cancer, with different molecular characteristics 
between luminal A, luminal B, and basal like 
subtypes. In the Heneghan study, 59 % of breast 
cancers were stage I and II, 71 % were invasive 
ductal cancer, and 82 % were ER positive versus 
all stage I and II invasive ductal cancers, and only 
55 % ER positive in the second study. 

 Ng et al. [ 76 ] identifi ed signifi cant increase of 
  miR-16    ,    miR-21   , and   miR-451    and signifi cant 
decrease of   miR-145    in the plasma of breast can-
cer patients. Intriguingly, the combination of 
plasma miR-145 and miR-451 levels provided 
the best markers for breast cancer prediction. The 
optimal sensitivity was 90 % and optimal speci-
fi city was 92 % in discriminating breast cancer 
from control subjects including all other types of 
cancers recruited in their study. The odds ratio for 
the cases with combined miR-145 and miR-451 
level being associated with breast cancer was 
44.2. In the blind validation, the positive 

predictive value was 88 % and the negative pre-
dictive value was 92 %. 

 Another drawback on the breakthrough of cir-
culating miRNAs as biomarkers is the scarcity of 
data on the occurrence and expression levels of 
circulating miRNAs in healthy individuals. 
Expansion of this data set can be done either by 
testing selected panels of miRNAs in a large 
cohort of gender- and otherwise matched healthy 
controls in parallel with cancer patients and will 
help in the quest to determine new circulating 
biomarkers.  

16.2.4     miRNA and  Metastasis   

 A major complication of breast cancer is its met-
astatic potential.  Metastasis   is a process charac-
terized by local invasion, intravasion, transport of 
tumor cells to the parenchyma of other organs, 
extravasation and establishment of secondary 
lesions [ 77 ]. There is evidence that metastasis 
can originate from genetic and epigenetic altera-
tions in the molecular profi le of a subpopulation 
of cells within the primary tumor, whose behav-
ior is modulated towards a more aggressive phe-
notype [ 78 ]. Mutations occur primarily in the 
DNA sequence whereas epigenetic changes are 
related to the structure of the chromatin and 
might involve DNA methylation, histone modifi -
cations and non-coding RNAs [ 79 ]. Hence many 
studies have focused on identifying the critical 
regulatory molecules involved in the malign 
transformation of cells, and both proteins and 
miRNAs are believed to play a key role [ 80 ,  81 ]. 

 miRNAs can function as suppressors or pro-
moters of metastasis according to their mRNA 
targets [ 81 ]. In the next paragraphs we provide a 
brief overview of a handful of well-known exam-
ples of miRNAs believed to suppress or promote 
metastasis. Many more miRNAs are hypothe-
sized to be involved in the metastatic process. 

 One of the fi rst miRNAs identifi ed as playing a 
role in metastasis, despite some confl icting evi-
dence, was   miR-10b   . Functional studies have 
demonstrated that miR-10b overexpression pro-
motes cell migration and invasion in vitro, and ini-
tiates tumor invasion and metastasis in vivo [ 82 ]. 
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Upstream of mir-10b activation, the transcription 
factor Twist was found, which has been previously 
shown to be associated with invasive lobular carci-
noma [ 82 ]. Downstream, it appears miR-10b 
inhibits translation of  homeobox D10  (HOXD10) 
ensuring increased expression of  ras homolog 
gene family, member C , a gene that promotes cell 
migration and invasion. In the same study breast 
carcinomas from metastasis-free patients showed 
low levels of miR-10b expression, whereas high 
levels of miR-10b expression were detected in 
50 % of metastasis-positive patients. Gee et al. 
[ 83 ] studied miR-10b expression in patients with 
primary tumors and nodal metastases versus pri-
mary tumors without nodal metastases, but could 
not confi rm a signifi cant association between miR-
10b levels and metastasis or prognosis. Added to 
these fi ndings, miR- 10b expression has been asso-
ciated with the prognostically favorable luminal A 
subtype [ 51 ]. Further investigations and large 
scale studies will be required to fully elucidate the 
role of miR-10b in breast cancer metastasis. 

 Huang et al. [ 84 ] found a negative correlation 
between   miR-21    and the expression of  phospha-
tase and tensin homolog deleted on chromosome  
10 ( PTEN ), which suggests PTEN is a potential 
target of miR-21. In the same study, the authors 
compared miR-21 expression to markers of 
aggressive phenotype. They found a correlation 
between increased expression and lymph node 
positivity, higher proliferation index and 
advanced TNM stage. Since the tumor suppres-
sor gene  PTEN  is also implicated in cell migra-
tion and invasion [ 85 ,  86 ], mir-21 may also have 
a role in invasion and metastasis. This supports 
the results of two other studies, which also identi-
fi ed a correlation between increased miR-21 
expression and poor disease-free survival in 
early-stage patients and advanced clinical stage, 
lymph node metastases and shortened survival 
[ 87 ,  88 ]. According to Zhu et al. [ 89 ] miR-21 
may promote tumor invasion and metastasis by 
simultaneously down regulating multiple 
metastasis- related tumor suppressor genes oper-
ating at distinct steps of tumor progression. Given 
that a miRNA can target over 100 genes [ 25 ], 
additional miR-21 targets which have a role in 
invasion and metastasis may be identifi ed. 

  The    miR-200 family    contains 5 members 
(miR-200a, miR-200b, miR-200c, miR-141 and 
miR-429) clustered in 2 genomic loci 
(200b-200a-429 and 200c-141) which target 
members of the Zeb family of transcriptional 
repressors [ 90 ]. The miR-200 family is believed 
to play an essential role in tumor suppression by 
inhibiting epithelial-mesenchymal transition 
(EMT), the initiating step of metastasis [ 91 ]. 
During EMT, cells lose adhesion and increase in 
motility [ 92 ]. Epithelial cells typically have nor-
mal cell-to-cell junction and adhesion, while 
mesenchymal cells have weaker cell wall adhe-
sion, making them more motile and likely to 
enhance invasive characteristics. EMT has been 
found to play an essential role in tumor invasion, 
metastatic dissemination, and the acquisition of 
resistance to current cancer therapies (reviewed 
in [ 77 ]). Studies indicate that the miRNA-200 
family could regulate the EMT process by target-
ing specifi c molecular markers of EMT [ 93 ]. In 
the pioneering work by Gregory et al. [ 94 ], it was 
suggested that the entire miR-200 family is down 
regulated upon exposure to transforming growth 
factor-β (TGF-β). TGF-β is a cytokine that is 
known to induce the EMT phenotype [ 95 – 97 ]. 
Re-expression of the miR-200 family signifi -
cantly inhibited EMT that was induced by  TGF- β, 
while inhibition of the miR-200 family resulted 
in the induction of EMT phenotype. Furthermore, 
there were increased levels of ZEB1 and ZEB2 
following the induction of EMT, which suggests 
that the miR-200 family is a negative regulator of 
the mesenchymal markers, ZEB1 and ZEB2. 
Down regulation of miR-200b and miR-200c has 
been demonstrated to be associated with loss of 
E-cadherin expression in breast cancer cells with 
mesenchymal phenotype, as a result of a conse-
quential up regulation of the E-cadherin tran-
scriptional repressor, ZEB1 [ 98 ]. Conversely, 
miR-200b or miR-200c restoration induced 
E-cadherin expression, therefore inhibiting EMT 
and causing a less aggressive phenotype in the 
cancer cells. Another study [ 99 ] focused on the 
miRNAs suppressed by ZEB1 and showed that 
the affected miRNAs were members of the miR- 
200 family. It was revealed that ZEB1 can bind to 
highly conserved sites in the promoter and 
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directly suppress transcription of the complete 
cluster of the miR-200 family. Furthermore, 
ZEB1 is also a target of miR-200c (as mentioned 
above), which indicates that there is an EMT- 
inducing feed-forward cycle. Thus, evidence 
from all these studies suggests that the miR-200 
family acts as a central regulator in tumorigene-
sis, metastasis and aggressiveness. 

   miR-31    has been identifi ed as an inhibitor of 
multiple steps of the invasion-metastasis cascade 
in breast cancer [ 100 ,  101 ]. miR-31 is encoded 
by a single genomic locus and is expressed in a 
variety of human tissues [ 102 ,  103 ] and this 
miRNA is one of the pleiotropically cancer- 
relevant miRNAs. Valastyan et al. [ 101 ] identi-
fi ed miR-31 as a regulator of metastatic 
progression in human breast cancer. The authors 
demonstrated an inverse correlation between 
miR-31 expression and the invasive capability in 
15 different breast epithelial cell lines. 
Additionally, miR-31 levels in primary human 
breast tumors were revealed to be inversely asso-
ciated with the propensity of clinically detectable 
distant metastases. 

   miR-335    was found to inhibit metastasis 
through the targeting of a set of metastasis genes, 
including the transcription factor SOX4 and the 
extracellular matrix protein Tenascin-C, how-
ever, its expression is down regulated in the 
majority of primary breast tumors from patients 
who subsequently relapse [ 104 ]. The combined 
genetic and epigenetic targeting of the miR-335 
locus in all metastatic derivatives obtained from 
distinct patients highlights the signifi cance of this 
molecule as a barrier to metastatic progression in 
breast cancer. The observation that miR-335 is 
often silenced in the primary tumor has led to the 
identifi cation of this miRNA as an inhibitor of 
tumor re-initiation in addition to its established 
role as a suppressor of invasion and metastatic 
colonization [ 105 ]. This miRNA, like let-7, can 
suppress tumor initiation in breast cancer. 
Interestingly, while let-7 also suppresses prolif-
eration and tumor growth, miR-335 selectively 
abolishes tumor re-initiation without inhibiting 
proliferation or tumor growth [ 106 ]. 

   miR-9    is up regulated in breast cancer cells 
through activation by MYC and MYCN, and it 

directly targets E-cadherin-encoding mRNA and 
CDH1, leading to increased cell motility and 
invasiveness [ 107 ]. miR-9 levels correlate with 
grade in primary breast tumors and are signifi -
cantly elevated in those patients with metastases 
compared with those without. These fi ndings are 
consistent with the observation that miR-9 
expression is higher in breast cancer patients with 
local relapse. The higher expression of miR-9 in 
cancer cells may indicate a more aggressive 
tumor, also suggested by the association with 
higher stage in the study of Zhou et al. [ 108 ]. 

 Many examples of a correlation of miRNA 
expression and metastasis are present in litera-
ture. The challenge of selecting the ones usable in 
the clinic remains.   

16.3     Long Non Coding RNA 
Molecules 

 Long non-coding RNAs (lncRNAs) are a hetero-
geneous group of non-coding transcripts longer 
than 200 nucleotides that are involved in many 
biological processes. This class of ncRNA makes 
up the largest portion of the mammalian non- 
coding transcriptome [ 109 ]. Long non-coding 
RNAs provide a new opportunity to identify both 
functional drivers and cancer-type-specifi c bio-
markers. As the knowledge about lncRNAs 
grows, studies concluded that lncRNAs tend to 
show more tissue-specifi c expression than 
protein- coding genes [ 110 ]. This property of 
makes them highly attractive as tissue-specifi c 
biomarkers. 

 Very little is known about lncRNA biogenesis, 
in contrast with miRNAs, pre-processing mecha-
nisms are not necessary. Until recently, very few 
lncRNAs were annotated within the human 
genome. Now, various groups have developed 
independent catalogs of human lncRNAs [ 110 –
 112 ]. Despite the thousands of human lncRNAs 
now predicted, only a handful of lncRNAs have 
been well characterized to date, little is known 
about the expression patterns of most lncRNAs in 
different cell types. 

 Various mechanisms of transcriptional regula-
tion of gene expression by lncRNAs have been 

K. De Leeneer and K. Claes



271

suggested. lncRNAs utilize a large arsenal of 
mechanisms to regulate gene expression. 
lncRNAs act as co-activators, binding to tran-
scription factors and enhancing their transcrip-
tional activity [ 113 – 115 ]. Another mechanism is 
transcriptional interference, where the act of tran-
scribing a lncRNA interferes with transcription 
initiation, elongation or termination of another 
gene [ 116 ]. lncRNAs can also affect transcription 
by binding to transcription factors and shuttling 
them into the cytoplasm to keep them away from 
their nuclear targets [ 117 ]. Recent evidence also 
suggests that some lncRNAs may have enhancer- 
like function [ 118 ], activating expression of 
nearby genes by an unknown mechanism. 

 While the study of lncRNA function is still in 
its infancy, a role for a number of these transcripts 
has recently been established in cancer, in gen-
eral, as well as specifi cally in breast cancer. Like 
protein-coding genes and miRNAs, lncRNAs 
play key roles in tumorigenesis. They have been 
shown to play a functional role in a number of 
fundamental processes associated with cancer 
including cell cycle regulation, apoptosis, the 
DNA damage response, and metastasis. Similar 
to mRNA profi ling and miRNA profi ling one 
may hypothesize that lncRNA profi ling could 
serve as a signature to divide breast cancer tumors 
in clinically relevant subtypes. 

 Since the functions of most lncRNA still need 
to be unraveled or confi rmed (although it is clear 
they can function, like miRNAs, as oncogenes or 
tumor suppressor genes) the focus in this chapter 
lies on two well known examples (HOTAIR and 
BC-200), both with great potential as breast can-
cer biomarkers. 

 Gupta et al .  [ 119 ] found that lncRNA in the 
 HOX  loci become deregulated during breast can-
cer progression. This study identifi ed a distinct 
set of  HOX  lncRNA to be overexpressed in pri-
mary tumors and very frequently overexpressed 
in metastases. One such lncRNA,  HOTAIR , was 
increased in primary tumors and metastases and 
its expression level in primary tumors was a pre-
dictor of eventual metastasis and death. Enforced 
expression of HOTAIR in epithelial cancer cells 
induced genome-wide re-targeting of Polycomb 
Repressive Complex 2 (PRC2) to an occupancy 

pattern more resembling embryonic fi broblasts, 
leading to altered histone H3 lysine 27 methyla-
tion, gene expression, and increased cancer inva-
siveness and metastasis in a manner dependent 
on PRC2. Conversely, loss of HOTAIR can 
inhibit cancer invasiveness, particularly in cells 
that possess excessive PRC2 activity [ 119 ,  120 ]. 
Chisholm et al. [ 121 ] provided evidence that 
expression levels of lncRNA in the HOX loci do 
tend to cluster with some clinicopathologic data, 
such that increased ncHoxA1 trends with prolif-
eration rate, and ncHoxD4 trends with positive 
PR  receptor   status. 

   BC200    ,  also known as BCYRN1 (brain 
cytoplasmic RNA 1), is a 200 nucleotide long 
ncRNA selectively expressed in the nervous 
system and usually not detected in somatic cells 
other than neurons. It is, however, overex-
pressed in several solid cancers including breast 
cancer [ 122 ]. BC200 RNA is expressed at high 
levels in invasive breast carcinomas, but is 
barely detectable in normal tissue or in benign 
tumors [ 123 ]. Interestingly, in ductal carcino-
mas in situ (DCIS), signifi cant BC200 expres-
sion is associated with high nuclear grade. This 
suggests that BC200 may be a useful marker for 
early detection of breast cancer and that the 
presence of BC200 RNA in early lesions might 
have utility as a prognostic indicator of tumor 
progression. 

 In conclusion, this overview clearly suggest 
that non coding RNAs have great potential to be 
used as biomarkers in breast cancer. Various 
applications (tumor profi ling, risk of relapse, 
detection of early stage breast cancer) are possi-
ble but many aspects still need to be explored 
before these RNA molecules will be transferred 
from bench to bedside.     
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    Abstract  

  Due to low specifi city of Prostate-Specifi c Antigen (PSA) we face a cer-
tain risk of overdiagnosis and overtreatment of Prostate Cancer (PCa). The 
benefi ts and harms of PSA-screening are controversially discussed. To 
overcome this weakness of PSA novel PCa biomarkers and detection tools 
are required. 

 The urine-based biomarker Prostate Cancer Antigen 3 (PCA3) has 
been shown to be highly PCa-specifi c. Application of PCA3 was tested in 
the diagnostic setting and staging. Several studies pointed out the addi-
tional value of PCA3 for further stratifi cation of men selected for biopsy 
(BX) based on an elevated PSA and/or an abnormal digital rectal examina-
tion (DRE). Its combined use with established clinical risk factors for 
positive prostate BX, particularly within nomograms or risk calculators, 
may represent a valid and helpful aid for clinicians in patient counselling 
and BX indication confi rmation. 

 When it comes to prediction of favourable or unfavourable histopatho-
logical features, respectively, such as tumour volume or PCa signifi cance, 
PCA3’s value remains controversial. Based on relatively small patient 
numbers, PCA3 has been identifi ed to independently predict small-vol-
ume and insignifi cant PCa. However, in other studies PCA3 was not asso-
ciated with advanced disease and its ability of predicting PCa aggressiveness 
in men undergoing radical prostatectomy is limited. 

 PCA3’s value may be best given for BX outcome prediction. Finally, the 
implementation of the PCA3 promoter in developing new highly PCa-
specifi c gene therapies represents a promising perspective in the near future.  
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  Abbreviations 
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  CTC    Circulating tumour cell   
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  DRE    Digital rectal examination   
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  ECE    Extracapsular extension   
  ERG     V-ets erythroblastosis virus E26 
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 Screening   for  Prostate    Cancer     
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  REDUCE     Reduction by Dutasteride of 
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chain reaction   
   SPINK1       Serine peptidase inhibitor Kazal 

type 1   
  TMPRSS2     Transmembrane-serine protease gene   
  TV    Tumour volume   

17.1           Introduction 

  Prostate    Cancer   (PCa) represents the most com-
mon disease affecting men, with 238.590 esti-
mated new cases diagnosed in 2013 in the United 
States (US) [ 1 ]. Due to the implementation of 
total serum Prostate-Specifi c Antigen (tPSA) in 
clinical practice for PCa screening and detection, 
incidence rates of PCa have increased dramati-
cally over time [ 2 ]. The rationale behind PCa 
screening is to reduce the prevalence of advanced 
disease and PCa-related mortality. However, due 
to the heterogeneity of PCa cancer subtypes most 
patients have slow-growing tumours and have 
minimal risk of dying from the disease [ 3 – 5 ]. On 
the other hand, there are aggressive tumours 
resulting in signifi cant morbidity and death. 
During the decision-making process of biopsy 
(BX) indication for PCa diagnosis or active PCa 
treatment after histologically confi rmed PCa, the 
treating physician as well as the patient have to 
be aware of this dilemma. The challenge in man-
aging clinically localized disease is to distinguish 
between men with aggressive cancers who would 
truly need immediate therapy, and those with less 
aggressive disease who can be safely managed by 
e.g. active surveillance (AS). As a consequence 
efforts are made to improve PCa detection per-
formance, risk assessment and surveillance. It is 
known that  PSA   testing shows limited specifi city 
mainly in lower PSA ranges [ 3 ]. However, 
increased PSA levels do not refl ect PCa exclu-
sively, but also indicate benign prostate enlarge-
ment (BPH) and/or infl ammatory reactions [ 6 ]. 
In this setting, novel biomarkers represent a 
promising component to increase the specifi city 
of PCa detection [ 7 ]. One of these novel 
 biomarkers is Prostate  Cancer   Antigen 3  (  PCA3  ). 
PCA3 messenger Ribonucleic Acid (mRNA) is 
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highly overexpressed in prostatic tumours [ 8 ] and 
represents a urine-based biomarker that has been 
widely examined and shown to keep up to its 
promise. When the third-generation of urinary 
PCA3 assay (Progensa ®  PCA3; Hologic Gen- 
Probe Inc., Bedford, MA, USA) [ 9 ] attained 
Conformiteé européenne (CE) approval in 2006, 
several clinical studies were conducted to evalu-
ate PCA3 as a novel diagnostic marker, to coun-
sel patients or to confi rm BX indications and/or 
to rule out aggressive cancer at BX, respectively. 
Beside BX endpoints, the clinical staging signifi -
cance of preoperative urinary PCA3 was assessed 
to identify respectively favourable and/or unfa-
vourable histopathological features, such as 
small tumour volume/insignifi cant PCa vs. 
locally advanced disease and aggressive disease. 
Based on promising fi ndings from previous stud-
ies, the novel marker was further evaluated in its 
ability as a fi rst-line diagnostic test in pre- 
screened men [ 10 – 19 ]. In these studies, specifi ci-
ties range between 71 % and 93 % for prediction 
of PCa at BX in men with elevated PSA levels, 
whereas the corresponding sensitivities range 
from 47 % to 75 % when PCA3 is used in isola-
tion. The observed differences are due to the dif-
ferent PCA3 cut-offs that are used. A plethora of 
PCA3 cut-offs have been tested, still leaving the 
question of the “best” cut-off unsolved, even 
though the U.S. Food and Drug Administration 
(FDA) has recently approved a PCA3 score cut- 
off of 25 as justifi cation for a repeat BX [ 20 ]. In 
contrast to the PCA3 score cut-off of 25, Auprich 
et al. conclude that PCA3 may be most clinically 
relevant in the repeat BX setting, when using a 
cut-off of 35 to confi rm repeat  prostate BX   indi-
cation [ 21 ]. However, so far no cut-off seems to 
provide a reasonable trade-off for sensitivity and 
specifi city when PCA3 is used in isolation. 
Furthermore, it has to be considered that bio-
markers should ideally be used as a continuous 
variable instead of using cut-offs, since risk lev-
els are not truly discrete but represent a contin-
uum of risk [ 22 ,  23 ]. Nonetheless, according to 
the European Association of Urology (EAU) 
Guidelines 2011 [ 24 ] the use of PCA3 in the 
detection setting of PCa is not any more classi-
fi ed as experimental. Integrated in novel BX 

nomograms, PCA3 can be a useful aid for patient 
counselling and BX indication confi rmation, and 
it may also be used to determine whether a men 
needs a repeat BX after an initially negative BX 
outcome (evidence level 2A). 

 Concerning usefulness of  PCA3   in men under-
going active surveillance (AS) so far no evidence 
has been presented [ 21 ]. 

 Beyond these clinical implications, further 
research was also directed at evaluating its poten-
tial use in combination with other new biomark-
ers, and as a novel target for PCa therapy.  

17.2      Prostate    Cancer   Antigen 3 

17.2.1     History 

 By comparing PCa tissue with non-malignant 
prostatic tissue, Bussemakers et al. fi rstly identi-
fi ed the DD3 (later called   PCA3   ) gene in 1999 
(Fig.  17.1 ), functioning as non-coding RNA and 
mapping to chromosome 9q21–22. Using a 
reverse transcriptase polymerase chain reaction 
(RT-PCR) method, they detected that PCA3 was 
overexpressed in cancerous tissue and low 
expressed in benign prostatic tissue and not mea-
surable in the normal tissue of numerous organs 
such as the testis, bladder, kidney, seminal vesi-
cles, brain and lung. PCR3 is highly prostate spe-
cifi c and was overexpressed in 95 % of tumour 
lesions, but in only 1 of 7 human PCa cell lines 
(lymph node carcinoma of the prostate) and in 
none of 18 non-malignant prostate samples [ 8 ]. A 
multitude of studies further implicated signifi -
cantly higher PCR3-mRNA expression in pros-
tatic tumours in comparison to non-malignant 
prostatic tissue [ 19 ,  21 – 23 ,  25 ] (Fig.  17.2 ). These 
fi ndings promoted the idea of developing a PCA3 
diagnostic test.

17.2.2         Urine Analysis 

 There are several urinary assays measuring 
 PCA3   mRNA, which is highly upregulated in 
neoplastic prostate tissue [ 9 ,  26 ,  27 ]. The assays 
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measure PCA3 mRNA out of prostate cells shed 
into urine after digital rectal examination 
(DRE). Hessels et al. were the fi rst to report of 
PCA3 mRNA measurement in sedimented 
urine.  PSA   mRNA was used to normalise for the 
amount of prostate specifi c RNA in the molecu-
lar test sample. Although PSA expression is 
constant in normal cells and 1.5 fold lower in 
PCa cells, the ratio between PCA3 mRNA over 

PSA mRNA multiplied by 1000, was presented 
as a new diagnostic tool – the “ PCA3 score ”. In 
108 patients, undergoing prostate BX for PCa 
suspicion based on a PSA level >3 ng/ml, test 
sensitivity of 67 % and specifi city of 83 % were 
achieved using a determined PCA3-PSA cut-off 
of 200 × 10 3  [ 26 ]. 

 Tinzl et al. validated the second-generation 
 PCA3   test (uPM3™ assay) comparing urinary 

  Fig. 17.1    The prostate cancer antigen 3 ( PCA3  ) gene, 
located at chromosome 9q21-22, consists of four exons, 
and exon 2 is often skipped by alternative splicing. Three 
alternative polyadenylations can occur in exon 4 (4a, 4b, 

and 4c). Most frequently, the transcript contains exons 1, 
3, 4a, and 4b (Reprinted with permission from Nature 
Publishing Group: Hessels et al. Nature Reviews Urology, 
copyright 2009 [ 62 ])       

  Fig. 17.2     Prostate   cancer 
antigen 3 ( PCA3  ) messenger 
RNA (mRNA) expression in 
prostatic tissue.  Box plots  
representing the expression of 
PCA3 mRNA comparing ( a ) 
benign prostatic tissue 
(median: 2.4 T 105; range: 
0.2 T 105–10.1 T 105); ( b ) 
prostate tumour 
containing = 10 % prostate 
cancer (PCa) cells (median: 
25.3 T 105; range: 66.0 T 
105–166.0 T 105), and ( c ) 
prostate tumour containing 
>10 % PCa cells (median: 
158.4 T 105; range: 7.0 T 
105–994.0 T 105) (Reprinted 
with permission from Elsevier: 
Hessels et al. European 
Urology, copyright 2003 [ 26 ])       
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PCA3 to  PSA   in men undergoing initial and 
repeat BX for an elevated PSA. In this study the 
informative rate of 79 % was inferior to current 
third-generation assays. However, PCA3 
achieved a sensitivity and specifi city of 82 % and 
76 % compared to PSA of 87 % and 16 %, respec-
tively [ 30 ]. Using the same assay, the diagnostic 
superiority of PCA3 was confi rmed by Fradet 
et al. in the fi rst multicenter study including 443 
men undergoing  prostate BX   for elevated 
PSA. PCA3 vs. PSA revealed an area under the 
curve (AUC) of 81 % vs. 40 % [ 28 ]. 

 In 2006, the prototype of a new quantitative, 
validated  PCA3  -based urine test using post-DRE 
whole-urine specimens further processed in a 
single-tube format, was presented by Groskopf 
et al. Urine samples were stored at either 4 °C or 
30 °C. The PCA3-to- PSA   ratio at 4 °C remained 
within a 20 % range of the initial values after 2 
weeks, but at 30 °C a signifi cant degradation of 
PCA3 refl ected its instability at room tempera-
ture. Comparing 52 healthy, 52 BX-negative and 
16 BX-positive men, again, median PCA3 mRNA 
to PSA mRNA ratio values showed signifi cant 
differences (4.5 vs. 27.0 vs. 81.8;  p  < 0.01) [ 9 ]. 
The analytic value oft the new assay was further 
tested in a multicenter study ( n  = 179) conducted 
by Sokoll et al. Once again, they confi rmed the 
need of an attentive DRE, performed with three 
or eight strokes ( p  = 0.85), to provide high infor-
mative test rates up to 95.5 % with total (>18 %), 
intra-assay (>15 %) and inter-assay (<10 %) vari-
ations, respectively. PCA3 scores of BX-positive 
men showed high correlation when two different 
research sites were compared (97 %;  p  < 0.0001) 
[ 29 ]. Overall, the informative rate of 94–100 % 
[ 9 ,  12 ,  29 – 33 ] of the third-generation PCA3 
assay (Progensa ® , Hologic Gen-Probe Inc., 
Bedford, MA, USA) was signifi cantly improved 
compared to the previously reported ones [ 27 ]. 

 The CE approved the  PCA3   test in 2006 and 
fi nally, the U.S. Food and Drug Administration 
(FDA) followed in February 2012, to “help clini-
cians in counselling and determine initial and 
repeat biopsy indications”.   

17.3     Clinical Applicability 
of  Prostate    Cancer   Antigen 3 

17.3.1     Early Detection of Prostate 
Cancer: Initial and Repeat 
Prostate Biopsy 

 A main limitation of early PCa detection due to 
elevated  PSA   levels remains the high proportion 
of men detected with non-malignant fi ndings at 
fi rst or subsequent BX [ 5 ,  34 ]. One of the most 
important clinical rationales of  PCA3   application 
therefore is the reduction of potentially unneces-
sary BXs. 

 Marks et al. evaluated the diagnostic ability of 
 PCA3   in 226 men subjected to repeat BX. They 
demonstrated PCA3’s superiority over  PSA   in 
predicting positive BX outcome (AUC: 0.68 vs. 
0.52;  p  = 0.008). Using 35 as PCA3 score cut-off, 
a sensitivity, specifi city and odds ratio of 58 %, 
72 % and 3.6, respectively, was obtained. But, 
compared to earlier studies [ 25 ,  26 ] median 
PCA3 scores in aggressive PCa ( Gleason score   
(GS) < 7 vs. GS > 7) were not signifi cantly differ-
ent [ 11 ]. In contrast, de la Taille et al. have shown 
in the initial BX setting that the PCA3 score was 
signifi cantly higher in men with GS 7 or greater 
vs. GS less than 7 [ 35 ]. 

 Consequently, prospective U.S. and European 
multicentre trials were conducted in patients 
undergoing initial or repeat BX [ 10 ,  13 ] 
(Fig.  17.3 ). As a result comparable diagnostic 
accuracies of U.S. and European men at fi rst and 
repeat BX were reported (AUC: 0.68 vs. 0.65). 
Despite some confl icting results, both studies 
demonstrated that a combination of  PCA3   with 
established BX risk factors such as age,  PSA  , 
DRE, prostate volume and  Percent free PSA   
(%fPSA) improved the predictive accuracy in 
multivariable regression models. Ploussard et al. 
performed a subgroup analyses of the European 
multicenter study and confi rmed the superiority 
of PCA3 over %fPSA in univariable analysis as a 
predictor of repeat BX outcome (AUC: 0.69 vs. 
0.57) [ 36 ].
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   The incorporation of  PCA3   in the  Prostate   
 Cancer   Prevention Trial risk calculator (PCPT-RC) 
improved the diagnostic accuracy compared with 
the established BX risk factors (AUC: 0.65 vs. 
0.70) [ 37 ]. In a large mixed BX patient cohort 
from Europe and Northern America ( n  = 809), 
Chun et al. following Kattan criteria [ 38 ,  39 ] dem-
onstrated that PCA3 independently predicted 
PCa, and its addition to established risk factors 
(age,  PSA  , DRE, prostate volume, BX history) 
signifi cantly improved predictive AUC of the 
base model between 2 % and 5 % [ 14 ] (Fig.  17.4 ). 
The PCA3 based BX nomogram was further 
externally validated, showing a comparable gain 
in predictive accuracy [ 40 ]. In the specifi c initial 
BX setting, an initial BX-specifi c nomogram has 
been developed, showing similar fi ndings (AUC 
78.1–80.7 %). However, unlike the mixed BX 
nomogram, the latter initial-BX specifi c nomo-
gram has also been tested in terms of its ability to 
avoid unnecessary biopsies without missing high 
grade PCa. At an exemplary nomogram–derived 
probability cut-off of 20 %, only 2 % of men with 
high-grade PCa would be missed, while avoiding 
up to 55 % of unnecessary prostate BXs [ 41 ]. A 
similar predictive accuracy gain in multivariable 
analysis has been previously reported by de la 
Taille et al. where inclusion of PCA3 in multivari-
able models increased the predictive accuracy by 
up to 5.5 % [ 35 ].

   Perdona et al. compared the updated 
PCPT-RC, including  PCA3   and Chun’s PCA3- 
based nomogram. A signifi cantly better dis-
criminative power (AUC: 0.80 vs. 0.72; 
 p  = 0.04) and superior calibration was demon-
strated. Decision curve analysis revealed a 
higher net benefi t for Chun’s nomogram, result-
ing in up to 21 % of avoided unnecessary repeat 
BXs at the expense of missing up to 6.8 % of 
cancers [ 42 ]. 

 Regarding health care expenses and different 
reimbursement systems in different European 
countries, at the moment urinary  PCA3   mea-
surement is more expensive than  PSA   measure-
ment. Up-to-date costs for urinary PCA3 testing 
may be up to 15-fold higher. But, due to PCA3’s 
use to avoid up to 67 % of repeat BXs compared 
with PSA [ 10 ] the avoided BX expenses and 
further follow-up diagnostic interventions 
should be considered. Moreover, BX-related 
anxiety, discomfort and complications may be 
spared [ 43 ]. 

 In conclusion,  PCA3   performs as a reliable 
predictor of PCa at BX, demonstrating superior-
ity over  PSA   and %fPSA. In combination with 
established risk factors, PCA3 showed improved 
accuracy and applicability of new diagnostic 
tools to assist clinicians in BX decision-making 
in men who already met established criteria for 
BX (e.g. elevated PSA, abnormal DRE).  

  Fig. 17.3    The correlation of prostate cancer antigen 3 
( PCA3  ) to repeat biopsy outcome.  Bars  represent the 
probability of a positive repeat biopsy expressed in per-

centages according to different PCA3 score ranges 
(Reprinted with permission from Elsevier: Haese et al. 
European Urology, copyright 2008 [ 10 ])       

 

M. Schmid et al.



283

17.3.2      Screening   and Active 
Surveillance 

  PCA3   was assessed as a fi rst-line screening test 
within the European Randomised Study of 
 Screening   for  Prostate    Cancer   (ERSPC) trial. A 
PCA3 score ≥10 demonstrated a positive predic-
tive value of 17.1 compared with 18.8 for a  PSA   
value ≥3.0 ng/ml. Interestingly, PCA3 versus 
PSA missed substantially fewer cancers (32 % 
vs. 65 %) and serious cancers (26 % vs. 58 %). 
Because this unique study evaluated a PSA-pre-
screened cohort (third round or more; 33 % had a 
negative fi rst BX), a consecutive study in 
unscreened patients, avoiding attribution bias, 
should be conducted to further assess PCA3 as a 
potential screening marker [ 19 ]. 

 Recently, Tosoian et al. assessed  PCA3  ’s abil-
ity to rule out clinically signifi cant PCa in men 

undergoing AS according to the criteria for clini-
cally signifi cant PCa defi ned by Epstein et al. 
[ 44 ]. A trend towards higher median PCA3 scores 
in patients with GS upgrading at follow-up BX 
(72 vs. 50.8;  p  = 0.08) was recorded. However, at 
adjusted multivariable Cox regression analysis, 
PCA3 did not represent an independent risk 
factor of BX progression ( p  = 0.15) [ 12 ]. 
Considering the limitations that the number of 
events was small ( n  = 38) and that PCA3 was 
assessed only once at the time of fi rst diagnosis 
but not repeated during the follow-up biopsies, so 
far no evidence for the usefulness of PCA3 in AS 
programs has been presented. Since PCA3 does 
not appear to represent a useful marker to moni-
tor PCa aggressiveness at biopsies [ 11 ,  13 ] its 
role in risk assessment during AS needs to be 
tested in larger studies with repeated PCA3 score 
measures.  

  Fig. 17.4    The prostate cancer antigen 3 ( PCA3  ) biopsy 
nomogram. This recently externally validated nomogram 
combines established biopsy risk factors such as age, digi-
tal rectal examination (DRE), total serum prostate- specifi c 
antigen ( PSA  ), prostate volume, and history of previous 
biopsy together with PCA3 score to predict cancer on pros-
tate initial and repeat biopsy. Instructions for physicians: To 
obtain nomogram-predicted probability of prostate cancer, 

locate patient values at each axis. Draw a  vertical line  to the 
“Point” axis to determine how many points are attributed 
for each variable value. Sum the points for all variables. 
Locate the sum on the “Total Points” line to be able to 
assess the individual probability of cancer on  prostate 
biopsy   on the “Probability of prostate cancer at biopsy” line 
(Reprinted with permission from Elsevier: Chun et al. 
European Urology, copyright 2009 [ 14 ])       
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17.3.3     Prediction of Pathological 
Tumour Volume, Stage 
and Grade 

 Du to the fact that  PCA3   is highly overexpressed 
in PCa tissue and improves the prediction of BX 
outcome, several studies have focused on its 
potential ability to predict pathological PCa stage 
and aggressiveness: Bostwick et al. at fi rst 
reported on 24 patients undergoing radical pros-
tatectomy (RP) for PCa based on a suspicious 
uPM3 ™  test. The assessed RP specimens demon-
strated no difference in cancer volume, location, 
stage, and GS compared with RP specimens of 
men diagnosed with PCa based on  PSA   or suspi-
cious DRE fi ndings [ 45 ]. 

 Using the Progensa ®   PCA3   assay, Nakanishi 
et al. analysing 83 RP samples, reported that the 
urinary PCA3 score signifi cantly correlated with 
tumour volume (TV), GS, and independently 
predicted small-volume diseases (TV < 0.5 ml) 
(AUC: 0.76). Using 25 as a PCA3 score cut-off to 
predict small-volume tumours in combination 
with low grade (GS < 7) resulted in a sensitivity 
and specifi city of 70 % and 73 %, respectively. 

However, it is important to note that the number 
of events was limited ( n  = 10) [ 15 ]. Similarly, 
Whitman et al. confi rmed PCA3’s correlation to 
TV and identifi ed it as an independent predictor 
( p  < 0.01) of extracapsular extension (ECE) 
resulting in a multivariable AUC of 0.90 when 
combined with  PSA   and BX GS [ 16 ]. In contrast 
to Nakanishi, Whitman et al. could not fi nd a sig-
nifi cant association of PCA3 with pathologic GS 
[ 16 ]. Hessels et al. and van Gils et al. demon-
strated neither a signifi cant correlation of PCA3 
to pathologic grading nor to TV and pathologic 
stage in a cohort combining 132 patients [ 17 ,  46 ]. 

 At present, the largest ( n  = 305) published 
series on urinary  PCA3  ’s correlation to clinico-
pathologic features demonstrated that the multi-
variable AUC of low-volume disease (+2.4 % to 
+5.5 %) and insignifi cant PCa models (+3 % to 
+3.9 %) improved when PCA3 was added to 
standard clinical risk factors (Fig.  17.5 ). On the 
other side, there was no signifi cant correlation 
between PCA3 and adverse features such as ECE 
and seminal vesicle invasion, and its signifi cance 
on aggressive PCa (RP GS ≥ 7) was reported to 
be limited [ 18 ]. Similar results were reported on 

  Fig. 17.5    Prediction of small-volume and insignifi cant 
prostate cancer with preoperative prostate cancer anti-
gen 3 ( PCA3  ). Receiver operating characteristic curve 
analyses and area under the curve (AUC) for predicting 
( a ) tumour volume <0.5 ml and ( b ) pathologically con-

fi rmed insignifi cant prostate cancer. B × GS = biopsy 
 Gleason score  ; PPC = percentage of positive cores; 
 PSA   = prostate- specifi c antigen (Reprinted by permis-
sion from Elsevier: Auprich et al. European Urology, 
copyright 2011 [ 18 ])       
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106 consecutive men undergoing RP due to clini-
cally low-risk disease ( PSA   < 10 ng/ml, T1c–T2a, 
and biopsy GS < 7). Low urinary PCA3 scores 
and favourable BX criteria (<33 % or 3-mm 
tumour; <3 positive cores) independently pre-
dicted small TV (<0.5 ml) and insignifi cant PCa. 
Again, the urinary PCA3 score, combined with 
established risk factors in multivariable logistic 
regression models, was not signifi cantly 
 associated with high-grade and locally advanced 
disease [ 47 ].

   Higher  PCA3   scores are supposed to be asso-
ciated with more aggressive cancer, which is 
based on the hypothesis that with increasing 
dedifferentiation, PCa cells become more inva-
sive and could therefore more easily be shed into 
the ductal system of the prostatic gland after 
DRE or that larger tumours simply have more 
surface area left to shed PCA3 [ 46 ,  47 ]. Most 
studies, especially in RP cohorts, failed to con-
fi rm this hypothesis [ 16 – 18 ,  46 ,  47 ]. But, follow-
ing GS system [ 48 ], some authors suggest that 
tumours with pattern 4 and 5 increasingly lose 
their glandular differentiation and lumina, dis-
abling cells to be shed into urine after DRE in 
correlation with their TV. Therefore, potentially 
higher PCA3 mRNA tissue levels, resulting from 
larger tumour masses, might not be adequately 
measured by the urinary test [ 18 ]. 

 In conclusion ,  evaluations on the potential 
prognostic role of  PCA3  , which are currently 
based on a relatively small number of patients, 
revealed that it independently predicts small- 
volume and insignifi cant PCa. However, PCA3 is 
not signifi cantly associated with locally advanced 
disease and has limited value in the prediction of 
aggressive tumours.  

17.3.4      Prostate    Cancer   Antigen 3 
 Score   Alterations Over Time 
and Consequence for Bioptic 
or Medical Intervention 

 Within the placebo arm of the Reduction by 
Dutasteride of  Prostate    Cancer   Events (REDUCE) 
trial, urinary  PCA3  ,  PSA   and %fPSA were avail-
able at the year 2 and year 4 follow-up BX in 

1072 men (age: 50–75 years; PSA: 2.5–10 ng/ml; 
one previous negative 6- to 12-core BX). On uni-
variable analyses for the prediction of year 4 BX 
outcome based on year 2 biomarker values, 
PCA3 score was exclusively found as a signifi -
cant predictor for a positive follow-up BX at year 
4. Interestingly, PCA3 scores in BX-positive men 
only slightly increased (+15.7 %) within the 
study period [ 33 ]. 

 Urinary  PCA3   scores before and 2 h after BX, 
showed no signifi cant difference of measured 
PCA3 scores, neither in all men (18 %;  p  > 0.05) 
nor in PCa-positive men (1.5 %;  p  > 0.05) [ 49 ]. 
Sokoll et al. [ 29 ] suggest a certain robustness of 
PCA3 towards interventional effects on the pros-
tatic tissue. In this context, the infl uence of 
Dutasteride ( 5a-reductase inhibitor   [5-ARI]) on 
prostatic markers was assessed by van Gils et al.: 
In 16 men with BPH and 9 men with clinically 
localised PCa (all treated with 5-ARI),  PSA  , tes-
tosterone, dihydrotestosterone (DHT), and uri-
nary PCA3 were measured at baseline and after 
1, 2 and 3 months. As expected, Dutasteride 
reduced DHT (>90 %), halved PSA levels, 
decreased prostate volume (10–16 %), and 
increased testosterone (20–30 %). In contrast, 
5-ARI treatment had a widely variable effect on 
PCA3 scores, which increased (75–284 %) and 
decreased (14–77 %) over time, irrespective of 
whether patients with or without PCa were 
observed [ 50 ]. This needs to be taken into account 
when counselling patients on Dutasteride who 
are designated for a PCA3 test.   

17.4     New Perspectives 

17.4.1     Combination of  Prostate   
 Cancer   Antigen 3 with New 
Biomarkers 

 Since  PCA3   is highly PCa specifi c and a clini-
cally useful marker to predict BX outcome, its 
combined use with other new tumour markers 
may further improve its diagnostic accuracy. 
Therefore, transcripts of a fusion between the 
 transmembrane-serine protease   gene (TMPRSS2) 
and the v-ets erythroblastosis virus E26  oncogene 
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(ERG) were evaluated in combination with 
PCA3 in the post-DRE urine of 108 patients 
undergoing BX. In this study TMPRSS2-ERG 
fusion transcripts were only found in 59 % of the 
primary PCa tissue specimens and the included 
patients did not represent a typical BX cohort 
because PCa detection rate was quite high with 
72 % due to  PSA   levels ranging from 1.1 to 
1619 ng/ml. Urine sediments of men diagnosed 
with PCa were positive for TMPRSS2-ERG 
fusion transcripts and PCA3 (cut-off: 48) in 37 % 
and 62 %, respectively. Combining both markers 
improved the sensitivity to 73 %, yet a consider-
able decreased specifi city of 63 %, compared 
with 93 % of TMPRSS2-ERG fusion alone [ 51 ]. 

 Laxman et al. further evaluated Golgi mem-
brane protein 1 ( GOLM1  ), serine peptidase 
inhibitor Kazal type 1 ( SPINK1  ),  PCA3   and 
TMPRSS2-ERG fusion in sedimented urine of 
men before BX ( n  = 216) or RP ( n  = 60). A multi-
variable regression model for the detection of 
PCa including these four biomarkers improved 
the diagnostic AUC from 0.66 (for PCA3 alone) 
to 0.76, respectively [ 52 ]. When a-methylacyl- 
coenzyme racemase ( AMACR  ) and PCA3 from 
post-DRE urine was assessed in patients under-
going BX due to suspicion of PCa, both markers 
demonstrated an improved AUC over  PSA   (0.65 
vs. 0.67 vs. 0.59). Using AMACR (cut-off: 10.7) 
and PCA3 (cut-off: 19.9) within a combined 
model resulted in a high sensitivity and specifi c-
ity of 81 % and 84 % vs. 70 % and 71 % vs. 72 % 
and 59 % for AMACR vs. PCA3 alone, respec-
tively [ 53 ]. Rigau et al. using PCA3 together 
with prostate-specifi c demonstrated comparable 
fi ndings G-protein coupled  receptor   in urine sed-
iments after prostatic massage from 215 patients 
presented for BX. An increased specifi city of 
44 % at an assumed sensitivity of 90 % was 
reported for the combined test compared with 
each biomarker used as a stand-alone test (25 % 
vs. 24 %) [ 54 ]. Despite the fact that the reported 
studies used PCA3 cut-off values (19.9, 48) dif-
ferent from the more established cut-off value of 
35 reported in previous studies [ 10 ,  11 ,  13 ,  14 , 
 36 ,  40 ], a substantial improvement in the predic-
tion of BX outcome was demonstrated by com-
bining PCA3 and new biomarkers in a limited 

number of patients. If these promising results 
could be confi rmed by further studies, combina-
tions of new biomarkers including PCA3 may 
potentially offer an interesting new perspective 
on the early detection and staging of PCa. 
However, because to date most of the markers 
combined with PCA3 are still in their experi-
mental phase, it remains to be assessed which 
marker panel has the greatest potential to 
improve predictive ability compared to estab-
lished markers.  

17.4.2     Detection of  Prostate    Cancer   
Antigen 3 in Circulating 
Tumour Cells 

 In PCa patients, the presence of circulating 
tumour cells ( CTCs  ) appears to be correlated 
with a poor prognosis [ 55 ]. For this reason detec-
tion of specifi c biomarkers found in prostatic 
CTCs could potentially indicate an advanced and 
aggressive stage of disease. In 2008, Väänänen 
et al. described a quantitative RT-PCR assay for 
the detection of  PCA3   mRNA in peripheral blood 
and evaluated 67 patients with locally advanced 
( n  = 23) and metastatic disease ( n  = 9), respec-
tively. Interestingly, only two patients were found 
positive for PCA3 mRNA in peripheral blood 
samples [ 56 ]. In contrast, Marangoni et al. 
detected PCA3 mRNA expression in 25 (62.5 %) 
of 40 patients with PCa compared with 15 
(37.5 %) of 40 BPH patients by evaluating preop-
erative peripheral blood samples [ 57 ]. Patients 
presenting with progressive castrate-resistant 
PCa demonstrated signifi cantly overexpressed 
levels of PCA3 in CTCs from peripheral blood 
[ 58 ]. Similar fi ndings have been reported by Jost 
et al. using an immuno-magnetic CTC enrich-
ment method to assess peripheral blood from 67 
PCa patients. Although none of the androgen- 
dependent patients has been tested positive for 
PCA3, 5 (31 %) of 16 androgen-independent 
patients were found positive for CTC-PCA3 [ 59 ]. 
In summary, detection of PCA3 mRNA expres-
sion in CTCs from peripheral blood samples has 
been proved to be feasible, although its value in 
identifying patients with poor prognosis is still 
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unclear due to limited data. Therefore, further 
studies are needed.  

17.4.3      Prostate    Cancer   Antigen 3 
as a Novel Gene Therapy 
Target 

 Van der Poel et al. have demonstrated the high 
PCa specifi city of  PCA3   and highlighted its 
potential use as a precursor to suicide  gene ther-
apy   by using a specifi c diphtheria toxin model 
[ 60 ]. A combination of PCA3’s promoter region 
driving the expression of a suicide gene could be 
used to process novel PCa therapies. In theory, 
this combined therapeutic construct would bind, 
interact and fi nally induce cell death in PCa tis-
sue, and non-malignant and non-prostatic cells 
would not be affected by this highly specifi c ther-
apeutic cascade. Based on this concept, Fan et al. 
developed an oncolytic adenovirus (Ad.DD3-
E1A- IL-24), in which replication is driven by the 
PCA3 DD3  promoter, carrying the therapeutic gene 
interleukin (IL)-24. Its in vitro and in vivo effects 
have been investigated in DU-145 cell lines and 
in DU-145 xenograft tumours in nude mice. In 
fi ve of six treated mice, tumours have been com-
pletely eliminated within 50 days. Most remark-
ably, all mice have survived until the end of 
observation [ 61 ]. Despite non- negligible dis-
crepancies regarding the therapeutic effect of 
Ad.DD3-E1A-IL-24 in vitro and in vivo, this 
study has demonstrated “Gene-ViroTherapy’s” 
excellent antitumoural effi cacy in an initial small 
single tumour model study in mice. Therefore 
further investigations on PCA3’s potential role in 
PCa gene therapy should be intensively promoted 
in the future.   

17.5     Conclusions 

  PCA3   has shown its potential to assist clinicians 
in patient counselling and BX indication confi r-
mation in men at risk for PCa based on elevated 
serum tPSA levels and/or suspicious 
DRE. Ideally, PCA3 would be used in combina-
tion with other established PCa risk factors to 

combine each marker’s strengths to focus on 
detection of signifi cant disease that is more likely 
to be cured if detected early. The value of PCA3 
for prediction of PCa signifi cance remains con-
troversial. It does not appear to be associated 
with advanced disease and PCa aggressiveness in 
men undergoing RP, and its use as a follow-up 
marker for AS patients does not seem to be given. 
The main current indication of the PCA3 urine 
test may be to determine whether a man needs a 
(repeat) BX after an initially negative BX out-
come, albeit its cost-effectiveness remains to be 
shown. Finally, the implementation of the PCA3 
promoter in developing new highly PCa-specifi c 
gene therapies represents a promising perspec-
tive in the near future.     
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Chemotherapy for Urinary Bladder 
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    Abstract  

  The treatment of metastasized bladder cancer has been evolving during 
recent years. Cisplatin based chemotherapy combinations are still gold 
standard in the treatment of advanced and metastasized bladder cancer. 
But new therapies are approaching. Based to this fact biological markers 
will become more important for decisions in bladder cancer treatment. 
A systematic MEDLINE search of the key words “cisplatin”, “bladder 
cancer”, “DNA marker”, “protein marker”, “methylation biomarker”, 
“predictive marker”, “prognostic marker” has been made. This review 
aims to highlight the most relevant clinical and experimental studies inves-
tigating markers for metastasized transitional carcinoma of the urothelium 
treated by cisplatin based regimens.  

  Keywords  

  Adjuvant  chemotherapy     •    Bax     •    Bcl-2     •   Biomarker   •   Bladder cancer   •    CD40     
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polypeptide antigen (TPA  )   •    TLX3 gene     •   Transcription factor TFAP2α  

18.1         Introduction 

 Bladder cancer is a potentially curable malig-
nancy, but for patients with muscle-invasive dis-
ease, there is a high risk of metastases and 
cancer-related death [ 1 ]. The gold standard treat-
ment of muscle-invasive bladder cancer (pT2+) is 
still an early radical cystectomy [ 2 ]. 

 Adjuvant  chemotherapy   for locally advanced 
urinary bladder cancer is still a problem [ 3 ,  4 ]. 
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New biomarkers could help to stratify risk groups 
and fi nd out which patients benefi t from adjuvant 
strategies after surgery [ 5 – 7 ]. 

 Common sites of metastasis include regional 
lymph nodes, bone, lung and liver. From the low 
cure rates achieved with radical cystectomy, there is 
strong evidence that bladder cancer is a systemic 
disease. The limitations of local treatment are well-
documented: a local control rate of 30 % with radia-
tion treatment, and 50–70 % with radical cystectomy 
[ 5 ]. Since the initial reports of the effectiveness of 
 cisplatin   in the treatment of advanced bladder 
cancer, there has been a steady fl ow of chemothera-
peutic agents shown to be effective. While response 
rates and complete response (CR) rates have 
increased with the use of combination  chemother-
apy  , this has not translated into survival in advanced 
disease of more than 16 months [ 8 ]. While search-
ing for more effective agents and combinations 
attention has been given to the roles of neoadjuvant 
and  adjuvant chemotherapy   in an effort to improve 
the cure rate achieved with surgery alone.  

18.2     Part One: Cisplatin 
as Therapy in  Cancer   

18.2.1     In General 

 Cis-diamminedichloroplatinum (II) is the fi rst of 
a group of platinum coordination complexes with 
antineoplastic activity to be studied in humans 
[ 9 ]. In 1969, Rosenberg was the fi rst who demon-
strated that platinum compounds inhibit cell divi-
sion in  Escherichia coli  [ 10 ]. 

 Especially  cisplatin   exerts its cytotoxic as well 
as radiosensitizing potential when cells prolifera-
tion into the S/G2/M phases. This effect may be 
less operative, and radiotherapy less effective, 
when cells are in the G0 phase, as indicated by a 
low  Ki-67   index [ 11 ].  

18.2.2     In Bladder Cancer 

 Advanced transitional cell carcinoma of the uro-
thelium is moderately sensitive to  chemotherapy  , 
and there are a number of agents that produce 
response rates in the 10–40 % range [ 12 – 14 ]. 

 Methotrexate and  cisplatin   have long been 
considered the most active agents [ 8 ]. In phase II 
studies, single-agent cisplatin produces response 
rates of about 35 % overall, with a range of 
26–65 %. Complete responses are unusual [ 15 ,  16 ]. 

 In the past decade, several new chemothera-
peutic agents have shown activity against 
advanced transitional cell carcinoma, including 
the taxanes paclitaxel and docetaxel [ 17 ], and 
gemcitabine [ 18 ]. Nowadays gemcitabine and 
 cisplatin   are gold standard for metastasized uro-
thelial cancer [ 2 ]. New substances like vinfl unine 
maybe could have the power to bring change in 
the second-line treatment of metastasized bladder 
cancer [ 19 ]. 

 Since information about predictive factors for 
response and survival are needed for selection of 
patients who are likely to benefi t from new com-
binations and for stratifi cation purposes in ran-
domized trials, an analysis of the predictive 
factors for response and survival with the regi-
men containing PCG has been performed [ 20 ]. 
The factors that were associated with decreased 
survival in univariate analysis were performance 
status >0, presence of visceral metastasis, and 
more than one site of malignant disease. 

 It was hypothesized that  cisplatin  -based  che-
motherapy   applied before or after surgery for 
locally advanced bladder cancer would increase 
survival in high-risk patient population. Although 
several randomized trials have been conducted, 
none of them conclusively demonstrated a sig-
nifi cant survival benefi t. However, improved 
progression- free survival was observed after 
adjuvant MVAC compared with observation [ 21 ]. 

 Chemotherapy has been used in two phases of 
treatment: as radiosensitizers, given concurrently 
with radiation treatment and as adjuvant treatment, 
recognizing that survival will only be improved by 
the successful treatment of micrometastases [ 5 ].  

18.2.3     Adjuvant and Neo-adjuvant 
Chemotherapy 

 In the randomized multicenter phase III study of 
Lehmann et al. the MVEC standard therapy failed 
to outperform the less toxic CM regimen [ 22 ]. 
Unfortunately due to the lack of an observation 
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arm the CM regimen could not recommended as 
standard for adjuvant bladder cancer. 

 Neo-adjuvant  cisplatin   combination  chemo-
therapy   has a modest survival benefi t, with those 
patients achieving a complete response after 
chemotherapy having the best outcome. There are 
several potential benefi ts to the use of periopera-
tive chemotherapy in the neo-adjuvant rather than 
the adjuvant setting [ 23 ]. First, administration of 
chemotherapy before surgery avoids the potential 
for postoperative recovery and complications that 
might affect the ability to receive a maybe more 
needed  adjuvant chemotherapy  . In a trial of 140 
patients with localized bladder cancer random-
ized to RC with plus adjuvant chemotherapy vs. 
RC with chemotherapy before and afterward, 
nine assigned to immediate surgery never 
received chemotherapy [ 24 ]. Second, the use of 
neo-adjuvant chemotherapy allows for in vivo 
drug sensitivity testing, which might also provide 
important prognostic information [ 25 ]. Third, 
chemotherapy might lead to tumor down staging 
and allow for less morbid surgery or potentially 
convert unresectable to resectable disease. 
Surgery after chemotherapy appears to provide a 
benefi t in patients who achieve a major response 
after chemotherapy for unresectable or regionally 
metastatic bladder cancer [ 26 ]. Finally, the abil-
ity to monitor the primary tumor during treat-
ment allows for discontinuation of ineffective 
chemotherapy if there is evidence of disease pro-
gression. But most trials of chemotherapy given 
before radical cystectomy or radiotherapy have 
failed to improve survival signifi cantly; many of 
these studies had sample sizes that were too small 
for important changes in survival to be detected 
[ 27 ]. A systematic review and meta-analysis 
from 10 randomized trials has shown that neo- 
adjuvant platinum-based combination chemo-
therapy is associated with a 5 % benefi t in overall 
survival at 5 years and a 13 % reduction in the 
risk of death ( p  = 0.016) [ 28 ]. In the report of 
Sonpavde et al. about neo-adjuvant chemother-
apy was described that conventional fi rst-line 
platinum-based combination chemotherapy with 
gemcitabine/cisplatin and standard methotrexate, 
vinblastine, doxorubicin and cisplatin yields high 
response rates, but suboptimal long-term outcomes 
for advanced urothelial cancer. The emergence of 

novel biological agents offers the promise of 
improved outcomes. Neo-adjuvant therapy pre-
ceding cystectomy for muscle- invasive bladder 
cancer provides an important paradigm and an 
interesting approach in developing novel agents [ 3 ]. 
But in this report also new agents for metastatic 
bladder cancer are described. Neo-adjuvant ther-
apy with cisplatin-based regimens (GC, MVAC) 
has been shown to be safe and does not increase 
the risk of postoperative complications [ 29 ]. 

 In the review of Sawhney et al. randomized 
clinical trials of neo-adjuvant  cisplatin  -based 
combination  chemotherapy   for locally advanced 
bladder cancer has shown a survival benefi t over 
cystectomy alone [ 30 ]. 

 The major advantage for the use of  adjuvant 
chemotherapy   is treatment based upon pathologi-
cal criteria, with the ability to select those patients 
at high risk of recurrence, who are likely to ben-
efi t the most from  chemotherapy  , and to avoid 
unnecessary treatment of patients with low-risk 
disease [ 23 ]. 

 There have been several prospective trials 
designed to evaluate  adjuvant chemotherapy  , but 
all have been fraught with problems, leading to 
signifi cant limitations in interpretation [ 4 ,  31 ]. In 
an early trial evaluating single-agent  cisplatin  , 77 
patients with invasive, non-metastatic bladder 
cancer were randomly assigned to either observa-
tion or three courses of postoperative cisplatin 
 chemotherapy   [ 4 ]. Although there was no signifi -
cant difference in survival between the two arms, 
in the cisplatin group, 24 % required dose reduction 
and 19 % refused treatment. Skinner et al. [ 31 ] 
reported a prospective comparative trial of adjuvant 
chemotherapy or observation in patients with 
invasive or node positive disease. In that study there 
was a signifi cant delay in time to progression with 
adjuvant chemotherapy, with 70 % of patients 
assigned to chemotherapy free of disease at 3 years, 
vs. 46 % in the observation group ( p  = 0.001). 

 In the meta-analyses of Vale analyses were 
based on 498 patients from six trials, representing 
90 % of all patients randomized in  cisplatin  - based  
combination  chemotherapy   trials and 66 % of 
patients from all eligible trials [ 32 ]. The overall 
hazard ratio for survival of 0.75 suggests a 25 % 
relative reduction in the risk of death for chemo-
therapy compared to that on control. 
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 In general, the problem of these studies 
regarding  adjuvant chemotherapy   is mostly the 
low number of included patients, use of substandard 
 chemotherapy  , early stopping of patient entry, 
irrelevant end points or a lack of recommendations 
concerning salvage chemotherapy for relapse or 
metastases [ 33 ]. Following the EAU guidelines for 
invasive bladder cancer adjuvant chemotherapy 
is not recommended for clinical routine use [ 2 ]. 
Although the role of adjuvant chemotherapy for 
invasive bladder cancer is not fully confi rmed, it 
represents a reasonable treatment for patients who 
have not received neo- adjuvant chemotherapy 
and for those with extravesical extension and/or 
node-positive disease after radical cystectomy [ 23 ].  

18.2.4     Combinations 

 In the early 1980s,  cisplatin   and methotrexate 
were combined in several different schedules 
designed to minimize the nephrotoxicity of the 
combination [ 8 ]. Randomized multicenter trials 
have demonstrated superior progression-free 
survival after treatment with three to four courses 
of MVAC/MVEC [ 34 ]. The prognosis of patients 
with metastatic transitional cell carcinoma 
remains poor, with a median survival of only 
12–14 months [ 1 ]. Furthermore the MVAC regimen 
is relatively toxic, especially in elderly patients 
and for patients who have a poor performance 
status. In general, no benefi t in overall survival 
could be found. 

 Gemcitabine is a pyramidine antimetabolite 
that has activity against urothelial cancer with an 
overall response rate of 30 % in previously 
treated and untreated patients [ 35 ]. In particular, 
in metastatic urothelial cancer, gemcitabine alone 
yielded response rates of 23–29 % with a com-
plete response rate of 4–13 %, in both previously 
treated and untreated patients [ 14 ]. 

 GC was compared with MVAC in a large, 
multicenter, randomized phase III study with 405 
included patients [ 1 ]. It was powered to detect a 
33 % difference in survival, which it failed to do. 
No apparent difference was observed in survival, 
with median survivals of 13.8 months (GC) and 

14.8 months (MVAC). GC was better tolerated 
than MVAC, with a lower toxic death rate, less 
neutropenic fever, mucositis and alopecia, and 
less hospitalization. 

 Well known clinical prognostic factors, such 
as performance status, level of plasma alkaline 
phosphatase, and presence or absence of visceral 
metastases, are reported to correlate well with 
outcome of treatment [ 1 ,  36 ] and are presently 
included in the decision about treatment strate-
gies for the individual patient. The study of 
Niegisch et al. carried out several prognostic factors. 
This group randomized 102 patients receiving 
gemcitabin/ cisplatin   and 357 patients receiving 
vinfl unine. In a multivariate analyses the factors 
only lymph nodes involved, alkaline phospha-
tase, low hemoglobin, Karnofsky performance 
index, interval between end of fi rst-line and start 
of second-line  chemotherapy   were prognostical 
important [ 37 ]. 

 Nevertheless it can be pointed out that  chemo-
therapy   in advanced bladder cancer has reached a 
plateau with no evidence of survival improvement 
using new combinations [ 1 ]. Therefore it is a 
coming interested in the development of new 
treatment strategies for these patients. Better 
understanding of the genetic basis of chemotherapy 
response may offer promise in better treatment 
strategies [ 13 ,  20 ,  38 ].   

18.3     Part Two: Based 
on the Mechanism 

 For bladder cancer, genome-wide expression 
profi ling has been used to identify genes predic-
tive of response in a neo-adjuvant setting [ 39 ]. 
In the past, several genes and gene products have 
been described to modify the cellular response to 
chemotherapeutic agents in vitro and in vivo. 
Bladder cancer cells can stimulate more angio-
genesis than normal urothelium, and increased 
micro vessel density is an independent prognos-
tic indicator of recurrence and poor survival. In 
muscle-invasive bladder cancer, micro vessel 
count correlates signifi cantly with the presence 
of occult lymph-node metastases [ 8 ]. 
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 As  cisplatin   is still regarded the main active 
drug in urothelial bladder cancer treatment, it is 
biologically plausible that the expression of an 
established modifi er of the cellular platin 
response correlates with treatment effi cacy [ 7 ]. 
The cytotoxic effect of cisplatin-based  chemo-
therapy   has been attributed to the formation of 
bulky platinum DNA adducts. Cisplatin resis-
tance appears to be associated with the removal 
of these adducts by the nucleotide excision repair 
(NER) system, which plays a major part in cis-
platin resistance [ 40 ]. 

 The major DNA lesions induced by  cisplatin   
are intrastrand DNA crosslinks between two gua-
nines or guanine and adenine, accounting 
together for ~90 % of the platination lesions [ 41 ]. 
In contrast, interstrand crosslinks (ICLs) between 
the two DNA strands are minor lesions, account-
ing for less than 5 % of all cisplatin lesions [ 42 ]. 

 A report from Sidransky et al. demonstrated 
the clonality of multiple bladder tumors from dif-
ferent sites [ 43 ]. Miayo showed concordant 
genetic alterations in asynchronous tumors from 
individual patients [ 44 ]. These studies suggest 
that urothelial bladder cancer appearing at differ-
ent times and sites may be derived from the same 
neoplastic clone. 

 Miura et al. tried to clarify the molecular 
mechanisms underlying  cisplatin   resistance in 
bladder cancer. The bladder cancer cell line 
HT1376, and conducted large-scale analyses of 
the expressed proteins using two-dimensional gel 
electrophoresis was coupled with mass spectrom-
etry. In that very experimental study the authors 
could fi nd adseverin (SCIN) and its binding to 
voltage-depended channels (VDAC) as inhibitor 
of mitochondria-mediated apoptosis in cisplatin- 
resistant cells. Targeting the VDAC-SCIN inter-
action may offer a new therapeutic strategy for 
cisplatin-resistant bladder cancer [ 45 ]. 

 In fact, there are only few studies that found 
 chemotherapy   response modifi ers. Several gene 
products have been described to modify the 
cellular response to chemotherapeutic agents 
in vitro and to correlate with clinical outcome 
in vivo. For example, excision repair cross- 
complementing 1 (  ERCC1   ) is a component of 
nucleotide excision repair (NER) pathway, a 

major repair mechanism of DNA damage induced 
by platin compounds reacting with DNA and 
forming inter- and intra-strand cross links. The 
balance of DNA damage to DNA repair dictates 
tumor cell death or survival after  cisplatin   
therapy [ 46 ].  ERCC1  expression as detected by 
immunochemistry as well as gene expression has 
been linked to response and survival in other 
studies with platin-based therapies [ 7 ,  47 ,  48 ]. 
ERCC1 is the lead enzyme in the NER process. 
High ERCC1 levels are associated with increased 
removal of platinum-induced DNA adducts and 
relative platinum resistance [ 49 ]. 

 Another important example is the multidrug 
resistance gene 1 (  MDR1   ). It encodes an integral 
membrane protein named P-glycoprotein (Pgp) 
or an ATP-binding cassette subfamily B which 
acts as an energy-dependent cellular effl ux pump 
[ 50 ]. Anticancer drugs were found to induce 
 MDR1  gene [ 51 ]. Although  cisplatin   is not con-
sidered as a substrate of Pgp, some studies have 
suggested an altered expression of MDR1 after 
cisplatin administration, possibly resulting in 
decreased cytotoxic effi cacy [ 52 – 54 ]. Hoffmann 
et al. wrote that the positive correlation of his and 
other studies between high MDR1 expression 
and inferior survival and progression-free sur-
vival after adjuvant cisplatin-based  chemother-
apy   does not automatically imply a causative role 
of Pgp [ 7 ].  

18.4     Part Three: Cisplatin Based 
Chemotherapy in Bladder 
Cancer and Protein Markers 

 Most tumor markers are protein markers. 
Predictive as well as prognostic markers will 
become important in future in decision making 
for clinical work. This part is an overview about 
protein based markers who will answer questions 
for invasive bladder cancer patients receiving 
 cisplatin   based  chemotherapy  . 

 Cell lines often can help in the beginning of 
experimental studies to identify key proteins for 
further work. Many studies have to begin with 
cell lines to identify the most interesting 
proteins. 
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 An important point to evaluate a study in this 
review is to describe whether a marker is prog-
nostic or predictive factor. Predictive factors can 
make a decision which therapy is better; prognos-
tic factors can make a decision if a therapy is nec-
essary or useful. 

 Another point is that many studies combine 
cell lines and clinical samples in one study. 
In Table  18.1  there is an overview about the 
most important studies, Table  18.2  shows some 
important studies in detail. At last Table  18.3  
gives an overview for all important markers of 
this review.

18.4.1          Emmprin   and  Survivin   

 Another very interesting protein is emmprin ( BSG ) 
that has been used in many studies, two of them 
focus on the question of emmprin as marker in 

 cisplatin   based therapy for bladder cancer [ 55 ,  56 ]. 
 Emmprin   is a 46.6-kDa membrane protein 
mapped to 19p13.3. It is a modulator of metallo-
proteinases and is up-regulated in bladder cancer 
compared with normal urothelium [ 57 ]. Studies 
showed that emmprin enhances growth and resis-
tance to  chemotherapy   via the phosohatidylinosi-
tol 3-kinase/Akt pathway in a hyaluron-dependent 
manner [ 38 ,  58 ]. 

  Survivin   ( BIRC5 ) is localized to 17q25 and is 
a 16.6-kDa protein present in the cytoplasm and 
nucleus. Several slica variants have been reported 
[ 59 ,  60 ]. The variant 3B is described to be in the 
cytoplasm and is functionally relevant as it is 
described to inhibit apoptosis via cytoplasmic 
caspases [ 61 ]. High levels of surviving have been 
associated with poor prognosis in bladder cancer 
[ 61 ]. Survivin has also been described to be a 
predictor of  cisplatin   resistance in gastric cancer, 
as well as in different cell lines [ 62 ,  63 ]. 

   Table 18.1    Protein based markers   

 Marker  Chemotherapy  Cell line  Clinical  N  Prognostic  Predictive  Reference 

  Bax    Cisplatin based radiatio  No  Yes  62  No  Yes  [ 74 ] 

  Bcl-2    Cisplatin based radiatio  No  Yes  62  No  Yes  [ 74 ] 

 CRP  Cisplatin + Radiatio  No  Yes  88  Yes  No  [ 93 ] 

 EGFR  MCV + Radiatio  No  Yes  73  Yes  Yes  [ 96 ] 

  Emmprin     cisplatin-  based  Yes  Yes  124  Yes  No  [ 55 ] 

  Emmprin    MVAC  No  Yes  27  No  Yes  [ 56 ] 

  ERCC1    MVEC vs. CM  No  Yes  108  Yes  No  [ 7 ] 

  ERCC1    GC vs. GCT  No  Yes  57  Yes  Yes  [ 47 ] 

  ERCC1    Cisplatin-based  No  Yes  89  No  Yes  [ 48 ] 

 Galectin-7  Cisplatin-based  Yes  No  17  No  Yes  [ 92 ] 

 HER-2  MCV + Radiatio  No  Yes  55  Yes  Yes  [ 96 ] 

 HER-2  MVEC  No  Yes  114  Yes  No  [ 6 ] 

  Ki-67    Cisplatin based radiatio  No  Yes  136  No  No  [ 11 ] 

  Ki-67    Cisplatin based radiatio  No  Yes  62  No  Yes  [ 74 ] 

 Lapatinib  GTC  Yes  No  n.d.  No  Yes  [ 120 ] 

  MDR1    MVEC vs. CM  No  Yes  108  Yes  No  [ 7 ] 

 MIB-1  Cisplatin-based  No  Yes  118  No  Yes  [ 101 ] 

 Metallothionein  Cisplatin-based  No  Yes  118  No  Yes  [ 101 ] 

 P-glycoprotein  Cisplatin-based  No  Yes  118  No  Yes  [ 101 ] 

  Smac/DIABLO    Cisplatin-based  Yes  Yes  84  Yes  No  [ 97 ] 

  Survivin     cisplatin-  based  No  Yes  124  Yes  No  [ 55 ] 

  Survivin    MVAC  No  Yes  27  No  Yes  [ 56 ] 

 TFAP2α  Cisplatin-based  Yes  Yes  282  No  Yes  [ 91 ] 

  TPA    MVEC  No  Yes  58  Yes  No  [ 76 ] 
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   Table 18.2    Selected studies with results   

 Study  Patients  Marker 
 Chemo 
regimen 

 Median 
follow-up  End point  Result 

 Matsumoto 
et al. [ 74 ] 

  n  = 62 
 T1: 12 
 T2: 20 
 T3: 25 
 T4: 5 
 G1: 0 
 G2: 15 
 G3: 53 
 N+: 1 
 N0 61 

  Bax  / Bcl-2   
ratio 
  Ki-67   
 P53 
 Apoptosis 
index (AI) 

 CRT with 
 cisplatin   

 34  Survival  Survival rate with 
 Ki-67-  positive tumors 
signifi cantly lower 
than those of 
Ki-67-negative tumors 
( P <  0.05) 

 Matsumoto 
et al. [ 114 ] 

  n  = 67 
 T1G3: 12 
 T2: 22 
 T3: 28 
 T4: 5 
 N+: 0 
 N0: 67 

 P53 
 P73 

 CRT with 
 cisplatin   

 32.6  Survival  TP73 as independent 
predictive factor of 
poor survival 
( P  = 0.0002) 

 Bellmunt 
et al. [ 47 ] 

  n  = 57 
 Metastatic 
or locally 
advanced 
bladder 
cancer 
 ECOG 0: 23 
 ECOG 1: 34 

  ERCC1   
 BRCA1 
 RRM1 
 Caveolin-1 

 GC ( n  = 14) vs. 
GCT ( n  = 43) 

 19  Survival 
 Progress 

 Median survival 
higher in low  ERCC1   
levels ( P  = 0.03) 

 Hoffmann 
et al. [ 7 ] 

  n  = 108 
 T1: 4 
 T2: 18 
 T3: 68 
 T4: 8 
 N+: 66 
 N0: 42 

  ERCC1   
  MDR1   

 CM ( n  = 56) vs. 
M-VEC ( n  = 52) 

 ~60  Survival 
 Progress 

 Expressions of  MDR1   
and  ERCC1   
independently 
associated with 
overall PFS 
( P  = 0.001) 

 Median OS higher in 
low  ERCC1   levels 
( P  = 0.19) 

 Kim 
et al. [ 48 ] 

  n  = 89 
 Advanced 
urothelial 
cancer 

  ERCC1    Cisplatin- based   53.7  Survival 
 Progress 

 Longer PFS 
associated with 
ERCC-1-negative 
patients ( p  = 0.03); 
median OS not 
associated mit  ERCC1   
levels ( p  = 0.73); 
no independent 
prognostic factor 
for PFS 

(continued)
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Table 18.2 (continued)

 Study  Patients  Marker 
 Chemo 
regimen 

 Median 
follow-up  End point  Result 

 Yoshida 
et al. [ 93 ] 

  n  = 88  CRP  Cisplatin + RT  33  Survival  High CRP level before 
therapy was 
associated with 
cancer-specifi c 
survival ( P  = 0.003) 

 CRP and cT stage 
were independent 
prognostic indicators 
for CSS ( P  = 0.046) 

 Siu et al. 
[ 101 ] 

  n  = 118 
 G1: 2 
 G2: 17 
 G3: 90 
 ECOG 0: 12 
 ECOG 1: 78 
 ECOG 2: 20 
 ECOG 3: 6 

 P53 
 MT 
 P-glycoprotein 
 MIB-1 

 M-VAC 
( n  = 69) vs. 
CMV ( n  = 45) 

 ~12  Survival  Overexpression 
of MT in patients 
with metastatic 
disease was associated 
with a shorter survival 
 (P  = 0.04) 

 Weiss et al. 
[ 11 ] 

  n  = 136 
 T1: 28 
 T2: 81 
 T3/4: 27 
 G1: 5 
 G2: 60 
 G3: 71 

  Ki-67    Cisplatin + RT 
( n  = 86) vs. RT 
alone ( n  = 50) 

 43  Progress  Association between 
high  Ki-67   index and 
CR for patients 
receiving RCT (93 % 
vs. 66 %;  p  = 0.001) 

 Tsai et al. [ 6 ]   n  = 114  HER2  MVEC 
( n  = 30) vs. 
surgery alone 
( n  = 26) 

 27  Survival 
 Progress 

 HER2 was associated 
with PFS ( p  = 0.02) 
and disease-specifi c 
OS ( p  = 0.005); HER2 
was a signifi cant 
prognostic factor for 
PFS in  chemotherapy   
receiving patients 
( p  = 0.03) and 
disease-specifi c OS 
( p  = 0.02) 

 Nordentoft 
et al. [ 91 ] 

  n  = 282 
 pT2-T4b 
 N0: 124 
 N+: 158 

 TFAP2α  Cisplatin- 
based  

 n.d.  Survival  Low TFAP2α was 
associated with 
increased OS 
( p  = 0.048) 

 TFAP2α as strong 
independent predictive 
marker for a good 
response and survival 
after  cisplatin-
  containing 
 chemotherapy   

(continued)
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 Als et al. performed a study to identify molecular 
markers for survival in locally advanced and/or 
metastatic bladder cancer following  cisplatin  - 
based   chemotherapy   [ 55 ]. In their study the 
protein products emmprin and survivin were vali-
dated using immunohistochemistry. Multivariate 
analysis identifi ed emmprin expression and sur-
vivin expression as independent prognostic 
markers for poor outcome, together with the 
presence of visceral metastases. In the clinical 
good prognostic group of patients without vis-
ceral metastases, both markers showed signifi -
cant discriminating power as supplemental risk 
factors ( p  < 0.0001). Protein expression assessed 
by immunohistochemistry was strongly corre-
lated to response to chemotherapy. Also in that 
study two different cisplatin-based regimens 
have been performed. Nevertheless this is one of 
the important data presenting novel molecular 
factors of independent prognostic signifi cance 
for the outcome of cisplatin-based chemotherapy 
in advanced bladder cancer. The study group 

proposed that after testing in an independent pro-
spective randomized study survivin and emmprin 
may help to identify patients with either a high or 
a low probability of benefi t from cisplatin con-
taining chemotherapy. 

 Another study about emmprin and survivin 
was performed by Pollard et al. This group evalu-
ated an approach that combines genomic, pro-
teomic, and therapeutic outcome datasets to 
identify novel putative urinary biomarkers of 
clinical outcome after neoadjuvant MVAC. Using 
this method, they identifi ed gamma-glutamyl 
hydrolase (GGH), emmprin, survivin, and 
diazepam- binding inhibitor (DBI). Using 
disease- free survival as a marker for clinical out-
come, this group evaluated the ability of GGH, 
emmprin, survivin, and DBI expression in tumor 
tissue to stratify 27 patients treated with neo- 
adjuvant MVAC. DBI ( p  = 0.046) but not GGH 
( p  = 0.190), emmprin ( p  = 0.066), or survivin 
( p  = 0.393) successfully stratifi ed patients. The 
authors supposed that methotrexate and also the 

Table 18.2 (continued)

 Study  Patients  Marker 
 Chemo 
regimen 

 Median 
follow-up  End point  Result 

 Als et al. [ 55 ]   n  = 124 
 T4b N2-3 
 or M1 

  Survivin   
  Emmprin   

 MVAC or GC  56.5  Survival   Emmprin   and survivin 
are independent 
prognostic factors for 
response and survival 
after  chemotherapy:   
emmprin expression 
( P  < 0.0001), survivin 
expression 
( P  < 0.0001) 

 Pollard 
et al. [ 56 ] 

  n  = 27   Survivin   
  Emmprin   
 GGH 
 DBI 

 MVAC  n.d.  Survival  DBI as signifi cant 
marker for survival 
( p  = 0.046) 

 Schmidt 
et al. [ 76 ] 

  n  = 58   TPA    MVEC  n.d.  Survival 
 Progress 

 High sensitivity: 
96.6 % 

 No predictive marker 

 Chakravati 
et al. [ 96 ] 

  n  = 73 
 T2-T4a 

 HER-2 
 EGFR 
 P53 
 pRB 
 p16 

 CRT with 
 cisplatin   

 n.d.  Survival 
 CR 

 EGFR positivity was 
associated with 
improved OS 
( p  = 0.044), disease-
specifi c survival 
(DSS) ( p  = 0.042) 
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other agents in the MVAC regimen may have the 
ability to diminish the effects of GGH activity 
inside the cell, thus increasing the viability of 
methotrexate within the cell, or they are more 
effi cacious than methotrexate and thus drive the 
clinical outcome to a higher degree. Although 
these predictive results were obtained on tumor 
tissues, the presence of GGH and DBI in urine 
serves as a rationale for developing them as uri-
nary markers of clinical outcomes for patients 
treated with neo-adjuvant MVAC [ 56 ].  

18.4.2      Bax   and  Bcl-2   

 It is known that  Bax   and  Bcl-2   regulate apoptosis 
downstream of  p53   [ 64 ]. Bcl-1 blocks cell death 
following various stimuli, demonstrating a death 
spearing effect [ 65 ]; however, overexpression of 
Bax has a pro-apoptotic effect and Bax also 
counters the anti-apoptotic activity of Bcl-2 [ 66 ]. 
It has been proposed that the ratio of Bcl-2 to Bax 
or other members of the Bcl-2 family may govern 
the sensitivity of cells to apoptotic stimuli [ 67 ,  68 ]. 

   Table 18.3    Overview of all used markers   

 Marker  Characteristic  Protein  Other  Therapeutic  Reference 

 AQ4N  Prodrug  No  Yes  Yes  [ 116 ] 

  Bax    Protein  Yes  No  No  [ 74 ] 

  Bcl-2    Protein  Yes  No  No  [ 74 ] 

 BRCA1  Gene  Yes  No  No  [ 47 ] 

 Caveolin-1  Gene  Yes  No  No  [ 47 ] 

  CD40    Tumor necrosis factor  Yes  No  Yes  [ 89 ,  90 ] 

 CRP  Protein  Yes  No  No  [ 93 ] 

 EGFR  Membrane-bound  receptor    Yes  Yes  Yes  [ 96 ] 

  Emmprin    Protein  Yes  Yes  Yes  [ 55 ,  56 ] 

  ERCC1    Gene  Yes  Yes  No  [ 7 ,  41 ,  47 ,  48 ] 

 Galectin-7  Protein  Yes  No  No  [ 92 ] 

 HER-2  Protein  Yes  Yes  Yes  [ 88 ,  96 ,  105 ] 

  Ki-67    Nuclear protein  Yes  No  No  [ 11 ,  74 ] 

 Lapatinib  Tyrosin kinase inhibitor  No  Yes  Yes  [ 120 ] 

  MDR1    Gene  Yes  Yes  No  [ 7 ] 

 MIB-1  Gene  No  Yes  No  [ 101 ] 

 Metallothionein  Cytosolic protein  No  Yes  No  [ 101 ] 

 P-glycoprotein  Integral membrane protein  Yes  No  No  [ 101 ] 

 pRB  Gene  No  Yes  No  [ 96 ] 

 TP53  Tumor suppressor gene  Yes  Yes  No  [ 74 ,  101 ,  105 ,  106 ,  114 ] 

 TP73  Tumor suppressor gene  Yes  Yes  No  [ 114 ] 

 RRM1  Gene  Yes  No  No  [ 47 ] 

 S100P  Calcium-binding protein  Yes  No  Yes  [ 104 ] 

  Smac/DIABLO    Protein  Yes  No  No  [ 97 ] 

  Survivin    Protein  Yes  Yes  Yes  [ 55 ,  56 ] 

 TFAP2α  Protein  No  Yes  Yes  [ 91 ] 

 TLX3  Gene  No  Yes  Yes  [ 118 ] 

  TPA    Tumor associated antigen  Yes  No  No  [ 76 ,  80 ] 

 XAF1  Apoptosis- associated gene  No  Yes  Yes  [ 113 ] 

 XIAP  Apoptosis- associated gene  No  Yes  Yes  [ 113 ] 
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Recent studies have suggested that the indexes 
for p53, Bcl-2, Bax and  Ki-67   may correlate with 
the grade, stage or prognosis of bladder cancer 
[ 69 ]. The bcl-2 family of proteins is also involved 
in the regulation of apoptosis. Bcl-2 expression 
has been linked to poorer survival in patients with 
invasive bladder cancer treated with synchronous 
chemo-radiotherapy [ 70 ] and its overexpression 
with poorer survival in a group of patients with 
bladder cancer treated with neo- adjuvant  chemo-
therapy   [ 71 ].  

18.4.3      Ki-67   

 The study of Weiss et al. [ 11 ] was performed to 
investigate whether the addition of  chemotherapy   
to radiotherapy (RT) is benefi cial in bladder 
tumors with rapid proliferation.  Ki-67   recognizes 
a nuclear protein forming part of the DNA repli-
case complex [ 72 ] and is widely used to deter-
mine the proliferation activity of tumors. The 
Ki-67 index was evaluated by immunohisto-
chemistry on pretreatment biopsies from 136 
patients treated by transurethral tumor resection 
and RT or  cisplatin  -based radiochemotherapy. 
Ki-67 expression was correlated with response to 
RT/RCT and long-term local control rates. A sta-
tistically signifi cant association between high 
Ki-67 index and CR was noted for patients 
receiving RCT ( p  = 0.001), but not for patients 
treated with RT alone ( p  = 0.12). They found out 
that increased pretreatment proliferation is an 
independent predictor for tumor response and 
local control when chemotherapy was given in 
conjunction with radiotherapy. The Ki-67 index 
refl ects the biological aggressiveness of tumors 
and has been shown to correlate with known 
prognostic factors such as tumor grade and stage 
[ 72 ,  73 ]. 

 Another study about biomarkers and radio- 
chemotherapy      in bladder cancer was performed 
by Matsumoto et al. Local advanced bladder 
cancer was treated by radiation combined with 
 cisplatin   therapy. A retrospective analysis was 

conducted to predict the  clinical response   to 
radio-chemotherapy based on the immunohisto-
chemistry of apoptosis-related proteins. Mucosal 
biopsy was performed before and after therapy. 
Paraffi n-embedded tumor specimens were exam-
ined for  Ki-67  ,  p53  ,  Bcl-2   and  Bax  ; the Bax/
Bcl-2 ratio and apoptosis index (AI). The survival 
rate of patients with Ki-67-positive tumors was 
signifi cantly lower than those of patients with 
Ki-67-negative tumors ( p  < 0.05). No signifi cant 
correlation was observed between the expression 
of any protein, the AI and the clinical response. 
However, the Bax/Bcl-2 ratio showed a signifi -
cant association with the CR rate ( p  = 0.0289). 
The results of this study suggest that the com-
bined assessment of Bcl-2 and Bax  protein 
expression may be used to predict a clinical 
response to CRT based on the Bax/Bcl-2 ratio 
determined before therapy. The Ki-67 index may 
be a useful predictor of prognosis in patients 
treated by CRT [ 74 ].  

18.4.4     Tissue Polypeptide 
Antigen ( TPA  ) 

 Another classic tumor marker for bladder cancer 
as tumor-associated antigen is  TPA   [ 75 ]. Schmidt 
et al. used TPA for monitoring bladder cancer 
patients after  cisplatin  -based  chemotherapy   [ 76 ]. 
In that study 58 patients with advanced bladder 
cancer were treated with MVEC chemotherapy. 
TPA was registered before each course of chemo-
therapy and 3 months after the last application. 
The sensitivity for locally advanced tumors was 
90.9 %, for tumors with lymph node metastases 
100 % and for tumors with distant metastases 
100 % also, overall 96.6 %. No statistically sig-
nifi cant different values between each tumor 
group were found. In 85.7 % a concordant reac-
tion of TPA values and clinical status was nota-
ble. In conclusion, this study could not show any 
predictive power of this marker, though the sensi-
tivity and specifi city is higher than in several 
other studies [ 77 – 79 ]. Nevertheless, the authors 
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conclude that TPA is a valuable and a reliable 
marker for monitoring therapeutic effi cacy of 
chemotherapy for advanced bladder cancer. 

 The use of  TPA   is well known in bladder can-
cer [ 78 ,  79 ]. The group of van der Gaast et al. 
evaluated the use of TPA in serum for monitoring 
disease activity of bladder cancer during  chemo-
therapy   [ 80 ]. They found that in most patients 
with elevated TPA levels who responded to che-
motherapy, TPA levels rapidly returned to nor-
mal. It is concluded that serial measurement of 
TPA for monitoring disease activity has limited 
value because of the low sensitivity of TPA, espe-
cially for patients with early-stage cancer, and 
because of the occurrence of false positive results.  

18.4.5      MDR1   and  ERCC1   

 In a study of Hoffmann et al. from 2010 interest-
ing results have been presented. They hypothe-
sized that assessing the gene expression of the 
 chemotherapy   response modifi ers multidrug 
resistance gene 1 (  MDR1   ) and excision repair 
cross-complementing 1 (  ERCC1   ) may help iden-
tify the group of patients benefi ting from 
 cisplatin  - based   adjuvant chemotherapy   [ 7 ]. 
Formalin-fi xed paraffi n-embedded tumor sam-
ples from 108 patients with locally advanced 
bladder cancer, who had been enrolled in 
AUO-AB05/95, a phase III trial randomizing a 
maximum of three courses of adjuvant CM ver-
sus MVEC, were included in the study. Tumor 
cells were analyzed for MDR1 and ERCC1 
expression using a quantitative real-time RT-PCR 
assay. Expressions of MDR1 and ERCC1 were 
independently associated with overall 
progression- free survival. The correlation of high 
MDR1 expression with inferior outcome was 
stronger in patients receiving MVEC, whereas 
ERCC1 analysis performed equally in the CM 
and MVEC groups. High MDR1 and ERCC1 
gene expressions are associated with inferior out-
come after cisplatin-based adjuvant chemother-
apy for locally advanced bladder cancer. A major 
limitation in this study is the fact that because of 

the lack of observation in one study arm, it is 
impossible to decide whether expressions of 
MDR1 and ERCC1 are prognostic or predictive 
markers [ 7 ]. Years before Petrylak et al. reported 
that MVAC treatment of bladder leads to transac-
tivation and signifi cantly increased expression of 
MDR1, although this result was not obtained in 
an outcome-driven study [ 81 ]. 

 Bellmunt et al. has performed a study about 
 ERCC1   as prognostic marker for bladder cancer 
patients receiving  cisplatin  -based  chemotherapy  . 
Messenger RNA expression levels of ERCC1, 
breast cancer 1 (BRCA1), ribonucleotide reduc-
tase subunit M1 (RRM1) and caveolin-1 were 
determined by RT-PCR in tumor DNA from 57 
advanced and metastatic bladder cancer patients 
treated with either GC or PCG polychemother-
apy. Levels were correlated with survival, time to 
disease progression and chemotherapy response. 
Median survival was signifi cantly higher in 
patients with low ERCC1 levels ( p  = 0.03). A 
trend towards longer time to progression was 
observed in patients with tumors expressing low 
levels of all markers. On multivariate analysis 
with pretreatment prognostic factors, ERCC1 
emerged as an independent predictive factor for 
survival. The results of the study indicate that 
ERCC1 may predict survival in bladder cancer 
treated by platinum-based therapy [ 47 ]. 
Concluding this study includes also two different 
cisplatin-based regimens with a low number of 
patients and a low follow-up; a demonstration of 
a relationship between molecular marker level 
and chemotherapy response could not be pre-
sented. At the moment there is one recruiting 
study in   www.clinicaltrials.gov     measuring 
ERCC1 and BRCA1 in a cisplatin containing 
regimen for urinary bladder cancer. In this phase 
I study with the protocol number NCT01182168 
gemcitabine and cisplatin plus everolimus the 
safety of this regimen at different dose levels will 
be evaluated (  http://www.clinicaltrials.gov/ct2/
show/NCT01182168    ). 

 As it is known that cell lines derived from 
metastasized germ cell tumors are hypersensitive 
to  cisplatin   refl ecting the  clinical response   
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Usanova et al. performed a study to investigate 
the formation and repair of intrastrand and inter-
strand crosslinks (ICLs) induced by cisplatin in 
testis tumor cells and resistant bladder cancer 
cells. Their data indicate that downregulation of 
 ERCC1  -XPF increased the sensitivity to cispla-
tin, as shown by the higher level of apoptosis. 
The increase in sensitivity was statistically sig-
nifi cant but small, perhaps due to the relatively 
long cultivation period following after siRNA 
transfection, and variations in transfection effi -
ciency [ 41 ]. 

 Another study about  ERCC1   was performed 
by Kim et al. to fi nd out if immunohistochemical 
expression of ERCC1 can predict objective tumor 
response and cancer-specifi c survival in patients 
with advanced urothelial carcinoma treated with 
 cisplatin  -based  chemotherapy  . In this retrospec-
tive analysis pretherapeutic samples of 89 
patients with urothelial cancer has been exam-
ined. ERCC1 expression was assessed by immu-
nohistochemistry. This group found a statistical 
signifi cance ( p  = 0.03) comparing the progression- 
free survival of ERCC-1-negative and ERCC-1- 
positive patients. They concluded that this result 
suggest a negative contribution by ERCC1 
expression to PFS in metastatic urothelial carci-
noma patients treated with cisplatin-based che-
motherapy [ 48 ].  

18.4.6     Human Epidermal Growth 
Factor Receptor 2 (HER-2) 

 Tsai et al. evaluated the impact of HER-2 immu-
noreactivity on clinical outcome in locally 
advanced urothelial carcinoma patients who 
received surgery alone, or MVEC as  adjuvant 
chemotherapy  . The group studied 114 formalin- 
fi xed paraffi n-embedded specimens obtained 
from locally advanced urothelial carcinoma 
patients receiving surgery alone or adjuvant 
MVEC. The authors evaluated HER-2 immuno-
reactivity using immunohistochemical staining 
and explored the infl uence of pathological param-
eters and HER-2 immunoreactivity on PFS and 

disease-specifi c OS. In their results they could 
show that urothelial carcinoma of the bladder had 
a signifi cantly higher frequency of HER-2 immu-
noreactivity than that of the upper urinary tract. 
Overall, nodal status was a strong and indepen-
dent prognostic indicator for clinical outcome. 
HER-2 immunoreactivity was signifi cantly asso-
ciated with PFS ( p  = 0.02) and disease-specifi c 
OS ( p  = 0.005) in advanced urothelial carcinoma 
patients. As for patients with adjuvant MVEC, 
HER-2 immunoreactivity was a signifi cant 
prognostic factor for PFS ( p  = 0.03) and disease- 
specifi c OS ( p  = 0.02) using univariate analysis, 
but not multivariate analysis, and not for patients 
receiving watchful waiting. They concluded that 
HER-2 immunoreactivity might have a limited 
prognostic value for advanced urothelial carci-
noma patients with adjuvant MVEC [ 6 ]. Also 
other studies could show the important role of 
HER-2 in urinary bladder cancer, muscle- invasive 
carcinomas had higher HER-2 levels and nearly 
all HER-2-positive tumors have HER-2-positive 
metastases [ 82 ,  83 ]. The study group of Kruger 
et al. could show in a cohort of 138 samples that 
HER-2 status was an independent predictor for 
disease related survival [ 84 ]. 

 A Phase II trial was carried out by Hussain 
et al. in which 59 patients with HER-2/neu- 
positive metastatic urothelial cell cancer were 
treated with the human anti HER-2/neu monoclo-
nal antibody trastuzumab in combination with 
carboplatin, gemcitabine, and paclitaxel. HER-2/
neu overexpression rates were prospectively 
evaluated by IHC, gene amplifi cation and/or ele-
vated serum HER-2/neu. 52.3 % of registered 
patients were HER-2/neu positive. HER-2/neu- 
positive patients had more metastatic sites and 
visceral metastasis than did HER-2/neu negative 
patients. Median time to progression and survival 
were 9.3 and 14.1 months, respectively [ 85 ]. 

 HER-2 expression in bladder cancer has been 
extensively studied, but reports referring to its 
prognostic value have been mixed. A recent 
cohort study demonstrated HER-2 expression in 
45 % of bladder tumors and showed a statistically 
signifi cant correlation with higher grade, tumor 
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recurrence, and survival [ 86 ]. In patients with 
muscle-invasive bladder cancer, a retrospective 
IHC study has shown HER-2 overexpression to 
be an independent predictor of reduced cancer- 
specifi c survival [ 84 ]. In contrast, another pro-
spective study found that HER-2 overexpression 
in the context of paclitaxel-based  chemotherapy   
signifi cantly decreased the risk of death [ 87 ]. The 
usefulness of HER-2 overexpression was described 
in a case report by Amsellem-Ouazana [ 88 ].  

18.4.7      CD40   

  CD40  , a tumor necrosis factor  receptor   family 
member, is an emerging target for cancer therapy 
being best appreciated as an important regulator 
of the anti-tumor immune response. Vardouli 
et al. reported the development of a replication-
defective recombinant adenovirus (RAd) vector 
expressing human CD40 ligand and showed that 
sustained engagement of the CD40 pathway in 
malignant cells results in direct anti-proliferative 
and pro-apoptotic effects. Transduction of CD40-
positive carcinoma cell lines with RAd-hCD40L 
potently inhibits their proliferation in vitro, 
whereas CD40-negative lines remain unrespon-
sive. The results implicated in understanding the 
multifaceted anti-tumor activities of the CD40 
pathway in carcinomas, which thus offer an 
attractive option for future clinical application, 
and a direct therapeutic effect due to gene trans-
fer could be shown [ 89 ]. 

 Another experimental study was performed 
by Ghamade et al. who could show in mice that 
recombinant  CD40   ligand therapy has signifi cant 
antitumor effects on CD40-positive ovarian 
tumor and demonstrates an augmented effect 
with  cisplatin   [ 90 ].  

18.4.8     Others 

 Nordentoft et al. published 2011 an interesting 
study to fi nd another prognostic factor. After cell 
line analyses (T24 and SW780) the  transcription 
factor TFAP2α   was identifi ed. Expression and 
localization was assessed by immunohistochem-

istry using a tissue microarray (TMA) containing 
282 bladder cancer tumors from patients with 
locally advanced (pT2-T4b and N1-3) or meta-
static disease. All patients had received  cisplatin   
containing  chemotherapy  . TFAP2α was identi-
fi ed as a strong independent predictive marker for 
a good response and survival after cisplatin- 
containing chemotherapy in patients with 
advanced bladder cancer. Strong TFAP2α nuclear 
and cytoplasmic staining predicted good response 
to chemotherapy in patients with lymph node 
metastasis, whereas weak TFAP2α nuclear stain-
ing predicted good response in patients without 
lymph node metastasis. High levels of nuclear 
and cytoplasmic TFAP2a protein were a predictor 
of increased overall survival and progression free 
survival in patients with advanced bladder cancer 
treated with cisplatin based chemotherapy [ 91 ]. 

 In the study of Matsui et al. they assessed the 
possibility of galectin-7 to accelerate  cisplatin  - 
induced  cell killing in vitro and also to predict 
chemosensitivity against cisplatin in urothelial 
cancer patients. The expression of galectin-7 was 
analyzed in fi ve bladder cancer cell lines with dif-
ferent  p53   status after treatment with cisplatin. 
The relationship between the expression of 
galectin- 7 and the response to neoadjuvant  che-
motherapy   was analyzed in a small number of 17 
bladder cancer specimens. In clinical samples, 
the expression levels of galectin-7 were signifi -
cantly lower in urothelial carcinomas compared 
with normal urothelium. When chemosensitivity 
was tested, its expression levels were higher in 
the chemosensitive group than in the chemo 
resistant group. Galectin-7 is a candidate for a 
predictive marker of chemo sensitivity against 
cisplatin [ 92 ]. 

 An unusual study was performed by Yoshida 
et al. They investigated the effect of  C-reactive 
protein (CRP)   level on the prognosis of patients 
with muscle-invasive bladder cancer treated with 
radio- chemotherapy  , as it is increasingly recog-
nized that the presence of a systemic infl amma-
tory response is associated with poor survival in 
various malignancies. In this retrospective study 
( n  = 88) radio-chemotherapy comprised external 
beam radiotherapy to the bladder (40 Gy) with 
two cycles of  cisplatin   [ 93 ]. CRP is a classic 
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parameter for infections [ 94 ] and there are so 
many interactions in tumor patients that it seems 
not very sensitive [ 95 ]. Nevertheless, multivari-
ate analysis of Yoshida et al. showed that CRP 
and tumor stage were independent prognostic 
indicators for cancer-specifi c survival [ 93 ]. 

 Chakravarti et al. found out that EGFR expres-
sion was intriguingly associated with improved 
response to radio- chemotherapy   [ 96 ]. 
Nevertheless, the group could not specifi cally 
address the issue of tumor cell proliferation. But 
the published results from 73 patients could show 
a strong association between EGFR expression 
and cell proliferation in bladder cancer and 
appears to correlate signifi cantly with improved 
outcome in bladder cancer, whereas HER-2 
expression is signifi cantly associated only with 
reduced CR rates after radio-chemotherapy. In 
combination with the results of Weiss et al. [ 11 ], 
it could be hypothesized that EGFR may be a 
molecular marker of enhanced proliferation 
which in turn renders cells more responsive to 
radio-chemotherapy. 

 Mizutani et al. performed a study to evaluate 
the relationship between progression of disease 
and caspase ( Smac/DIABLO  ) expression by clin-
ical pathological analysis of patients with bladder 
cancer. Patients with invasive bladder cancer 
expressing Smac/DIABLO had a longer postop-
erative disease-specifi c survival than those with-
out Smac/DIABLO expression after radical 
cystectomy in the 5-year follow-up. The  cisplatin  - 
resistant  bladder cancer cell line (T24/CDDP) 
and the adriamycin-resistant cell line (T24/ADR) 
showed lower level of Smac/DIABLO expres-
sion, compared with the T24 parental line. In 
conclusion, the study demonstrates for the fi rst 
time that Smac/DIABLO expression was down-
regulated in bladder cancer, especially in high 
grade muscle-invasive bladder cancer, and that 
lower Smac/DIABLO expression in bladder 
cancer predicted a worse prognosis. In addition, 
the cisplatin-resistant T24/CDDP line and the 
adriamycin- resistant T24/ADR line expressed 
lower level of Smac/DIABLO expression. These 
results suggest that Smac/DIABLO expression in 
bladder cancer may be used as a prognostic 
parameter, and that low Smac/DIABLO expression 

in bladder cancer may be associated with resistance 
to  chemotherapy   [ 97 ]. 

 Another attempt to fi nd out a prognostic 
marker in blood was performed by Soygür et al. 
[ 98 ]. They wanted to assess the prognostic value 
of peripheral blood lymphocyte subsets in 
patients with bladder cancer who were treated 
with neo- adjuvant chemotherapy  . Peripheral 
blood samples were assessed in both groups 
using monoclonal antibodies. Patients with blad-
der cancer who achieved complete or partial 
responses and those who had progression of the 
disease after MVEC  chemotherapy   were com-
pared according to the pretreatment values of the 
peripheral blood lymphocyte subsets. There were 
no signifi cant differences in B lymphocyte levels 
between the groups. In patients with bladder 
cancer, the percentages of T lymphocytes 
( p  < 0.01), natural killer (NK) cells ( p  < 0.05) and 
the CD4+/CD8+ ratio ( p  < 0.05) were signifi -
cantly lower than in the control group. In patients 
who responded to the chemotherapy regimen, the 
pretreatment values of T lymphocytes ( p  < 0.001), 
the CD4+/CD8+ ratio ( p  < 0.01) and NK cell lev-
els ( p  < 0.01) were signifi cantly higher than in the 
patients who did not. In patients with invasive 
bladder carcinoma, cell-mediated immunity may 
have a role in the resistance to this malignancy 
and in these patients the pretreatment levels of T 
lymphocyte subsets may be an indicator of the 
potential response to chemotherapy. 

  Metallothionein (MT)   is the last presented 
marker in that section of the review. MTs are a 
family of cytosolic proteins rich in sulfhydryl- 
containing cysteine residues, whose major physi-
ological function seems to involve the absorption, 
transport, and metabolism of essential trace met-
als such as copper and zinc [ 99 ]. They are nor-
mally found at low concentrations in various 
tissues but are readily inducible by a variety of 
stimuli, including steroids, heavy metals, and 
lymphokines. Experimental evidence has linked 
the overexpression of cellular MT with resistance 
to alkylating agents and  cisplatin   [ 100 ], but the 
precise mechanism of action is unknown. 
Although the results of this study are interesting, 
it is confusing that more than three different 
cisplatin- based  chemotherapy   regimens have 
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been performed. In the study of Siu et al. tissue 
from primary tumors was analyzed for 118 
patients with urothelial cancer who subsequently 
received cisplatin-based chemotherapy. 
Immunohistochemical staining was performed 
for nuclear  p53   reactivity, MT, P-glycoprotein, 
and for the cell proliferation marker MIB-1. 
ECOG performance status ( p  = 0.0025), tumor 
grade ( p  = 0.03), percentage of MT staining 
( p  = 0.01), and percentage-intensity index of MT 
staining ( p  = 0.04) were signifi cant predictors of 
response to chemotherapy. Expression of p53, 
P-glycoprotein, and MIB-1 did not predict for 
survival. Overexpression of MT was associated 
with a poorer outcome from chemotherapy, pos-
sibly due to cisplatin resistance [ 101 ]. In this 
study MT was the only biomarker demonstrated 
to be an independent predictor for tumor response. 

 A cell line study of Mizutani et al. could show 
that combination treatment with anti-Fas mAb 
and  cisplatin   resulted in a synergistic cytotoxicity 
against acquired and natural cisplatin-resistant 
bladder cancer cells. This synergistic effect was 
not restricted to established cell lines but was 
also observed in freshly derived cancer cells. 
These fi ndings suggest that the therapeutic use of 
cisplatin in combination with Fas-mediated 
immunotherapy might be useful in patients with 
cisplatin-resistant or immunotherapy-resistant 
bladder cancer [ 102 ]. 

 Zhang et al. investigated the short-term effects 
of TNP-470 in combination with  cisplatin   in a rat 
model of bladder cancer. Treatment of TNP-470 
with or without cisplatin was performed, the 
states of angiogenesis, apoptosis and cell prolif-
eration were evaluated in rat bladder cancer. In 
comparison with untreated tumors, they noted a 
signifi cantly decreased microvessel density 
(MVD) in the rat bladder cancer treated by TNP- 
470, and a signifi cantly increased apoptotic index 
(AI) when treated by cisplatin. In TNP-470 plus 
cisplatin-treated tumors, both signifi cantly 
decreased MVD and increased AI were observed 
in rat bladder cancers [ 103 ]. 

 Another protein that has been evaluated was 
the calcium-binding protein S100P. The group of 
Shiota et al. found a  cisplatin   resistance for that 
protein. With cDNA microarrays using two pairs 

of cisplatin-resistant bladder cancer cell lines 
they could show that S100P mRNA expression 
was signifi cantly reduced in cisplatin-resistant 
cells. The over-expression of the protein S100P 
in cisplatin resistant cells resulted in an increased 
sensitivity to cisplatin [ 104 ].   

18.5     Part Five: Cisplatin Based 
Chemotherapy in Bladder 
Cancer and DNA Markers 

 It seems to be diffi cult to separate the markers 
into protein, DNA and methylation markers, 
because most of the studies have examined mark-
ers from different fi elds. That’s why a mixture of 
markers in the different sections is possible. 

 Tsai et al. performed a study about the prog-
nostic values of  p53   and  HER2/neu   co- expression 
for muscle-invasive bladder cancer. They could 
show that in invasive bladder cancer, p53 was an 
important prognostic factor since its expression 
correlated with tumor grade and stage, even nodal 
status, whereas HER-2/neu did not show prog-
nostic signifi cance. Tumors with p53 and HER-2/
neu coexpression were associated with nodal 
metastases, probably resulting in decreased 
progression- free survival [ 105 ]. These results 
might imply that p53- and HER-2/neu co- 
expressing tumors had a more aggressive 
behavior. 

 Konstantakou et al. examined the apoptosis- 
related cellular responses to  cisplatin   exposure in 
two bladder cancer cell lines (RT4 and T24) char-
acterized by different malignancy grade and   p53    
genetic status. Both RT4 and T24 cell types 
proved to be vulnerable to cisplatin apoptotic 
activity. The differential resistance of RT4 and 
T24 cells to cisplatin-induced apoptosis was 
associated with an RT4-specifi c phosphorylation 
(Ser15; Ser392) pattern of p53. The results 
strongly support the role of p53-dependent and 
p53-independent transcriptional responses in 
cisplatin- induced apoptosis of bladder cancer 
cells [ 106 ]. 

  p53   initiates the effectors of apoptosis, and 
can induce either apoptosis or DNA repair [ 107 ]. 
Its overexpression or accumulation has been 
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shown to predict for a better outcome for patients 
with bladder cancer after radiotherapy [ 108 ] or 
systemic  chemotherapy   [ 109 ]. P53 is the most 
intensively studied tumor suppressor gene, but in 
retrospective analyses on whether a mutation of 
 TP53  confers an increased responsiveness or an 
increased resistance to chemotherapy or radiation 
gives confl icting data [ 110 ]. 

 Many tumor suppressor gene modifi cations, 
including those of  p53  , pRB, p16, p21, thrombo-
spondin- 1, glutathione, and factors controlling 
the expression and function of the epidermal 
growth factor  receptor   (EGFR) have been shown 
in retrospective analyses to infl uence the out-
comes of patients with bladder cancer following 
various treatments [ 110 – 112 ]. 

 Pinho et al. performed a study to investigate 
whether mRNA expression of the apoptosis- 
associated genes, XAF1 and XIAP, in bladder 
cancer patients correlates with response to neo-
adjuvant treatment. In a small sample size of 14 
bladder cancer patients the authors found that the 
 clinical response   in the XAF1-high subset was 
remarkably higher compared with the XAF1-low 
subset. Although the number of patients was so 
low this study should be pointed out because it is 
one of the few studies to address the role of 
XAF1 in a clinical setting. The data presented 
here identify XAF1 as a novel predictive and 
prognostic factor in bladder cancer patients [ 113 ]. 

 Matsumoto performed a study to fi nd a marker 
for predicting patient outcome as well as  clinical 
response   after chemoradiation therapy (CRT) by 
investigating allelic loss of apoptosis-related 
genes. They investigated allelic imbalances at 14 
loci on chromosomes 17p13 and 1p36 including 
the  p53   and p73 gene regions by fl uorescent mul-
tiplex PCR based on DNA from paraffi n- 
embedded tumor specimens and peripheral 
blood. There was no statistical correlation 
between treatment response and clinical parame-
ters, such as tumor grade, stage, radiation dose, 
or CDDP dose. The frequencies of allelic imbal-
ance for TP53 and TP73 were 21 % and 56 %, 
respectively; neither was correlated with clinical 
treatment response and tumor stage or grade. 
There was no statistical correlation between 

treatment response and allelic imbalance at the 
other 12 loci. An allelic imbalance of TP73 was 
the most remarkable independent predictive 
factor of poor patient survival ( p  = 0.0002). 
The authors suggested that the allelic loss of 
the TP73 gene predicts a clinical outcome of 
locally advanced bladder cancer when treated 
by CRT [ 114 ]. 

 Williams et al. presented a in vivo study about 
the hypoxia-targeted cytotoxin AQ4N (banoxan-
trone). AQ4N is a prodrug that is enzymatically 
converted to the cytotoxic DNA-binding agent 
AQ4 [ 115 ]. The aim of the study was to quantify 
tumor exposure to AQ4 following treatment with 
AQ4N, and to relate exposure to outcome of 
treatment. The bladder cancer cell line RT112 
was used in the experiments. This is the fi rst dem-
onstration that AQ4N will increase the effi cacy of 
chemoradiotherapy in preclinical models [ 116 ].  

18.6     Part Six: Cisplatin Based 
Chemotherapy in Bladder 
Cancer and Methylation 
Markers 

 Beside protein and DNA markers nowadays 
methylation markers will change some thoughts 
of the development and recurrence of bladder 
cancer [ 117 ]. It seems diffi cult to fi nd studies 
with methylation markers in studies with bladder 
cancer treated with  cisplatin   based therapies. 
In our pubmed search of the literature only one 
interesting study concerning this question could 
be found. 

 Tada et al. presented the gene TLX3 that is 
unmethylated in  cisplatin   sensitive cells and 
methylated in resistant cells. 21 % of the mea-
sured samples of bladder cancer showed the 
methylated pattern in TLX3. Cisplatin sensitivity 
was closely associated with the methylation sta-
tus of TLX3. This could be an interesting and 
useful novel biomarker for cisplatin resistance. 
As many other markers that are important in 
diagnostics, it could also be used to design thera-
pies to counteract the resistance against cisplatin 
in bladder cancer [ 118 ].  
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18.7     Part Seven: New Alternatives 
for Therapy 

 Because of the availability of the tissue before 
and after  chemotherapy  , it might be possible to 
determine molecular and biological characteris-
tics that predict chemo sensitivity. However, it is 
possible that activity in early disease might not 
translate to effi cacy in advanced disease [ 3 ]. 

 Ongoing research aims to individualize patient 
treatment by identifying biomarkers that predict 
a pathological complete response to neo-adjuvant 
treatment, and to incorporate novel molecular 
target therapies into the preoperative plan [ 23 ]. 

 High expression of vascular endothelial 
growth factor (VEGF) mRNA is signifi cantly 
associated with early recurrence, progression to 
invasion and a high expression of  p53   protein. 
The key roles of angiogenesis and its controlling 
factors in the initiation of bladder cancer and its 
subsequent progression and invasion make it a 
strong candidate for targeting for therapeutic 
manipulation [ 108 ]. 

 Shiota et al. concluded in their study that 
S100P might thus represent a molecular marker 
predicting  cisplatin   sensitivity and a molecular 
therapeutic target for cisplatin-based  chemother-
apy   [ 104 ]. 

 McHugh et al. presented several studies inves-
tigating the potential utility of lapatinib as an 
adjunct to  chemotherapy   in human bladder can-
cer cell lines. Lapatinib is a dual inhibitor of 
ErbB-1/-2 receptors. The bladder cancer cell 
lines RT112 and J82 were used to determine the 
growth inhibitory effects of lapatinib and the 
clinically relevant combination of gemcitabine 
and  cisplatin   chemotherapy. Lapatinib cooper-
ates with clinically relevant cytotoxic agents and 
may have therapeutic utility in the management 
of chemotherapy-naive metastatic bladder can-
cer. Lapatinib may also enable reduced-dose che-
motherapy, a potential toxicity-sparing strategy 
[ 119 ]. Though this is very experimental and dif-
fi cult to translate to clinical practice because of 
the cytotoxic effect of triple agent chemothera-
pies [ 1 ,  13 ], another study of the same group 
indicated that a combinatorial approach involv-
ing gemcitabine, paclitaxel, and cisplatin, and 

lapatinib may have therapeutic potential in a 
subset of bladder tumors depending on the 
genetic context [ 120 ]. 

 In the study of Mita et al. only one patient 
with bladder cancer was included. This patient 
receiving AMG 386 plus C/P for bladder cancer 
refractory to gemcitabine/ cisplatin   had a com-
plete response at week 8. Concluding weekly 
administration of AMG 386 in combination with 
three common  chemotherapy   regimens was well 
tolerated in patients with advanced solid tumors. 
No pharmacokinetic interactions between AMG 
386 and any of the tested chemotherapy regimens 
were noted [ 121 ]. 

 The prognostic signifi cance of alterations in 
the mediators of cell adhesion has been less 
clearly defi ned. One family of matrix-degrading 
proteases, the human matrix metalloproteinases, 
is of great interest as a therapeutic target, but 
early clinical trials have been disappointing [ 8 ]. 

 The development of novel biologic agents 
targeted against tumor specifi c growth factor 
pathways or against angiogenesis has resulted in 
positive studies in a variety of solid tumors [ 5 ]. 
Two classes of agents that have received great 
attention are inhibitors of EGFR, including 
EGFR1 and EGFR2 (HER-2/neu), and inhibitors 
of VEGF or its receptors [ 122 ]. It is known that 
many bladder tumors express products of the 
EGFR family, that over-expression correlates 
with an unfavorable outcome, and that inhibition 
of these pathways may have an antitumor effect 
[ 83 ,  123 – 126 ]. The mechanisms underlying 
EGFR overexpression in bladder cancer are not 
clear, but, despite the absence of altered gene 
copy numbers or chromosomal translocations, 
elevated levels of EGFR mRNA have been 
detected in tumor compared with normal urothe-
lium [ 124 ]. Overexpression of growth-signal 
receptors, such as EGFR, may make tumor cells 
hyper-responsive to normal tissue levels of 
growth factors. EGFR expression in bladder can-
cer is associated with high tumor stage and grade, 
and with rapid tumor proliferation. Expression of 
TGFα, which is considered to be the more impor-
tant ligand for EGFR in bladder tumors, corre-
lates strongly with death from bladder cancer. 
The mitogen-activated protein kinase (MAPK) 
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pathway is involved in the transduction of signals 
from membrane-bound receptors, such as EGFR, 
which makes its therapeutic manipulation an 
attractive subject for research [ 127 ]. 

 With technique of double transgenic mice, 
overexpression of EGFR alone or in cooperation 
with Ha-ras expression, derived specifi cally in 
the urothelium by the uroplakin-II gene pro-
moter, can promote urothelial hyperplasia, but 
not tumorigenesis. In cooperation with  p53   dys-
function, bound and inactivated by SV40 T anti-
gen, EGFR overexpression can promote bladder 
tumor growth and convert carcinoma in situ into 
high-grade bladder carcinoma [ 128 ]. 

 Both  p53   and HER-2/neu are associated with 
topoisomerase IIα (TopoIIα) gene, a target gene 
from many cytotoxic drugs, such as anthracy-
cline (e.g. doxorubicin). TopoIIα amplifi cation 
and deletion may account for both relative chemo 
sensitivity and resistance to anthracycline ther-
apy depending on the specifi c genetic defect at 
the TopoIIα locus, which is adjacent to the 
HER-2/neu locus at 17q12-q21 [ 129 ]. P53 can 
regulate the minimal promoter of the human 
TopoIIα gene and stimulate its catalytic activity 
by enhancing the rate of ATP hydrolysis [ 130 ]. 
Therefore, the TopoIIα gene could be affected by 
either p53 or HER-2/neu. Further, HER-2/neu- 
mediated chemo resistance to DNA-damaging 
agents (e.g. etoposide) may require the activation 
of Akt and PI3K, then Mdm phosphorylation 
which could degrade p53 [ 131 ]. 

 Another way is the inhibition of angiogenetic 
inducers, which are frequently present in bladder 
tumors [ 5 ]. Several studies have correlated ele-
vated VEGF levels or cyclooxygenase-2 (COX- 2) 
expression with disease recurrence or progres-
sion [ 132 ,  133 ]. This is the basis for combining in 
prospective clinical trials, anti-VEGF therapy or 
various COX-2 inhibitors with other forms of 
cytotoxic therapy [ 5 ]. 

 Early work with TKIs assessed the potential 
as primary chemotherapeutic agents. They have 
been shown to be capable of inhibiting the growth 
of bladder cancer cells in vitro [ 134 ], as well as 
inhibiting other cancer cell lines [ 135 ]. In vivo 
work assessing the inhibitory effect of small mol-
ecule TKIs, using subcutaneous inoculation of 

human tumor cell lines in athymic nude mice, has 
confi rmed earlier in vitro results [ 136 ]. Gefi tinib 
has been shown to be well tolerated in Phase I 
testing, involving patients with a range of EGFR- 
expressing malignancies [ 137 ]. 

 Targeting surviving as an anticancer strategy 
by antisense oligonucleotides has been investi-
gated in several cancer types [ 61 ]. 

 The long-term follow-up of patients in clinical 
trials has enabled us to identify clinical prognos-
tic indicators that allow selection of patients most 
likely to benefi t from treatment and also to strat-
ify future studies. The developments in the under-
standing of the molecular biology of urothelial 
cancer carry the promise that they will enable us 
to refi ne prognostic predictions, select individu-
ally appropriate treatments and develop targeted 
treatments that exploit genetic differences 
between normal and malignant urothelial cells [ 8 ]. 

 The major challenge for clinical and transla-
tional investigators is to design appropriate pro-
spective trials that will identify which molecular 
tumor markers will be prognostic of outcome and 
be predictive of whether a patient will be better 
treated by surgery, radiation or  chemotherapy   or 
a combination of these. Only then can molecular 
tumor markers be incorporated into clinical decision- 
making and allow physicians to make better 
treatment choices on behalf of their patients [ 5 ]. 

 The other major challenge in the treatment of 
advanced bladder cancer is to increase survival. 
Systemic  chemotherapy   has had a disappointing 
impact on survival when used as an adjunct to 
radical cystectomy or radiotherapy. Regimens 
incorporating novel agents are needed [ 122 ].  

18.8     Summary 

 In conclusion, all studies working on this impor-
tant and interesting fi eld have limitations like 
small amount of patients, inhomogenous groups, 
different  chemotherapy   regimens, a short follow-
 up time, and/or an insuffi cient defi nition of the 
start and end points as well as an insuffi cient 
follow-up schedule. Relatively low patient num-
bers and a brief follow-up in these studies could 
also explain the lack of measurable survival bene-
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fi t from  adjuvant chemotherapy  . In general, it is 
important to analyze tumor samples from patients 
receiving uniform adjuvant chemotherapy in a 
large randomized multicenter trial. This could 
increase the ability to identify truly predictive 
biomarkers.     
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    Abstract  

  Chromogranin A (CGA) is a member of the granin family of proteins 
which are widespread in endocrine, neuroendocrine, peripheral, and cen-
tral nervous tissues, where they are typically found in secretory granules. 
It is well accepted that CGA cooperates to regulate synthesis and secretion 
of these various granule signaling molecules. 

 Because of its ubiquitous distribution within neuroendocrine tissues, 
CGA can be a useful diagnostic marker for neuroendocrine neoplasms, 
including carcinoids, pheochromocytomas, neuroblastomas, medullary 
thyroid carcinomas (MTC), some pituitary tumors, functioning and non-
functioning islet cell tumors and other amine precursor uptake and decar-
boxylation (APUD) tumors. It is also useful as a prognostic marker for 
detection of recurrence and monitoring of response to different treatments. 
As other tumor markers, it is imperative to know its physiology and patho-
physiology, its sensitivity and specifi city in different neuroendocrine 
tumors (NETs), and carefully integrate these data with the clinical data of 
the single patient, to maximize its diagnostic/prognostic index.  
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19.1         Biochemistry 

 Chromogranin A (CGA), a member of the granin 
family of acidic proteins (which contain an high 
percentage of acidic amino acids), present in the 
secretory granules of a wide variety of endocrine 
and neuro-endocrine cells. In particular CGA is a 
439-amino acid protein – its premature form 
contains 457 amino acids- with a molecular 
weight ranging from 48 to 60 kDa, depending on 
the levels of glycosylation and phosphorylation 
and with a pI of 4.9. Tipically, human CGA pres-
ents 10 dibasic sites, which are potential points 
for proteolytic cleavage, a particular heat stabil-
ity due to its high hydrophilic nature and the 
ability to bind calcium and to form aggregates 
[ 1 – 3 ].  

19.2     Physiology 

 The exact functions of chromogranins family is 
not yet fully understood. They possess a typical 
biophysical aggregation characteristics suggest-
ing a function in the formation of secretory gran-
ules. They are precursors of some biologically 
active peptides and/or they may act as helper pro-
teins in large dense-core vesicle biogenesis and 
regulated secretion of LDCV (large dense-core 
vesicle) which package various peptide hormones 
and neuropeptides. On these molecular basis 
plasma CgA concentrations seem to be linked 
with level of catecholamine release and conse-
quent blood pressure. Importantly, at the CNS 
level, CgA seems to infl uence the secretion of 
peptides derived from proopiomelanocortin, so 
directly and indirectly infl uencing a lot of endo-
crine functions and thereby physiological activi-
ties (cardiovascular functions, immune responses, 
tissue remodeling, calcium and glucose metabo-
lism). Moreover, at this level CGA induces 
microglia to release TNF-α and other neurotoxic 
cytokines which may promote apoptosis in neu-
rons. On the other side, patients affected by amy-
otrophic lateral sclerosis show low level of CGA 
with respect to controls [ 3 – 5 ]. 

 Considering its function as precursor peptide, 
it is valuable to note that the human CGA gene, 
located on chromosome 14q32.12 and spans 

12192 bp, is organized in eight exons and seven 
introns. These exons encode for peptides with 
tangled and diversifi ed biological activities, like:

•    The vasorelaxant and cardiosuppressive 
peptides  vasostatin I   and II (other biological 
activities: antimicrobial and antifungal, PTH 
secretion inhibitor, cell adhesion promoter, 
intracellular calcium regulator, apoptosis 
inducer, endothelial cell proliferation/migra-
tion inhibitor).  

•    Chromofungin  , which tipically accumulates 
in the microorganism, and inhibits calcineurin 
activity.  

•    Chromacin  , which also possesses bacterio-
static activities for Gram-negative and gram- 
positive bacteria;  

•   The dysglycemic hormone  pancreastatin   
(which strongly inhibits glucose- induced 
insulin release from the pancreas, glucose 
uptake, PTH release, and glycogenolysis; on 
the other side it stimulates glucagon and hista-
mine release).  

•   The catecholamine release-inhibitory and 
antihypertensive peptide  catestatin   (which 
inhibits nAchR, reduces cardiac contractility, 
and acts as vasodilator and inducer of endo-
thelial cell proliferation/migration); moreover, 
it acts as inducer of pro-infl ammatory cyto-
kines and chemotaxis. From this point of view, 
intriguingly, CgA is a signifi cant component 
of the plaques in Alzheimer’s disease and 
catestatin seems to have a chemotactic effect 
on the monocytes that invade and surround the 
plaques. Lastly, this peptide may directly 
inhibit growth of fungi, yeast, and bacteria 
because of its highly cationic nature.  

•   The autoantigen for type 1 diabetes,  WE14   
(a modulator of histamine release at the level 
of mast cells);  

•   Serpinin which binds to a G protein-coupled 
 receptor   to increasing the transcription and 
biosynthesis of protease nexin-1 (PN-1) which 
in turn inhibits granule proteins degradation 
and stimulate LDCV formation;  

•    GE25   typically expressed by the pituitary 
gland, gut and pancreas, and  

•    Parastatin   mainly expressed by parathyroids 
where it inhibits PTH and CgA release [ 3 ,  6 ,  7 ].    
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 In conclusion, all these physiological func-
tions confi rm that CGA and CGA derived pep-
tides prominently function in metabolic and 
glucose homeostasis, emotional behavior, pain 
pathways, and blood pressure modulation, and 
seem to suggest an utility of CGA as potential 
new biomarker in various diseases and not only 
in cancer.  

19.3     Pathophysiology 

 Considering the physiological diversifi ed role of 
CgA and its derivative peptides, it could be pos-
sible to hypothesize a pathogenic role of this 
granin in different diseases, like: cancer, cardio-
vascular, infl ammatory and neurologic diseases. 
Just as example, it is interesting to note that CgA 
has a role in neuroinfl ammation associated to 
Alzheimer disease. Specifi cally, it has been 
reported, in AD brain, highly activated microglia 
surrounding CGA-positive plaques more frequently 
than Aβ-positive plaques [ 8 ]. Also a mechanistic 
role in some psychiatric disorders is under evalu-
ation [ 9 – 11 ]. Considering CVD, CgA concentra-
tions correlate with severe diseases like acute 
coronary syndromes or chronic heart failure. For 
these conditions both CgA and its peptide deriva-
tive  catestatin   were studied as possible diagnostic 
and prognostic markers [ 3 ,  12 ,  13 ]. 

 Interestingly, genetic studies on single- 
nucleotide polymorphism (SNP) characterization 
of CgA are consistent with an important func-
tional contribution of this granin to hypertension. 
These diversifi ed pathophsiological roles, how-
ever, impair specifi city and sensitivity of CgA as 
tumor markers and should be carefully evaluated 
in clinical settings. Therefore, interpretation of 
CgA results must be in the context of these con-
founding factors [ 14 ,  15 ].  

19.4     Clinical Applications 

 The chromogranins are ubiquitous components 
of secretory vesicles; their widespread presence 
among endocrine tissues has led to their mea-
surement in plasma as useful, albeit relatively 

nonspecifi c, markers of  neuroendocrine tumors 
(NETs)  , including  pheochromocytomas   and car-
cinoid tumors. At present, CgA is considered the 
most useful biomarker of both non-functioning 
and functioning NETs (being elevated in 60–80 % 
of patients with NETs) including  carcinoids  , 
pheochromocytomas,  neuroblastomas  ,  medullary 
thyroid carcinomas   (MTC), some pituitary 
tumors, functioning and nonfunctioning islet cell 
tumors and other  amine precursor uptake and 
decarboxylation (APUD) tumors  . Interestingly, 
increased serum chromogranin levels are detected 
in epithelial cancers with neuroendocrine differ-
entiation, including prostate, breast, ovary, pan-
creas, and colon and small cell lung carcinoma 
[ 16 ]. In particular, in prostate cancer with a 
signifi cant neuroendocrine cell subpopulation, 
Cga may have a role in outcome prediction and 
follow-up of patients. Importantly, prostate can-
cer patients with elevated CGA levels, are often 
resistant to antiandrogen therapy and have a 
worse prognosis [ 17 ,  18 ]. 

 Considering the main clinical indication, i.e. 
carcinoid tumors, it is important to stress that 
these tumors often secrete CGA along with vari-
ous other substances (serotonin and/or 
5- hydroxytryptamine and different peptides, just 
foregut  carcinoids   show, at least at initial stages, 
a low frequency of CgA secretion). Thereby, 
serum CgA and urine 5-hydroxyindolacetic acid 
(5-HIAA) are considered the most useful bio-
chemical markers and are fi rst-line tests in dis-
ease surveillance of most patients with carcinoid 
tumors. In this setting, it has been reported a sen-
sitivity of 75–85 % and a specifi city of 84–95 % 
for carcinoid tumors, but some other studies 
showed much more lower level of specifi city/
sensitivity [ 19 ,  20 ]. 

 Importantly, the level of CgA showed a good lin-
ear correlation with the mass of carcinoid [ 21 ,  22 ]. 

 In pheocromocytomas, elevated levels of CgA 
are present in about 80 % of patients. However, 
serum CgA is less sensitive and specifi c than 
direct measurement of catecholamine and metab-
olites serum levels [ 23 ,  24 ]. 

 Recently, CgA showed a strong correlation 
with 5-years survival of patients with gastroen-
teropancreatic neuroendocrine tumors [ 25 ]. 

19 A Critical Approach to Clinical Biochemistry of Chromogranin A



320

 Thereby, CgA is also used together to other 
biochemical and clinical parameters, to monitor 
effi cacy of various anticancer treatments in NETS 
[ 26 – 29 ]. Moreover, it seems to represent a sensi-
tive marker for residual or recurrent neuroende-
crine neoplasm in already treated patients as well 
[ 30 ,  31 ]. 

 Interestingly, de Laat et al. [ 32 ] showed a low 
specifi city and sensitivity (sensitivity 0.33 and a 
specifi city 0.73) of serum CgA for diagnosing 
pancreatic neuroendocrine tumors in Multiple 
Endocrine Neoplasia Type 1 Patients (MEN1). In 
a similar study, Qiao et al. [ 33 ] showed that a 
CgA cut off values of 74 ng/ml may discriminate 
patients with non-insulinoma pancreatic NETs 
from healthy controls, with a sensitivity and 
specifi city of 65.6 % and 91.9 %, respectively. 

 Recently, Guillemot et al. [ 34 ] analyzed the 
diagnostic sensitivity of CgA-derived peptide 
WE-14 in patients with pheochromocytoma with 
respect to CgA and EM66. However results did 
not show real signifi cant advantages. 

 As already stressed some non-neuroendocrine 
tumors (prostate, breast, testicular, ovary, pancreas, 
and colon and small cell lung carcinoma) might 
show elevations, usually modest, in serum CGA 
concentrations. This not only reduce specifi city 
of such a marker for NETs, but it must induce a 
careful evaluation of clinical picture in patients 
with apparently unjustifi ed elevations of sCgA. 

 Intriguingly, Isshiki et al. [ 35 ] and Tricoli 
et al. [ 36 ] showed that higher levels of serum 
CgA are associated with poorly differentiated 
prostate cancer. Moreover, CgA is also increased 
after continuous  androgen deprivation therapy   
(ADT) and systemic radionucleotide therapy 
[ 37 ,  38 ] due to a secondary hyperactivation of 
neuroendocrine cells . Furthermore, an associa-
tion between increased CgA and prostate cancer 
metastasis has been observed as well [ 39 ]. 
Differently, intermittent ADT seems to reduce 
the levels of CgA, and thus the neuroendocrine 
differentiation of prostate cancer [ 35 ]. 

 Medullary Thyroid Carcinoma (MTC) origi-
nates from C Cells of the thyroid. The precursor 
lesion of the familial variety of MTC is a C-cell 

hyperplasia. Patients with MEN types 2A and 2B 
who are at risk for MTC are generally monitored 
by measurements of serum calcitonin, CEA and 
chromogranin as well. When the serum concen-
trations of these biomarkers increases, total 
thyroidectomy may be considered [ 40 ,  41 ].  

19.5     Interfering Clinical Factors 

 Considering clinical infl uences, most impor-
tantly, CgA is mainly eliminated by kidney, after 
an hepatic metabolism. The effect of hepatic 
insuffi ciency is negligible, while even mild renal 
impairment can induce signifi cant elevation of 
sCgA, making single serum CGA measurements, 
like other biochemical parameters (e.g. high sen-
sitivity troponin assays) interpretable with some 
diffi culty. Serial measurements may have some 
value in selected patients if the impaired renal 
function remains stable [ 42 ]. Just as example, 
Canale and Bravo [ 43 ] showed that in pheochro-
mocytoma hypertensive patients with CrCl less 
than 80 mL/min, overall sensitivity, specifi city, 
and accuracy and positive and negative predictive 
values of serum CgA dropped to 85 %, 50 %, 
59 %, 38 %, and 90 %, respectively. Importantly, 
end-stage renal failure makes single serum CGA 
measurements uninterpretable. 

 Moreover sCgA levels can be elevated in 
patients with hypergastrinemia, and also in atro-
phic gastritis and pernicious anemia, in these lat-
ter conditions the misleading increment depends 
on a lack of feedback inhibition of gastrin pro-
duction due to gastric achlorhydria. A similar 
mechanism is at the basis of the wide range of 
artifactual CGA elevations in patients treated 
with proton pump inhibitors (e.g., omeprazole; 
PPI). It is important to stress that PPI should be 
discontinued for at least 2 weeks before CGA 
measurements. Noteworthy, H2- receptor   antago-
nists at modest doses can substitute PPI without 
a signifi cant risk of false-elevations in 
CGA. Signifi cant serum elevations of CgA can 
also be related to corticosteroids administration 
[ 44 ,  45 ].  
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19.6     Interfering Methodological 
Factors 

 First of all, one of the main diffi culties related to 
CgA measurements arise from the low correla-
tion between different CgA immunoassays. This 
depends on both the lack of a universal calibra-
tion standard and the use of different antibodies 
which display different cross-reactivity for the 
various CGA fragments. Hence, results and refer-
ence intervals differ signifi cantly among various 
CGA assays and cannot be directly compared 
[ 46 ,  47 ]. All that hampers the value of compari-
sons among patients obtained in different labora-
tories and also clinical studies comparison 
realized to validate data on sensitivity/specifi city 
of CgA as tumor marker [ 22 ,  24 ]. 

 Moreover, for CgA assay as with all immuno-
metric assays there is a low, but defi nite, possibil-
ity of false-positive results in patients with 
heterophilic antibodies, as well. Clinicians and 
not only laboratorists should know the possibility 
of such an artifact and evaluate it in the specifi c 
clinical setting (concomitant infections and/or 
autoimmune diseases and/or previous sensitization 
to rodent proteins and so on) [ 24 ]. 

 Also for CgA determinations there is the 
possibility of an “ Hook Effect  ”. It is a well known 
phenomenon that can occur at extremely high 
CGA serum concentrations, resulting in a false 
lower measured CGA levels [ 46 ,  47 ].  

19.7     Conclusions 

 Chromogranin A is the most widely used generic 
biomarker in monitoring secretory/nonsecretory 
sympathetic/parasympathetic neuroendocrine 
tumors. Its diagnostic accuracy depends on the 
type of tumor, differentiation level and disease 
extension but also by the method adopted. The 
sensitivity varies between 52 % and 90 % [ 30 ]. 
Importantly, the possibility of false positives 
related to athrophic gastritis, Helicobacter pylori 
infection, PPI therapy, chronic infl ammatory dis-
eases and uncontrolled arterial hypertension must 
be always considered. Therefore, interpretation 
of CgA results must be in the context of these 

clinical and methodological confounding factors. 
These considerations, applicable to the majority 
of the current tumor markers, are more stringent 
for chromogranin because of its particular physi-
ology and pathophysiology. 

 Interestingly, CgA plays an important role in 
pathologic diagnosis of NETs, while its role as 
circulating tumor marker is less defi ned. 
Moreover, the relationship between immunohis-
tochemistry (IHC) expression and serum levels 
of CgA has not been yet suffi ciently investigated. 
All that hampers partly the value of CgA for eval-
uating treatment response and prognosis in neu-
roendocrine tumors. 

 Just as example, it could be interesting to cite 
the recent study of Jilesen et al. [ 31 ] which evalu-
ated the diagnostic accuracy of CgA in patients 
with nonfunctioning pancreatic neuroendocrine 
tumors and low tumor burden. Results showed 
that CgA was elevated preoperatively in only 
27 % of patients. Moreover, in metastases detec-
tion, the positive predictive value for CgA was 
50 % and negative predictive value was 81 %. 
Importantly, in 50 % of the patients with an ele-
vated CgA during follow-up, this test result was 
false-positive. The conclusion of this research 
confi rmed the moderate diagnostic and prognos-
tic value of CgA in patients with nonfunctioning 
pancreatic neuroendocrine tumors. 

 In conclusion, the moderate value of CgA 
should not induce an underestimation of this 
marker, as well as other tumor markers, but it 
must stress the value of an accurate integration of 
biochemical markers with the clinical picture to 
maximize their diagnostic/prognostic accuracy.     
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20.1         Defi nition, Categorization, 
and Role of Biomarkers 

20.1.1     Defi nition and Classifi cation 

 In 1998, the National Institutes of Health (NIH) 
Biomarkers Defi nitions Working Group defi ned a 
biomarker as “a characteristic that is objectively 
measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or 
pharmacologic responses to a therapeutic inter-
vention” [ 1 ]. The NIH’s ‘Biomarkers and 
Surrogate Endpoint Working Group’ classifi es 
biomarkers based on their differences into three 
distinct types based on plausibility, correlation/
association, prognostic value, predictive power, 
and cause [ 2 ,  3 ]. 

 Type 0 biomarkers are diagnostic or prognostic 
and measure the natural history of a disease and 
correlate with known clinical indices, such as clin-
ical fi ndings or symptoms. Type 1 markers mea-
sure the outcome or the effect of an intervention in 
accordance with the mechanism of the drug, 
whether or not the underlying correlation between 
the two is known. Type 2 markers are recognized 
as surrogate endpoints, which can provide predic-
tion of the clinical benefi t [ 4 ]. A simpler classifi ca-
tion suggested by Simon et al. narrowed biomarkers 
into two categories – the prognostic and the pre-
dictive [ 5 ]. In this review, we will use the classifi -
cation by the working group. 

 The type 0 biomarkers include both diagnostic 
and prognostic markers. Diagnostic biomarkers 
are used to verify the presence of disease, or 
defi ne the category of disease. For example, the 
existence of the chromosomal translocation Bcr/
Abl (Philadelphia chromosome) detected in 
either blood, or bone marrow aspiration confi rms 
the diagnosis of a hematologic malignancy –
Chronic Myeloid Leukemia [ 6 ]. Prognostic bio-
markers, on the other hand, offer insight into the 
expected behavior of the disease. For example, 
hypermethylation of the MGMT 
(O6-methylguanine-DNA methyltransferase) 
promoter gene in Glioblastoma Multiforme, is 
associated with a better survival [ 7 ], while high 
serum LDH levels in lymphoma [ 8 ] and a FLT3- 
ITD mutation in Acute Myeloid Leukemia are 

associated with poorer outcomes [ 9 ]. It is impor-
tant to note most times a prognostic marker does 
not necessarily support the correlation between 
an intervention and a clinical outcome, which can 
cause confusion in interpreting a study or plan-
ning a treatment. Therefore, causal relationship 
between the biomarker and the clinical outcome 
is established, offering a more aggressive therapy 
to a patient because of one’s poor prognostic 
marker, may not result in an improved outcome 
[ 10 ]. A predictive biomarker that can detect such 
a relationship, and support the choice of therapy 
will be discussed below. 

 The  type 1 biomarkers   are the biomarkers that 
are based on the understanding of mechanisms- 
thus, called as mechanistic markers. 
Pharmacodynamic, pharmacokinetic markers are 
good examples [ 11 ]. Pharmacodynamic biomark-
ers measure how targeting agents effect their tar-
get (i.e. the effect of the drug on the body), and 
are useful as a surrogate endpoint in early phase 
clinical trials for drug development [ 11 ,  12 ]. 
Pharmacokinetic markers, on the other hand, 
measure how the body affects the drug, allowing 
treatment optimization, and are thus vital to the 
success of early drug development. The impor-
tance of pharmacodynamics and pharmacoki-
netic biomarkers is illustrated in the failure of 
early stage clinical trials during the 1990s. For 
example in 1991, about 40 % of phase I/II clini-
cal trials had to stop early due to the shortcom-
ings of pharmacokinetic or pharmacodynamic 
biomarkers, perhaps eliminating effective drugs 
from trial. Furthermore, trial size and budget 
increase without the integration of these 
biomarkers. 

 Type 2 biomarkers are one of the most impor-
tant as they measure a characteristic of the dis-
ease that is predictive of a response to certain 
treatment. This attribute relies on an understand-
ing of a direct correlation between the target bio-
marker and the drug, which is in contrast to type 
0 biomarkers which give prognostic information. 
The two are not mutually exclusive, and a good 
example is in breast cancer. Hormone (Estrogen/
Progesterone) and  HER2/neu   receptors [ 13 ,  14 ] 
are prognostic of the natural history of the  disease 
(type 0), but are also predictive of a response to 
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treatment – aromatase inhibitors and trastu-
zumab, for example. 

 Developing good biomarkers for novel drug 
discovery and development is both the greatest 
challenge and the most essential component of 
bridging the gap between pre-clinical science and 
the clinical application [ 13 ,  14 ]. The task is large 
given the heterogeneity among different bio-
markers in regards to quality and validity. The 
discovery and development of ‘ideal biomarkers’ 
from the large pool of biomarkers is a critical 
task, and various biomarker working groups as 
well as researchers have tried to achieve this goal. 
The most commonly recognized qualities of 
‘ideal biomarkers’ include the following: accu-
racy, reproducibility, standardization, and ana-
lytic stability (being robust) [ 15 ].  

20.1.2     The Importance of Biomarkers 
in Modern  Cancer   Research 

 The importance of biomarkers in the modern era 
of cancer research has grown over time. The 
AACR-FDA-NCI (American Association for 
 Cancer   Research-Food and Drug Administration- 
National Cancer Institute) Cancer Biomarkers 
Collaborative meeting illustrates the increasing 
recognition of the signifi cance biomarkers play 
in cancer research. This meeting brings more 
than 120 experts world wide – including aca-
demia, the pharmaceutical and diagnostic indus-
tries, government agencies, regulators, and 
patient advocates – together – to set up action 
plans and collaborate in an effort to develop stan-
dardized, safe, and effective biomarkers [ 16 ]. 

 The emerging importance of biomarker devel-
opment in cancer research parallels the need for 
novel drug discovery and development in the 
fi eld. Translational research that leads to novel 
drug discovery and development is the main 
vehicle that brings these paramount scientifi c dis-
coveries into the clinic, thus changing the nature 
of disease [ 17 ]. Two of the most important quali-
ties biomarkers must achieve for novel drug 
development include (1) an ability to recognize 
the target population of patients who will respond 
to the new treatment, and (2) an ability to avoid 

toxicity by discerning which patients will not 
benefi t from the intervention [ 18 ]. The category 
of biomarker that is critical for proper delivery of 
translational cancer research, however, has 
changed over time [ 2 ]. As reviewed earlier, in the 
1990s when the importance of translational 
research took its fi rst baby steps, pharmacoki-
netic and pharmacodynamic markers were the 
critical markers that decided either the success or 
failure of the trials. 

 More recently, predictive biomarkers play an 
increasingly important role in the success of clin-
ical trials in recent years, since the lack of effi -
cacy of the new drug, as well as it’s toxicities [ 2 ] 
cause many trials to fail. The ‘lack of effi cacy’ 
could be due to many factors, including not only 
a lack of pre-clinical rationale, but also an inabil-
ity to fi nd the proper predictive biomarkers – 
even with a well-reasoned trial design. Thus, 
identifying the proper group of patients who har-
bor the target of a novel drug enables the trial to 
achieve proof-of-concept, improved effi cacy, and 
diminished risk of toxicity which can lead to 
phase III trials [ 19 ,  20 ]. Taken together, the dis-
covery and the integration of proper pharmaco-
dynamics, predictive, and prognostic measuring 
biomarkers, along with careful planning of trial 
design in the modern era of oncology, cannot be 
emphasized enough.  

20.1.3     Receptors as  Cancer   
Biomarkers 

 A  receptor   is a protein located either on a cell sur-
face or within the cell cytoplasm or nucleus that 
binds to a specifi c ligand, initiating signal trans-
duction and a change in cellular activity [ 21 ]. In 
cancer therapeutic development, the receptors 
can serve as not only important diagnostic mark-
ers, but as prognostic/predictive markers as well. 
Hormone (Estrogen/Progesterone), and  HER2/
neu   receptors help diagnose the site of origin, as 
well as prognosticate the course of disease [ 22 –
 24 ], EGFR positive non-small cell lung cancer 
(NSCLC) patients have a much better prognosis 
compared to those who are receptor negative [ 25 , 
 26 ]. Since the receptors are often targets of novel 
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therapy, detection of the receptors can direct 
researchers and physicians to select the correct 
population of patients who will benefi t from tar-
geted therapy, as predictive marker [ 27 ]. In the 
proof-of-concept trials, the receptors can act as 
surrogate endpoints, enabling an assessment of 
the targeting drug’s effi cacy [ 14 ].  

20.1.4     Technical Challenges 
of Receptor as  Cancer   
Biomarkers 

 Most tests use tissue-based techniques to detect 
receptors in cancer. This necessity of accessible 
tissue limits the ability to use receptors as moni-
toring biomarkers, especially given the poor con-
dition and suffering of cancer patients at baseline. 
Thus, researchers developed novel techniques to 
measure the receptors using non- invasive mea-
sures [ 28 ]. These techniques include analyzing 
either Circulating Tumor Cells (CTC’s) or DNA 
to detect receptors. For example, several groups 
of researchers were able to detect the EGFR 
mutation from CTC’s in NSCLC patients [ 29 , 
 30 ]. Another example of a surrogate marker is the 
truncated form of the HER2  receptor   which will 
be discussed below [ 31 ,  32 ]. A new approach is a 
functional imaging technique. PET/CT scan 
using specifi c antibodies like trastuzumab or 
ABY-002 that are bind to nuclear isotope that 
bind specifi cally to  HER2/neu   receptor allows 
the visualization of receptors in situ, and cur-
rently developed in clinical trials [ 33 ,  34 ].   

20.2     Examples of Receptors 
as  Cancer   Biomarkers 
in Breast Cancer 

20.2.1     Hormone (Estrogen/
Progesterone) Receptors 
in Breast  Cancer   

 Since the 1980s, the nuclear hormone  receptor   
for Estrogen has been recognized as one of the 
most powerful prognostic and predictive cancer 
biomarkers in breast cancer [ 35 ] (citation 39). 

Female estrogen – estradiol (E2), serves to enrich 
and stimulate breast cancer cell growth [ 36 ]. 
Despite this well established prognostic value 
and many speculations as to the underlying scien-
tifi c background, the tumorigenesis in human 
breast cancer caused by  estrogen receptor  s is 
poorly understood [ 37 ]. The metabolism of estro-
gen within the mammalian cells may contribute 
to carcinogenesis by DNA damage [ 38 ]. In any 
case, breast cancer patients with positive estro-
gen receptor expression have better disease free 
survival, as well as overall survival [ 39 ]. Estrogen 
receptor positivity of the primary tumor also pre-
dicts the prevalence of the receptor status in a 
contralateral breast cancer if it occurs [ 40 ]. 
Nulliparity, early menarche, and absence of 
breastfeeding have been shown to all correlate 
with higher incidence of hormone receptor posi-
tive breast cancers [ 41 ]. 

 Two forms of  estrogen receptor  s – ER α, and β 
have been identifi ed. ER α plays a crucial role in 
the progression and proliferation of breast can-
cer, and ER β appears to correlate with a more 
aggressive nature of breast cancer [ 42 ]. This 
aggressive feature of the ER β positive tumors 
may be due to the activation of the PI3K/Akt 
pathway [ 43 ]. Activated Akt at the time of diag-
nosis in the ER positive breast cancer correlates 
with a worse clinical outcome [ 44 ]. ER β breast 
cancers show enhanced activity of PI3K 
(Phosphatidylinositol 3-kinase), which promotes 
PIP3 (3,4,5 phosphatidylinositol triphosphate) 
generation, and leads to serine/threonine kinase 
activity of Akt [ 45 ]. Therefore, ER β may have 
prognostic and negative predictive value. 
Unfortunately, ER β can also give false positive 
signal of ER α [ 46 ], and the importance of ER β 
still requires further investigation, and to date, 
the testing of ER β has not been integrated into 
clinical practice. 

 The Progesterone  receptor   (PR) is another 
nuclear hormone receptor that is routinely exam-
ined along with the Estrogen receptor in breast 
cancer. In both humans, progesterone binds to the 
progesterone receptor and promotes the prolifer-
ation of epithelial cells during the menstrual 
cycle or pregnancy [ 47 ]. Over the years, there has 
been debate over whether the combined testing of 
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PR with ER is mandatory to defi ne hormone 
receptor positivity in breast cancer. For example, 
Olivotto et al. suggested the lack of utility of PR 
testing in clinical decision-making given the fact 
that most ER positive tumors are also PR positive 
[ 48 ]. In response, several other publications 
emphasized the importance of PR detection [ 49 , 
 50 ]. Important arguments point out the cases that 
are PR positive but ER negative. Furthermore, 
among tumors that are ER positive, the ones that 
are PR positive are more sensitive to hormonal 
therapies, thus defi ning two clinically relevant 
subgroups of ER positive tumors [ 51 ]. Thus PR 
still remains an important biomarker in conjunc-
tion with ER [ 52 ]. 

 Estrogen and Progesterone receptors have 
been tested by several different  methods   since 
their initial recognition as important biomarkers 
in 1980 s [ 53 – 55 ]. Most recently, the standard of 
practice is the immunohistochemistry (IHC) test-
ing method [ 54 ]. Challenges remain despite stan-
dardized methods of detection globally. For 
example, the discordance among different labs 
and a debate as to the appropriate cut-off defi ning 
ER positivity still exist [ 56 ]. Collaborative efforts 
to minimize the noise and discordance of stan-
dardized detection and reporting systems of ER 
positivity are still ongoing [ 56 ,  57 ]. In 2010, the 
American Society of Clinical Oncology (ASCO) 
and the College of American Pathologist (CAP) 
convened an international expert panel to con-
duct a systematic review and evaluation of the 
literature in collaboration with  Cancer   Care 
Ontario. Not surprisingly from this systematic 
review, the experts recognized up to a 20 % inac-
curacy in current IHC detection methods. The 
panel set as the threshold for a positive result 1 % 
nuclei expression or more in the presence of 
expected reactivity of normal epithelial cells and 
external controls [ 58 ]. 

 Perhaps the greatest biomarker role the ER 
and PR receptors possess in breast cancer is their 
predictive value for hormonal  receptor   block-
age – so called hormone therapy/endocrine ther-
apy. Hormone therapy in breast cancer was fi rst 
adapted in risk reduction of women with the pre- 
cancerous lesion, Ductal Carcinoma In Situ 
(DCIS). Selective Estrogen-Receptor Modulators 

(SERMs) including tamoxifen, raloxifen, and 
toremifen have demonstrated a successful risk 
reduction in developing either an ipsilateral or 
contralateral invasive breast cancer in both pre- 
and post-menopausal women [ 59 – 61 ]. SERMs 
were also applied as secondary preventive  meth-
ods   [ 62 ], decreasing the rate of recurrence in 
early breast cancer patients with hormone recep-
tor positivity. Overall, both SERMs, and aroma-
tase inhibitor (AIs) decrease recurrence rates of 
breast cancer when used over 5 years, with a rela-
tive risk reduction between 50 % and 66 % [ 63 , 
 64 ], reducing the rate of secondary cancer more 
than any other agents known to modern 
oncology. 

 Recently, data suggest 10 years of  estrogen 
receptor   blocking therapy gives additional sur-
vival benefi t compared to 5 years of therapy [ 65 –
 67 ]. More intriguingly, in early stage node 
negative breast cancer, ER/PR status in combina-
tion with genomic profi ling can further guide the 
adjuvant treatment decision [ 68 ,  69 ]. For exam-
ple, patients with a low OncotypeDX ®  recurrent 
score have a better prognosis, requiring only 
endocrine therapy, and biologically do not 
respond to  chemotherapy   and in fact would suffer 
toxicity without clinical benefi t if given chemo-
therapy [ 70 ]. 

 The clinical utility of ER/PR receptors as bio-
markers does not stop there. For patients with 
higher stage hormone  receptor   positive breast 
cancer – large size, lobular histology, or lymph 
node involvement – the hormone receptor block-
ing agents have been used as neoadjuvant therapy 
[ 71 ,  72 ] The clinical outcome with this therapy 
still requires further evaluation [ 73 – 75 ]. These 
biomarkers also have a role in recurrent or meta-
static ER/PR positive breast cancer patients 
(along with  chemotherapy  ) as they predict 
response to endocrine therapy in a fi rst, second, 
or third line setting. In advanced ER/PR positive 
breast cancer patients, endocrine therapy showed 
non-inferiority compared to chemotherapeutic 
agents [ 76 ,  77 ]. More importantly, endocrine 
therapeutic agents have activities even in the 
recurrent breast cancer patients who had been on 
adjuvant endocrine therapy prior to the recur-
rence [ 78 ]. 
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 There are various agents targeting the hor-
mone  receptor  , and these drugs are used either 
alone or in combination with other therapies in 
advanced or metastatic breast cancer as standard 
of care. The details regarding the selection of the 
different agents have been well established via 
several milestones of research, however will not 
be discussed in this chapter [ 79 ,  80 ]. For more 
information about endocrine therapy in breast 
cancer, please refer to the following: St. Gallen 
recommendation, ASCO (American Society of 
Clinical Oncology), ESMO (European Society 
for Medical Oncology), NCCN (National 
Comprehensive  Cancer   Network) clinical prac-
tice guidelines for hormone positive breast can-
cer [ 81 – 85 ].  

20.2.2      HER2/neu   in Breast  Cancer   

  HER2/neu   (ErbB2) is a transmembrane glyco-
protein  receptor   [ 86 ], which belongs to the EGFR 
family that includes – HER1 (ErbB1 = EGFR), 
HER2, HER3, and HER4. Each family member 
shares similar intracellular Tyrosine Kinase (TK) 
domains, but expresses distinct ligand binding 
extracellular domains. The HER2 receptor itself 
does not have the extracellular ligand-binding 
domain, and therefore its activation requires 
homo- or hetero- dimerization with HER1, HER3 
for activation [ 87 ,  88 ]. The HER2 receptor was 
fi rst cloned by three distinct groups of scientists 
including the group from Genentech in the mid 
1980s [ 89 ,  90 ]. Soon afterwards, the location of 
the  HER2  gene loci was discovered on chromo-
some 17 [ 91 ], the same location as the proto-
oncogene ‘ neu ’ [ 90 ], which was later confi rmed 
to be the same gene. HER2/neu overexpression 
has been recognized in several different cancers 
including breast, lung, head and neck, and GI, 
however it is most frequently so in breast cancer 
[ 92 ]. 

 About 20–25 % of breast cancers have over- 
expression of  HER2/neu   [ 93 ,  94 ], and histori-
cally such overexpression was correlated with a 
poor clinical prognosis, regardless of ER/PR co- 
expression [ 94 ,  95 ]. These patients had almost a 
threefold increase in risk of death and distant 
metastasis, and conventional  chemotherapy   did 

not improve outcomes compared to those that did 
not have HER2 overexpression [ 95 – 97 ]. For a 
brief period of time, the HER2/neu  receptor   over-
expression in breast cancer was only a prognostic 
marker, but more recently it has become of pre-
dictive value as well. 

 Assays to detect the HER2  receptor   overex-
pression include gene-based assays, such as fl uo-
rescence in situ hybridization (FISH), Southern 
Blot, Polymerase Chain Reaction (PCR); and 
protein based assays, such as IHC and Western 
Blot [ 98 ]. The most widely accepted of these 
assays are IHC and FISH. In order to test for 
amplifi cation of HER2, the FISH method mea-
sures the number of HER2 gene copies in com-
parison to a control, the centromere of 
chromosome 17. The discordance rate between 
IHC results and FISH results is as high as 20 %, 
and FISH testing is considered to be the most 
reliable test method [ 99 ,  100 ]. Many collabora-
tive groups like ASCO (American Society of 
Clinical Oncology), College of American 
Pathology (CAP), the NCCN (National  Cancer   
Comprehensive Network) HER2 Testing in 
Breast Cancer Task Force have been trying to 
standardize the proper testing and treatment 
selection guidelines based on the proper testing 
results [ 101 ,  102 ]. 

 The discovery of trastuzumab changed the 
history of  HER2/neu   overexpressing in breast 
cancer from one of prognostic to one of predic-
tive value. Several groups including Slamon et al. 
discovered a monoclonal mouse antibody that 
binds to p185, a form of the HER2  receptor   [ 103 ]. 
In pre-clinical studies, HER2 receptor overex-
pression showed a very strong predictive correla-
tion with the treatment of HER2 binding 
antibodies, and showed the regression of tumor 
growth. Trastuzumab, a humanized monoclonal 
antibody, was created from that parent drug in 
1990 [ 104 ]. Within 3 years of the initial develop-
ment of trastuzumab was tested in a phase III trial 
for metastatic HER2 receptor overexpressing 
breast cancer patients [ 105 ,  106 ]. Clinical trials 
showed signifi cant improvement in the overall 
survival of metastatic HER2 overexpressing 
breast cancer patients when treated with trastu-
zumab, either as a single agent or in combination 
with chemotherapeutic agents. Given such strik-
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ing improvement in outcome, trastuzumab was 
approved by the FDA in 1998. 

 Despite the role of the HER2  receptor   as such 
a potent predictive marker of trastuzumab ther-
apy, clinicians learned not all HER2 overex-
pressed breast cancers will respond to trastuzumab 
[ 107 ]. This lack of effi cacy in a subgroup of 
HER2 positive breast cancers triggered the devel-
opment of a biomarker in HER2 positive breast 
cancers based on the understanding of a resis-
tance mechanism. There are several different 
resistance mechanisms postulated. One mecha-
nism studied the overexpression of the HER2 
heterodimerization partner, the HER3 receptor. 
Next, c-MET and IGF-1R have some role in 
resistance [ 108 – 110 ], as does the overexpression 
of the downstream pathway (PI3K-AKT-mTOR) 
of HER2. The overexpression or mutation of 
PTEN can bypass the blockage of the HER2 
receptor [ 111 ]. Lastly, p95 – a truncated form of 
 HER2/neu   receptor that lacks the binding affi nity 
to Trastuzumab was recognized as an important 
resistance mechanism [ 112 ]. So far, none of the 
fore-mentioned biomarkers succeed in helping 
the selection of treatment choice. 

 Of potential clinical benefi t in the near future, 
however, is the extracellular domain (ECD) of 
the HER2  receptor  , which is a truncated form of 
the intact receptor. Its advantage is that it can be 
measured in the serum [ 113 ,  114 ]. Given easier 
access to the serum sample compared to tissue 
biopsy to detect other biomarkers, the ECD has 
been extensively studied as a biomarker that can 
be followed in those with poor therapeutic 
response – as a predictive marker [ 114 ]. However, 
with the study of such biomarkers and pathways, 
HER2 targeted therapy entered into a new era 
with  novel therapeutics   that overcame the resis-
tance to trastuzumab therapy [ 115 ,  116 ].   

20.3     Conclusion 

 As the era of personalized/precision medicine 
and modern oncology advance in parallel, the 
development of biomarkers is essential. Ideal 
biomarkers are well validated and harbor impor-
tant qualities. Good biomarker development is a 

key to successful clinical trials in early drug 
development. Biomarkers provide critical roles 
as diagnostic, prognostic, and predictive markers. 
These biomarkers have the potential to contribute 
greatly to improved clinical outcomes in cancer 
therapy, just as hormone (Estrogen/Progesterone) 
and HER2 receptors have in breast cancer. 
Limitations exists, however and future directions 
will need to involve novel techniques to detect 
functional subcategories of receptors, stratify 
receptors as predictive biomarkers based on dif-
ferent mutations, and visualize the distribution of 
normal receptors. Continued effort to develop 
receptors as comprehensive cancer biomarkers is 
core necessity in further development of modern 
oncology to be one step closer to a cure.     
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    Abstract  

  Detection of Circulating Tumor Cells (CTCs) in peripheral blood can 
serve as a “liquid biopsy” approach and as a source of valuable tumor 
markers. CTCs are rare, and thus their detection, enumeration and molecu-
lar characterization are very challenging. CTCs have the unique character-
istic to be non-invasively isolated from blood and used to follow patients 
over time, since these cells can provide signifi cant information for better 
understanding tumour biology and tumour cell dissemination. CTCs 
molecular characterization offers the unique potential to understand better 
the biology of metastasis and resistance to established therapies and their 
analysis presents nowadays a promising fi eld for both advanced and early 
stage patients. In this chapter we focus on the latest fi ndings concerning 
the clinical relevance of CTC detection and enumeration, and discuss their 
potential as tumor biomarkers in various types of solid cancers. We also 
highlight the importance of performing comparison studies between these 
different methodologies and external quality control systems for establish-
ing CTCs as tumor biomarkers in the routine clinical setting.  
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  Abbreviation 

   AA    Abiraterone acetate   
  AR    Androgen  receptor     
  BC     Breast cancer     
  CRPC    Castration-resistant prostate cancer   
  CA-15-3    Cancer antigen 15–3   
  CEA    Carcinoembryonic antigen   
  cfDNA    Cell free DNA   
   CTCs      Circulating Tumor Cells   
   CK-19      Cytokeratin-19   
  CK-7    Cytokeratin-7   
  DFS    Disease Free Survival   
  DTC    Disseminated tumor cells   
  EGFR    Epidermal growth factor  receptor     
  EMT    Epithelial-Mesenchymal Transition   
  EQA    External quality assurance   
  CNA    Genome-wide copy-number 

aberration   
  HCC    Hepatocellular carcinoma   
  hTERT    Human telomerase reverse 

transcriptase   
  ISET    Isolation by size of epithelial 

tumour cells   
  LAPC    Locally advanced pancreatic 

carcinoma   
  LAHNC    Locally advanced head and neck 

cancer   
  LOH    Loss of heterozygosity   
  MBC    Metastatic breast cancer   
  mCRC    Metastatic colorectal cancer   
  NIH    National Institutes of Health   
  NSCLC    Non small cell lung cancer   
  OS    Overall Survival   
  PE    Pleural Effusion   
  PFS    Progression Free Survival   
   PSA       Prostate   Specifi c Antigen   
  RT-PCR    Reverse transcriptase-polymerase 

chain reaction   
  SLN    Sentinel lymph node   
  SNP    Single-nucleotide polymorphism   
  SNUC    Sinonasal undifferentiated 

carcinoma   
  SCCHN    Squamous cell carcinoma of head 

and neck   
  TTF-1    Thyroid transcription factor 1   
  TGF-P    Transforming growth factor   
  TMPRSS2    Transmembrane protease serine 2   

       The major cause of cancer mortality is tumor 
metastasis and therefore there is a compelling 
need for the discovery and validation of novel 
biomarkers for cancer screening, diagnosis, prog-
nosis and therapeutic monitoring [ 29 ]. The devel-
opment of noninvasive  methods   to detect and 
monitor tumors continues to be a major challenge 
in oncology and the search for new and better 
non-invasive tumor biomarkers has become a 
holy grail of contemporary cancer research. As 
Dr Diamandis correctly has pointed out, “the 
journey of a cancer biomarker from the bench to 
the clinic is long, diffi cult and challenging and 
every step needs to be very carefully planned and 
executed in detail to succeed” [ 110 ]. 

 The presence of tumor cells, circulating in 
blood of cancer patients was fi rst reported by 
Thomas Ashworth in 1869 [ 5 ]. Nowadays, almost 
150 years after this fi rst report, the clinical and 
research potential of Circulating Tumor Cells 
( CTCs  ) is becoming widely recognized [ 118 ]. 
CTCs are indicators of residual disease and thus 
pose an increased risk of metastasis and poorer 
outcomes to those patients who are CTC-positive. 
The number of studies on CTCs published in peer 
reviewed journals is constantly rising during the 
last 15 years (Fig.  21.1 ).

    CTCs   represent cells that are shed in the circu-
lation by primary or metastatic tumors and thus 
provide a “ liquid biopsy  ” approach that enables 
frequent samplings of a patient’s tumor and fol-
low- up of patients during treatment. CTCs are in 
principle very different from all other established 
tumor biomarkers, since they represent a unique 
source of valuable information. By studying 
CTCs we can better understand tumour biology 
and tumour cell dissemination while their  molec-
ular characterization   offers the unique potential 
to understand resistance to established therapies 
[ 79 ,  81 ]. 

 CTC analysis is extremely challenging since 
 CTCs   are very rare, and the amount of available 
sample is very limited. Since CTC detection was 
shown to be of considerable utility in the clinical 
management of patients with solid cancers, a big 
variety of analytical systems for their isolation 
and detection have been developed [ 80 ,  108 ,  109 , 
 163 ]. New areas of research are directed towards 
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developing novel assays for CTC  molecular char-
acterization   [ 3 ,  80 ,  120 ]. A high heterogeneity of 
CTC even among the same individuals has been 
observed by performing high dimensional single 
CTC profi ling, and directly measuring gene 
expression in individual CTC without the com-
mon practice of pooling such cells [ 120 ]. 
Molecular studies on CTCs have often been lim-
ited by a low number of CTCs isolated from a 
high background of leukocytes. Improved enrich-
ment techniques are now allowing molecular 
characterization of single CTCs, whereby molec-
ular markers on single CTCs may provide a real- 
time assessment of tumor biomarker status from 
a blood test or “ liquid biopsy  ”, potentially elimi-
nating the need for a more invasive tissue biopsy. 

 However, many questions still remain unan-
swered regarding the biology of CTC, the opti-
mal method to enumerate and characterize them 
and the path to regulatory and general clinical 
acceptance of technology platforms currently 
under development [ 109 ]. 

 In this chapter we focus on the latest fi ndings 
concerning the clinical relevance of CTC detec-
tion and enumeration, and discuss their potential 
as tumor biomarkers in various types of solid 
cancers. We also discuss the different platforms 
available for CTC isolation, enumeration and 
 molecular characterization  , and highlight the 
importance of performing comparison studies 

between these different methodologies. Finally 
we discuss the importance of external quality 
control systems for establishing  CTCs   as tumor 
biomarkers in the routine clinical setting. 

21.1      CTCs   as Tumor Biomarkers 

 The clinical signifi cance of CTC has been evalu-
ated in many types of solid cancers, and the CTC 
enumeration test in metastatic breast, colorectal 
and prostate cancer has been cleared by the FDA 
almost a decade ago. There is a signifi cant inter-
est nowadays on examining  CTCs   as “surrogate” 
markers for potentially improved survival for 
regulatory purposes, and as prognostic or predic-
tive biomarkers in a variety of solid cancers. In 
the offi cial website of the National Institutes of 
Health (  http://clinicaltrials.gov/ct2/home    ) our 
search (May 2014) based on the key word 
“Circulating Tumor Cells”, revealed 587 ongoing 
clinical studies; when we searched for specifi c 
cancer types, a whole spectrum of studies evalu-
ating the role of CTC as surrogate biomarkers 
was revealed (Fig.  21.2 ). These trials have differ-
ent designs in various patient populations but are 
expected to be the pivotal trials for CTC imple-
mentation in the routine management of cancer 
patients [ 12 ,  13 ,  74 ]. The American Society of 
Clinical Oncology (ASCO) cited CTC and DTC 
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for the fi rst time in its 2007 recommendations on 
tumor markers, however in the category of insuf-
fi cient evidence to support routine use in clinical 
practice [ 51 ]. However, very recently, the American 
Joint Committee on  Cancer   has proposed a new 
category, M0(i+), for TNM staging in breast can-
cer (BC) defi ned as “no clinical or radiographic 
evidence of distant metastases, but deposits of 
molecularly or microscopically detected tumor 
cells (no larger than 0.2 mm) in blood, bone mar-
row, or other non-regional nodal tissue in a patient 
without symptoms or signs of metastases”.

   Below we are presenting the main studies per-
formed so far on the clinical evaluation of  CTCs   
as tumor biomarkers in various types of solid 
cancers. 

21.1.1     Breast Cancer 

 In the offi cial website of the NIH our search 
(May 2014) based on the key word “Circulating 
Tumor Cells AND breast cancer” revealed 130 
studies (Fig.  21.2 ). The fi rst comprehensive 
meta-analysis of published literature on the 
 prognostic relevance of CTC in patients with 

early- stage and metastatic breast cancer clearly 
indicated that the detection of CTC is a reliable 
prognostic factor [ 164 ,  165 ]. 

21.1.1.1     Metastatic Breast Cancer 
 Cristofanilli and colleagues have shown by using 
the CellSearch System (Veridex, USA) that CTC 
represent an independent prognostic factor for 
 Progression Free Survival (PFS)   and  Overall 
Survival (OS)   in patients with metastatic breast 
cancer and that a cut-off of 5 CTC/7.5 ml of 
blood in these patients was highly predictive of 
clinical outcome [ 22 ]. This paper revolutionized 
the clinical applications of CTC in many types of 
cancer, since it led to the FDA clearance of the 
CellSearch assay that is standardized, semi- 
automated and not subjected to preanalytical 
errors. Since then, a plethora of clinical studies 
has verifi ed the importance of CTC enumeration 
in metastatic breast cancer [ 41 ,  42 ,  98 ,  117 ,  155 ]. 
Liu et al. conducted a prospective study to dem-
onstrate that CTC results correlate strongly with 
radiographic disease progression at the time of 
and in advance of imaging. They provided the 
fi rst evidence of a strong correlation between 
CTC results and radiographic disease  progression 
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in patients receiving  chemotherapy   or endocrine 
therapy for MBC. These fi ndings support the role 
of CTC enumeration as an adjunct to standard 
 methods   of monitoring disease status in MBC [ 85 ]. 

 A very recent study assessed the clinical valid-
ity of CTC quantifi cation for prognostication of 
patients with metastatic breast cancer by under-
taking a pooled analysis of 1944 individual 
patient data. The authors contacted 51 European 
centers and asked them to provide reported and 
unreported anonymized data for individual 
patients with metastatic breast cancer starting a 
new line of therapy concerning PFS or OS, or 
both, and CTC quantifi cation by the Cell Search 
method at baseline (before start of new treat-
ment). The authors report that increased CTC 
counts 3–5 weeks after start of treatment, adjusted 
for CTC count at baseline, were associated with 
shortened PFS. Survival prediction was signifi -
cantly improved by addition of baseline CTC 
count to the clinicopathological models The data 
collected confi rmed the independent prognostic 
effect of CTC count on PFS and OS. CTC count 
also improves the prognostication of MBC when 
added to full clinic0pathological predictive mod-
els, whereas serum tumor markers do not.  CEA  
and  CA 15–3  concentrations at baseline and dur-
ing therapy did not add signifi cant information to 
the best baseline model. [ 14 ]. 

 In another recent prospective multicenter 
study a total of 254 MBC patients were enrolled 
at fi rst diagnosis of metastatic disease or disease 
progression (before the start of a new treatment 
regimen). By using an EpCAM-independent 
enrichment approach, viable CTC releasing  CK- 
19   as an epithelial cell marker were detected in 
the peripheral blood by the EPISPOT assay, and 
the FDA cleared CellSearch was used as the ref-
erence method. CTC detection using the 
EPISPOT assay has shown prognostic relevance 
of the presence of viable CTC. Interestingly, the 
combination of the EPISPOT and CellSearch 
assays was the strongest predictor of OS [ 127 ]. 

 The presence of  CTCs   was found to be an effec-
tive measure of treatment effi cacy and immune 
system function in MBC patients [ 18 ]. Green et al. 
report that that those patients with greater than 5 
CTCs per 7.5 mL blood had  signifi cantly decreased 

responses by their immune cells when compared 
with those patients who had 5 CTCs or less. They 
also verifi ed the already reported by many other 
groups correlation between disease progression 
and CTC-positive patients, indicating that those 
who have a positive test should be closely moni-
tored by their clinician [ 46 ]. 

 The detection and prognostic signifi cance of 
 CTCs   in MBC in respect to the different immune- 
histochemical subtypes of breast cancer has been 
also recently evaluated. Peeters et al. report that 
the detection of EpCAM positive CTCs was not 
clearly associated with any of the immune- 
histochemical subtypes of breast cancer in 
patients with MBC before fi rst-line treatment. 
Their data also suggest a lower prognostic sig-
nifi cance of CTC evaluation in  HER2 -positive 
patients with MBC [ 112 ]. The French group, led 
by JY Pierga specifi cally evaluated the impact of 
CTC on brain metastasis outcome and has shown 
that there is a correlation between CNS metasta-
sis response, outcome and early CTC clearance 
under targeted treatment of  HER2  positive MBC 
[ 115 ].  

21.1.1.2     Early Breast Cancer 
 The prognostic value of CTC in axillary lymph 
node-negative breast cancer patients, based on a 
nested RT-PCR was already shown in 2002 [ 142 ]. 
By using a real time RT-qPCR assay for  CK-19   
mRNA [ 140 ,  141 ] CTC detection was shown to 
be an independent prognostic factor for reduced 
DFI and OS before [ 158 ], during [ 157 ] and after 
[ 156 ]  chemotherapy   in early breast cancer. 
Detection of CTC before  adjuvant chemotherapy   
predicted for poor clinical outcome mainly in 
patients with ER-negative, triple-negative, and 
HER2-positive early-stage breast cancer [ 59 ]. 
When CTC were prospectively detected before 
and after neoadjuvant chemotherapy in a phase II 
trial it was found that detection of one or more 
CTC in 7.5 ml of blood before neoadjuvant che-
motherapy can accurately predict OS [ 116 ]. A 
more recent study investigating the value of CTC 
detection during the fi rst 5 years of follow-up in 
predicting late disease relapse, has shown that 
persistent detection of CTC was associated with 
an increased risk of late disease relapse and death 
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in patients with operable breast cancer and indi-
cates the presence of chemo-and hormonotherapy- 
resistant residual disease [ 133 ]. Lucci et al., 
prospectively collected data on CTC at the time of 
defi nitive surgery from chemonai’ve patients with 
stage 1–3 breast cancer. They enumerated CTC 
and assessed outcomes at a median follow- up of 
35 months, and have shown that the presence of 
one or more CTC predicted for early recurrence 
and decreased overall survival in chemonai’ve 
patients with non-metastatic breast cancer [ 88 ]. 

 These results were also recently confi rmed by 
another study that was based on an RT-PCR molec-
ular assay for CTC detection, the AdnaTest 
BreastCancer TM  (AdnaGen AG, Germany). This 
assay is based on the detection of  EpCAM, HER2  
and  MUC1  specifi c transcripts in enriched CTC- 
lysates. Mikulova et al. report that  CTCs   were 
detected in the peripheral blood of approximately 
31 % of early stage breast cancer patients before 
therapy, while only 7 % of all patients remained 
CTCs positive after adjuvant therapy. There was no 
correlation between CTCs and tumor size, tumor 
grade, histological grade and  receptor   status [ 94 ].  

21.1.1.3     CTC as Surrogate Markers 
for Treatment Response 
in Breast Cancer 

 Based on the current guidelines, in breast cancer, 
hormone therapy and anti-HER-2 therapies are 
prescribed according to the hormone (ER/PR 
expression) and  HER-2  status of the primary 
tumor. However, a growing body of evidence is 
showing that the hormone  receptor   and  HER-2  
status in CTC can be different from that in the 
primary tumors and even change over time, espe-
cially during disease recurrence or progression in 
breast cancer patients [ 33 ,  34 ,  58 ,  122 ,  129 ,  139 ]. 
Based on that, re-evaluation of hormone receptor 
and HER-2 status by  molecular characterization   
of CTC is a strategy with potential clinical appli-
cation. An optimal individualized treatment 
could be selected by characterizing  ER  and  HER- 
2  status in CTC and comparing it to the primary 
tumor [ 124 ,  154 ]. 

 Many research groups have already shown 
that HER2-positive  CTCs   can be detected in 
patients with HER2-negative primary tumors 

[ 34 ,  35 ,  58 ,  114 ,  122 ]. Ligthart et al. have recently 
developed an automated algorithm for evaluating 
HER-2 expression in CTC when using the 
CellSearch system. They report that HER-2 
expression is very heterogeneous among CTC 
within each patient [ 82 ]. Georgoulias et.al were 
the fi rst to investigate the effect of trastuzumab in 
HER2-negative patients that have CK(+)/HER2- 
positive CTC in a randomized phase II study. 
According to their results, administration of 
trastuzumab can eliminate  chemotherapy  - 
resistant CK19 mRNA-positive CTCs, reduce the 
risk of disease recurrence and prolong Disease 
Free Survival (DFS) [ 39 ]. 

 However, to evaluate  CTCs   as a predictive bio-
marker and obtain clinically meaningful results 
large studies that are specifi cally designed around 
effective therapies are needed. This is very chal-
lenging, and diffi cult, because of the high cost and 
continuous changes in the molecular targeted 
therapies. Very recently the TREAT- CTC study 
(  http://clinicaltrials.gov/ct2/results?term=
TREAT- TC+study&Search=Search    ), is a ran-
domized phase II trial for patients with HER2 
negative primary BC who after completing (neo) 
 adjuvant chemotherapy   and surgery have detect-
able CTC in peripheral blood. The aim of the 
study is to see whether  HER2  directed therapy 
reduces relapses in women at high risk of recur-
rence, and for this reason women positive for 
CTC detection, as evaluated by using the 
CellSearch system, after neoadjuvant  chemother-
apy   are randomly assigned to trastuzumab or a 
placebo. Moreover, the fact that breast cancer is a 
disease with clearly dinstict molecular sub-
types[ 113 ] could be a reason why specifi c CTC 
counts or molecular phenotypes that are predic-
tive for response to one therapy are not relevant 
for others. 

 Epithelial-Mesenchymal Transition (EMT) is 
an essential process in the metastatic cascade [ 10 , 
 83 ]. CTC  molecular characterization   is highlight-
ing the importance of EMT, a process which may 
be crucial for allowing tumors to invade into and 
grow at sites distant from the original site of 
tumor. The expression levels of EMT-inducing 
transcription factors have been determined in 
CTC in primary breast cancer patients [ 93 ]. 
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Investigation of the apoptotic and proliferative 
status in CTC of breast cancer patients has shown 
that patients with metastatic and advanced dis-
ease had signifi cantly lower numbers of apop-
totic  CTCs   compared to patients with early breast 
cancer and that  adjuvant chemotherapy   reduced 
both the number of CTCs per patient and the 
number of proliferating CTCs [ 66 ]. Very recently 
Yu et al. have shown by serial monitoring of CTC 
in patients with breast cancer that these cells 
simultaneously expressed mesenchymal and epi-
thelial markers, and that mesenchymal cells 
expressing known EMT regulators, including 
transforming growth factor (TGF)-P pathway 
components and the  FOXC1  transcription factor 
were associated with disease progression [ 162 ]. 

 Similarly, the detection of  CTCs   expressing 
markers of stemness may also have important 
implications for treatment resistance. A major 
proportion of CTC of metastatic breast cancer 
patients show EMT and tumor stem cell charac-
teristics [ 2 ] and CTC expressing  TWIST  and 
vimentin, were identifi ed in patients with meta-
static and early breast cancer patients [ 67 ]. The 
existence of a subpopulation of CTCs with puta-
tive stem cell progenitor phenotypes in patients 
with metastatic breast cancer has been shown by 
using triple-marker immunofl uorescence micros-
copy [ 149 ]. Currently used detection  methods   for 
CTC are not effi cient to identify this subtype of 
CTC which underwent EMT [ 68 ]. 

 Moreover studies on the  molecular character-
ization   of  CTCs   have revealed that CTCs even 
within the same patient are heterogeneous. In 
non-metastatic breast cancer patients the expres-
sion of estrogen, progesterone and epidermal 
growth factor  receptor   ( EGFR ) by immunofl uo-
rescence experiments revealed heterogeneous 
expression of these hormonal receptors in sam-
ples from the same patients [ 100 ].   

21.1.2      Prostate   Cancer 

 In prostate cancer, CTC enumeration has been 
extensively studied and validated as a prognostic 
tool and has received FDA clearance for use in 
monitoring advanced disease. In the offi cial 
 website of the National Institutes of Health 

(  http://clinicaltrials.gov/ct2/home    ) our search on 
May 2014 on clinical studies, based on the key 
word “Circulating Tumor Cells AND prostate 
cancer” revealed 97 studies. In patients with 
advanced prostate cancer, CTC enumeration by 
using the Veridex CellSearch TM  system, at base-
line and post-treatment, has been cleared by the 
FDA for quantifying the load of tumour cell dis-
semination. This test is prognostic of survival and 
is currently being implemented into routine clini-
cal practice for estimating prognosis and moni-
toring treatment success [ 136 ]. The clinical utility 
of monitoring CTC changes with treatment, as an 
effi cacy-response surrogate biomarker of sur-
vival, is currently being tested in large phase III 
trials, with the novel anti-androgen therapies abi-
raterone acetate and MDV3100. Molecular deter-
minants can be identifi ed and characterized in 
CTC as potential predictive biomarkers of tumor 
sensitivity to a therapeutic modality [ 23 ,  24 ]. 

 The main CTC studies in advanced and local-
ized prostate cancer, highlighting the important 
gains as well as the challenges posed by various 
approaches, and their implications for advancing 
prostate cancer management have been recently 
reviewed in detail [ 57 ]. 

21.1.2.1     Metastatic Prostate Cancer 
 Moreno et al. were the fi rst to report in 2001 that 
CTC levels can be quantifi ed in the circulation of 
patients with metastatic prostate cancer and that 
the change in the numbers of CTC correlates with 
disease progression with no diurnal variations 
[ 96 ]. Later, in 2007, Danila and colleagues 
reported that the number of CTC before therapy 
provides unique information relative to prognosis 
and that the shedding of cells into the circulation 
represents an intrinsic property of the tumor, dis-
tinct from the extent of the disease [ 25 ]. In 2008, 
data presented by de Bono and colleagues showed 
that CTC enumeration by using the CellSearch TM  
system has prognostic and predictive value in 
patients with metastatic castration- resistant pros-
tate cancer (CRPC) and is an independent predic-
tor of OS in CRPC, opening the way to the FDA 
clearance of this assay for the evaluation of 
CRPC [ 28 ]. CTC numbers, analyzed as a contin-
uous variable, predict OS and provide indepen-
dent prognostic information to time to disease 
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progression and can be used to monitor disease 
status [ 105 ,  134 ]. 

 Resel and colleagues analyzed the correlation 
between CTC levels and the  Prostate   Specifi c 
Antigen ( PSA  ) level,  Gleason score  , and TNM 
stage in patients with metastatic hormone- sensitive 
prostate cancer and reported that CTC count in 
peripheral blood could provide a method for cor-
rectly staging prostate cancer and for assessing the 
prognosis of metastatic hormone- sensitive pros-
tate cancer [ 128 ]. Combination of CTC and  PSA  
velocity may offer insights into the prognosis and 
management of advanced PC [ 53 ,  131 ]. 

 CTC enumeration was very recently prospec-
tively validated in standard fi rst-line docetaxel 
treatment for metastatic CRPC. S0421, a phase 
III trial of docetaxel plus prednisone with or 
without atrasentan, validated the prognostic util-
ity of CTC enumeration for OS and disease 
response. Baseline CTC counts were prognostic, 
and rising  CTCs   at 3 weeks heralded signifi cantly 
worse OS, potentially serving as an early metric 
to help redirect and optimize therapy in this clini-
cal setting [ 43 ].  

21.1.2.2     Early-Stage Prostate Cancer 
 Recently  CTCs   have been detected in early pros-
tate cancer and may be a new surrogate candidate 
towards the decision whether to offer systemic or 
local treatment [ 31 ]. CTC tests may assist with 
clinical decision-making according to a pilot 
study that investigated whether CTC could be 
detected in early-stage prostate cancer patients 
receiving salvage radiotherapy using the 
CellSearch system. The results of this study dem-
onstrated that CTC can be detected in early-stage 
prostate cancer and suggest the possibility that 
post-treatment reduction in CTC levels may be 
indicative of radiation therapy response [ 86 ]. 
Recent trials in patients with CRPC are incorpo-
rating the detection of CTC, imaging, and patient- 
reported outcome biomarkers in order to improve 
future drug development and patient manage-
ment for patients [ 135 ].  

21.1.2.3      CTCs   as Surrogate Markers 
for Treatment Response 
in Prostate Cancer 

  Prostate   cancer growth depends on androgen 
 receptor   (AR) signaling. Androgen ablation ther-
apy induces expression of constitutively active 
androgen receptor splice variants that drive dis-
ease progression. Taxanes are a standard of care 
therapy in CRPC; A very recent study suggests 
that two clinically relevant AR splice variants, 
ARv567 and ARv7, differentially associate with 
microtubules and dynein motor protein, thereby 
resulting in differential taxane sensitivity in vitro 
and in vivo. They suggest that androgen receptor 
variants that accumulate in CRPC cells utilize 
distinct pathways of nuclear import that affect the 
antitumor effi cacy of taxanes, suggesting a mech-
anistic rationale to customize treatments for 
patients with CRPC, which might improve out-
comes [ 148 ]. 

 Moreover, since persistence of ligand- 
mediated AR signaling has been documented in 
CRPC, abiraterone acetate (AA), an androgen 
biosynthesis inhibitor, was shown to prolong life 
in patients with CRPC already treated with  che-
motherapy  . Miyamoto and colleagues have 
shown that measuring AR signaling within CTC 
may help to guide therapy in metastatic prostate 
cancer and highlight the use of CTC as  liquid 
biopsy   [ 95 ]. Leversha and colleagues have shown 
that FISH analysis of CTC can be a valuable, 
noninvasive surrogate for routine tumor profi ling 
in patients with progressive castration-resistant 
metastatic prostate cancer [ 78 ]. Recent results by 
Darshan and colleagues suggest that monitoring 
AR subcellular localization in the CTC of CRPC 
patients might predict  clinical response  s to tax-
ane chemotherapy [ 26 ]. Moreover, coding muta-
tions in the AR gene that represent a possible 
mechanism underlying the development of CRPC 
have been identifi ed in tissue samples from 
patients with advanced prostate cancer and have 
been also identifi ed in CTC-enriched peripheral 
blood samples from CRPC patients [ 64 ]. 
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 Danila and colleagues studied the role of 
transmembrane protease, serine 2 ( TMPRSS2 )-v- 
ets erythroblastosis virus E26 oncogene homolog 
(ERG) fusion, an androgen-dependent growth 
factor, in CTC as a biomarker of sensitivity to 
AA [ 23 ,  24 ]. Hormone-driven expression of the 
ERG oncogene after fusion with  TMPRSS2  
occurs in 30–70 % of therapy-naive prostate can-
cers. Molecular profi les of CTC with an analyti-
cally valid assay identifi ed the presence of the 
prostate cancer-specifi c  TMPRSS2-ERG  fusion 
but did not predict for response to AA treatment 
[ 23 ,  24 ]. Attard and colleagues have used multi-
color FISH to show that CRPC CTC, metastases, 
and prostate tissue invariably had the same ERG 
gene status as therapy-naive tumors and reported 
a signifi cant association between ERG rearrange-
ments in therapy-naive tumors, CRPC, and CTC 
and magnitude of  PSA   decline (P = 0.007) in 
CRPC patients treated with abiraterone acetate 
[ 6 ]. These fi ndings demonstrate the role of CTC 
as surrogate marker that can be obtained in a rou-
tine practice setting [ 23 ,  24 ]. 

  BRCA1  allelic imbalances were also detected 
among CTC in multifocal prostate cancer by 
using FISH analysis [ 9 ]. Especially,  BRCA1  
losses might be one confounding factor initiating 
tumor dissemination and might provide an early 
indicator of shortened DFS [ 9 ]. The utility of 
CTC enumeration in hormone sensitive prostate 
cancer was recently shown by Goodman and col-
leagues, who enumerated CTC in 33 consecutive 
patients undergoing  androgen deprivation ther-
apy   and reported that initial CTC values predict 
the duration and magnitude of response to hor-
monal therapy. CTC enumeration may identify 
patients at risk of progression to CRPC before 
initiation of androgen deprivation therapy [ 44 ]. 

 Circulating endothelial cells, CTC and tissue 
factor levels alone and combined can predict 
early on OS in CRPC patients treated with 
docetaxel-based therapy [ 144 ]. Evaluation of the 
association between circulating objects positive 
for epithelial cell adhesion molecules and cyto-
keratin (EpCAM + CK+) that are not counted as 
CTC and survival in patients with prostate cancer 
has shown that each EpCAM + CK + CD45- cir-
culating object showed a strong association with 
OS (P < 0.001) [ 21 ].   

21.1.3     Lung Cancer 

  Lung cancer   is the leading cause of cancer- related 
death worldwide. In the offi cial website of the 
National Institutes of Health (  http://clinicaltrials.
gov/ct2/home    ) our search on May 2014 on clini-
cal studies, based on the key word “Circulating 
Tumor Cells AND lung cancer” revealed 92 stud-
ies (Fig.  21.2 ). CTC detection in lung cancer in 
particular has proven diffi cult to perform, as 
 CTCs   in this type of cancer often present with 
non-epithelial characteristics. Moreover, as many 
detection  methods   rely on the use of epithelial 
markers to identify CTCs, the loss of these mark-
ers during EMT in certain metastatic cancers can 
render these methods ineffective. 

21.1.3.1     Non-Small-Cell Lung Cancer 
(NSCLC) 

  Non-small-cell lung cancer (NSCLC)   lacks vali-
dated biomarkers to predict treatment response. 
Zhu et.al evaluated the presence of EpCAM/
MUC1 mRNA-positive  CTCs   in 74 non small 
cell lung cancer (NSCLC) patients and showed 
that DFS and OS was signifi cantly reduced in 
patients with EpCAM/MUC1 mRNA-positive 
CTC preoperatively and postoperatively [ 166 ]. 
By using an EpCAM independent blood fi ltration 
system, the ISET (isolation by size of epithelial 
tumour cells) and immunofl uorescence it was 
recently shown that hybrid CTCs with an epithe-
lial/mesenchymal phenotype exist in patients 
with NSCLC and it is believed that their charac-
terization should provide further insight on the 
signifi cance of EMT in CTCs and on the mecha-
nism of metastasis in patients with NSCLC [ 77 ]. 
Another single-center prospective study that 
investigated whether CTCs are detectable in 
patients with previously untreated, stage III or IV 
NSCLC and whether their detection could pro-
vide prognostic information and/or early indica-
tion of patient response to conventional therapy, 
came to the conclusion that CTCs are detectable 
in these patients and constitute a novel prognostic 
factor for this disease [ 76 ].  

21.1.3.2     Small-Cell Lung Cancer (SCLC) 
 The clinical signifi cance and molecular charac-
teristics of  CTCs   and CTC clusters, termed circu-
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lating tumor microemboli (CTM), detected in 
patients with small-cell lung cancer (SCLC) 
undergoing standard treatment was evaluated. 
According to the results presented by Hou et al., 
both baseline CTC number and change in CTC 
number after one cycle of  chemotherapy   are 
independent prognostic factors for SCLC [ 56 ]  

21.1.3.3     CTC as Surrogate Markers 
for Treatment Response 
in Lung Cancer 

 The group of Haber showed for the fi rst time that 
lung cancer patients who’s  CTCs   carried  EGFR  
mutation known to cause drug resistance had 
faster disease progression than CTCs who lacked 
the mutation [ 89 ]. In late stage lung cancer 
patients   EGFR  mutations   have been evaluated in 
single tumor cells enriched from blood using 
laser cell microdissection. In patients with 
advanced NSCLC mutational analysis with a 
6-gene mutation panel  (EGFR, KRAS, BRAF, 
NRAS, AKT1,  and  PIK3CA)  were tested, where 
only one  EGFR  mutation (exon 19 deletion) was 
detected in CTC-derived DNA from the 38 
patient samples analyzed [ 121 ]. 

 The diagnostic test for ALK rearrangement in 
NSCLC for crizotinib treatment is currently done 
on tumor biopsies or fi ne-needle aspirations. 
Recently a group from the Institut de 
Cance’rologie Gustave Roussy attempted to 
avoid the need for a tissue sample to diagnose 
ALK-rearranged NSCLC by studying a novel 
ALK FISH method in  CTCs  . Pailler et al. recently 
detected ALK rearrangements in CTCs of 
patients with ALK-positive NSCLC by using a 
fi ltration technique and FISH, enabling both 
diagnostic testing and monitoring of crizotinib 
treatment. These results clearly suggest that 
CTCs harboring a unique ALK rearrangement 
and mesenchymal phenotype may arise from 
clonal selection of tumor cells that have acquired 
the potential to drive metastatic progression of 
ALK-positive NSCLC [ 106 ]. 

 CellSearch™ technology was very recently 
adapted for the identifi cation of tumor cells in 
Pleural effusions (PE) to assist in the diagnosis of 
malignant PEs. The pleural CellSearch™ assay 
may serve as a valuable addition to traditional 
cytology and provide useful information regard-

ing the diagnosis of malignant effusions. Major 
advantages include that it is well standardized, 
relatively inexpensive, has a rapid turnaround, 
and is easily available [ 138 ].   

21.1.4     Colorectal Cancer 

 In the offi cial website of the National Institutes of 
Health (  http://clinicaltrials.gov/ct2/home    ) our 
search on May 2014 on clinical studies, based on 
the key word “Circulating Tumor Cells AND 
colorectal cancer” revealed 57 studies (Fig.  21.2 ). 
The prognostic value of CTC and DTC in patients 
with resectable colorectal liver metastases or 
widespread metastatic colorectal cancer (mCRC) 
has been clearly shown in a meta-analysis study 
that was based on 12 studies [ 48 ]. 

 A comprehensive literature search was used to 
identify studies reporting on the signifi cance of 
 CTCs   in the postoperative blood of CRC patients. 
Based on this search, a systematic review exam-
ined the evidence for the use of CTCs as prognos-
tic markers in CRP. In six out of nine studies 
examined the detection of postoperative CTCs 
was found to be an independent predictor of can-
cer recurrence [ 111 ]. 

21.1.4.1     Metastatic Colorectal Cancer 
 In a prospective multicenter study, CTC were 
enumerated in 430 patients with mCRC at base-
line and after starting fi rst-, second-, or third-line 
therapy by using the CellSearch system. 
According to this study, the number of CTC 
before and during treatment was an independent 
predictor of PFS and OS in patients with 
mCRC. Based on these results, the CellSearch 
assay was cleared by the FDA for mCRC [ 20 ]. It 
was further shown that CTC enumeration before 
and during treatment independently predicts PFS 
and OS in advanced colorectal cancer patients 
treated with  chemotherapy   plus targeted agents 
and provides additional information to CT imag-
ing [ 153 ]. The clinical utility of CTC enumera-
tion in improving the clinician’s ability to 
accurately assess oxaliplatin-based chemother-
apy treatment benefi t and in expediting the iden-
tifi cation of effective treatment regimens for 
individual patients was further shown [ 91 ]. 
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Another study showed a strong correlation between 
CTC detection and radiographic disease progres-
sion in patients receiving chemotherapy for 
colorectal cancer [ 27 ]. Evaluation of the impact of 
immediate and differing surgical interventions on 
CTC and their compartmentalization or localiza-
tion in different anatomic vascular sites has shown 
that surgical resection of metastases, but not radio-
frequency ablation, immediately decreases CTC 
levels [ 65 ]. Another recent study has shown that 
the qualitative and quantitative detection of CTC is 
higher in the mesenteric venous blood compart-
ments of patients with CRC [ 125 ]. 

 Very recently, Barbazan et al. evaluated the 
clinical utility of six CTC markers (tissue specifi c 
and Epithelial to Mesenchymal Transition tran-
scripts) both as prognostic and predictive tools in 
mCRC patients. CTC-markers identifi ed therapy- 
refractory patients not detected by standard 
image techniques. Patients with increased CTC- 
markers along treatment, but classifi ed as 
responders by computed tomography, showed 
signifi cantly shorter survival times [ 8 ]. 

 In another recent study, post- chemotherapeutic 
 CTCs   were detected in stage III colon cancer 
patients in order to identify those patients who 
were at high risk of relapse. By using human 
telomerase reverse transcriptase  (hTERT),   CK-19    , 
CK-20,  and  CEA,  as the biomarkers to detect 
CTCs in 90 stage III colon cancer patients under-
going curative resection followed by mFOLFOX 
 chemotherapy   Lu et al. came to the conclusion 
that CTCs were independent predictors of post- 
chemotherapeutic relapse and that the persistent 
presence of post-chemotherapeutic CTCs in 
peripheral blood strongly correlated with 
reduced DFS and OS. The accuracy of detecting 
relapse in post-chemotherapeutic stage III colon 
cancer patients by analyzing the persistent pres-
ence of postchemotherapeutic CTCs was higher 
than that by postchemotherapeutic  CEA  levels 
chemotherapy [ 87 ].  

21.1.4.2     Non-Metastatic Colorectal 
Cancer 

 The prognostic role of CTC in non-metastatic 
colorectal cancer is less clear than in mCRC. The 
low abundance of CTC in non-metastatic colorec-
tal cancer requires very sensitive and specifi c 

detection  methods  . A recent review examined the 
possible clinical signifi cance of CTC in non- 
metastatic colorectal cancer (TNM-stage I-III) 
with the primary focus on detection methods and 
prognosis. According to the fi ndings reported, 
the presence of CTC in peripheral blood is a 
potential marker of poor disease-free survival in 
patients with non-metastatic colorectal cancer 
[ 150 ]. CTC detection might help in the selection 
of high-risk stage II colorectal cancer patient 
candidates for  adjuvant chemotherapy  , after enu-
merating CTC with the FDA-cleared CellSearch 
system [ 38 ]. 

 Using  CEA, CK  and  CD133  as genetic mark-
ers, Iinuma et al. evaluated the clinical signifi -
cance of  CTCs   as a prognostic factor for OS and 
DFS in the peripheral blood of patients with 
colorectal cancer who had undergone curative 
surgery. In the training sets, OS and DFS of 
patients who were positive for these markers 
were signifi cantly worse than those of patients 
who were negative for these markers. At each 
staging analysis, OS and DFS of patients with 
Dukes’ stage B or C cancer who were positive for 
 CEA/CK/CD133  were signifi cantly worse than 
those of patients who were negative for these 
markers. In contrast, in patients with Dukes’ 
stage A, no signifi cant differences were seen 
between patients who were positive for these 
markers and those who were negative while in 
patients with Dukes’ stage B and C cancer,  CEA/
CK/CD133  demonstrated signifi cant prognostic 
value. In validation sets, similar results were con-
fi rmed in patients with Dukes’ stage B and C can-
cer. According to these data, in patients with 
Dukes’ stage B and C CRC who require  adjuvant 
chemotherapy  , detection of  CEA/CK/CD133  
mRNA in PB is a useful tool for determining 
which patients are at high risk for recurrence and 
poor prognosis [ 61 ]  

21.1.4.3     CTC as Surrogate Markers 
for Treatment Response 
in Colorectal Cancer 

 The presence of  KRAS  and  BRAF  mutations 
refl ect anti-EGFR therapy effi cacy in metastatic 
colorectal cancer, and for this reason, primary 
tumors are analyzed for the presence of these 
specifi c mutations. However, discordances in 
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respect to the mutation status of  KRAS  and  BRAF  
in metastatic colorectal cancer patients between 
primary tumors, CTC and metastatic tumors have 
very important implications [ 97 ]. There is a lot of 
work being done towards this direction; using the 
CellSearch system, Gasch C et al. investigated 
EGFR expression,  EGFR  gene amplifi cation and 
 KRAS, BRAF  and  PIK3CA  mutations in single 
CTC of patients with metastatic colorectal cancer 
[ 37 ]. When  KRAS  mutations were detected in 
single CTC isolated from metastatic colorectal 
cancer patients a mutational concordance 
between  CTCs   and primary tumor in 50 % of 
matched cases was reported [ 32 ].  APC, KRAS,  
and  PIK3CA  mutations that were found in CTCs 
were also present at subclonal levels in the pri-
mary tumors and metastases from the same 
patient [ 52 ].  KRAS  mutation status was also 
examined in CTC of metastatic colorectal cancer 
patients [ 160 ]. 

 Plastin3 is a novel marker for CTC undergo-
ing EMT and is associated with colorectal  cancer 
prognosis   that was particularly strong in patients 
with Dukes B and Dukes C [ 161 ]. Patients with 
CTC positivity at baseline had a signifi cant 
shorter median PFS compared with patients with 
no  CTCs   and a signifi cant correlation was also 
founded between CTC detection during treat-
ment and radiographic fi ndings at the 6 month 
staging [ 27 ]. 

  CTCs   are promising markers for the evalua-
tion and prediction of treatment responses in rec-
tal cancer patients, superior to the conventional 
tumor marker  CEA . When the clinical signifi -
cance of CTCs in comparison to CEA was inves-
tigated in respect to prediction of treatment 
responses there was a close relationship between 
CTC levels and treatment outcomes but serum 
 CEA  did not have any correlation [ 145 ,  146 ].   

21.1.5     Melanoma 

 In the offi cial website of NIH our search on May 
2014 based on the key words “Circulating Tumor 
Cells AND  melanoma  ” revealed 29 studies 
(Fig.  21.2 ). 

 CTC have been detected in peripheral blood 
of patients with metastatic  melanoma   and are 
associated with advanced melanoma stage and 
poor patient outcome. When the expression of 
 MART-1, MAGE-A3,  and  PAX3  mRNA has been 
evaluated in CTC of stage IV melanoma patients 
by RT-qPCR 54 % of patients were positive and 
the presence of CTC was signifi cantly associated 
with DFS and OS [ 54 ,  55 ]. Kiyohara E et al. have 
recently developed a multimarker quantitative 
real-time reverse transcriptase polymerase chain 
reaction (RT-qPCR) assay for detecting CTC 
directly from peripheral blood specimens without 
the need of separating CTC from leukocytes. 
This assay, that is based on four mRNA biomark-
ers  (MART-1/Melan-A, MAGE-A3,PAX3,  and 
 GalNAc-T)  has both high sensitivity and specifi c-
ity for CTC in blood specimens, and its clinical 
signifi cance for serial bleed assessment of CTC 
in clinical trials and for daily clinical usage has 
been evaluated [ 72 ] 

 Chiu CG et al. very recently provided the fi rst 
detailed genome-wide copy-number aberration 
(CNA) and loss of heterozygosity (LOH)-based 
characterization of  melanoma   CTC and illustrated 
how CTC may be used as a novel approach for 
identifi cation of systemic metastasis. They char-
acterized 251 CNA in CTC and their comparative 
analysis demonstrated >90 % concordance in SNP 
profi les between paired CTC and tumor metasta-
ses. In particular, there were notable recurring 
CNA across patients. In exploratory studies, the 
presence of several top CTC- associated CNA was 
verifi ed in distant metastasis (stage IV) suggesting 
that certain genomic changes are propagated from 
regional metastases to CTC and to distant sys-
temic metastases [ 19 ]. Uveal melanoma is one of 
the most deadly diseases in ophthalmology for 
which markers able to predict the appearance of 
metastasis are needed. A recent study that investi-
gated the role of CTC as a prognostic factor in this 
disease confi rmed the role of CTC as a negative 
prognostic marker in uveal melanoma patients 
after a long follow-up period. Further character-
ization of CTC will help understanding metastasis 
mechanisms in uveal melanoma and even improve 
patient management [ 92 ]. 
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21.1.5.1     Early Stage Melanoma 
 CTC analysis may be useful in discriminating 
 melanoma   patients who may benefi t from aggres-
sive adjuvant therapy or stratifying patients for 
adjuvant clinical trials. The outcomes of patients 
with melanoma who have sentinel lymph node 
(SLN) metastases can be highly variable, which 
has precluded establishment of consensus regard-
ing treatment of the group. The detection of high- 
risk patients from this clinical setting may be 
helpful for determination of both prognosis and 
management. Hoshimoto S et al. evaluated the 
clinical utility of a multimarker RT-qPCR 
 (MART-1, MAGE-A3,  and  GalNAc-T)  assay for 
the detection of  CTCs   in 331 patients with mela-
noma diagnosed with SLN metastases that were 
clinically disease-free after complete lymphade-
nectomy in a phase III, international, multicenter 
clinical trial. Individual CTC biomarker detec-
tion ranged from 13.4 % to 17.5 % and there was 
no association of CTC status with known clinical 
or pathologic prognostic variables. However, the 
presence of two or more positive biomarkers was 
signifi cantly associated with worse distant metas-
tasis, DFS and reduced recurrence-free survival 
[ 54 ,  55 ] 

 Blood-based assays to detect  melanoma   pro-
gression by monitoring levels of CTC and cfDNA 
can be used to evaluate progress and therapy 
response in melanoma patients [ 147 ] while 
advances in the molecular analysis of CTC may 
provide insight into new avenues of approaching 
therapeutic options that would benefi t personal-
ized melanoma management [ 73 ]. Mutated 
BRAF was detected in 81 % of 21 assessed stage 
IV melanoma patients [ 71 ]. When single, iso-
lated CTC from patients with melanoma have 
been subjected to  BRAF  and KIT mutational 
analysis, the  BRAF  sequences and KIT sequences 
identifi ed in CTC were inconsistent with those 
identifi ed in autologous melanoma tumours, 
showing clonal heterogeneity [ 132 ].   

21.1.6     Hepatocellular Carcinoma 

 In the offi cial NIH website our search (May 
2014) on clinical studies, based on the key word 

“Circulating Tumor Cells AND hepatocellular 
cancer” revealed 20 studies (Fig.  21.2 ). 

 The clinical relevance of CTC in hepatocel-
lular carcinoma (HCC) is lagging behind other 
major tumor types. Up to now there are just a 
few studies on  CTCs   and hepatocellular carci-
noma but this list is continuously growing. 
Zhang et al. have recently reviewed existing and 
developing methodologies for CTC detection 
and describe the potential clinical impact of the 
identifi cation and  molecular characterization   of 
CTC in HCC patients [ 164 ,  165 ]. Very recently, 
a remarkable variation of cells with epithelial, 
mesenchymal, liver-specifi c, and mixed charac-
teristics and different size ranges were identifi -
able in the peripheral blood of HCC patients and 
the distribution of these cell subgroups varied 
signifi cantly between different patient groups 
and was associated with therapeutic outcome 
[ 102 ]. By using the FDA cleared CellSearch™ 
system Schulze et al. investigated the prognostic 
relevance of EpCAM- positive CTCs in 59 
patients with HCC and demonstrated a frequent 
presence of EpCAM- positive CTC in patients 
with intermediate or advanced HCC. The prog-
nostic value of CTC detection in these cases for 
OS could have possible implications for future 
treatment stratifi cation [ 137 ]. When the prog-
nostic signifi cance and the stem cell-like charac-
teristics of EpCAM+ CTCs were identifi ed 
prospectively in HCC patients undergoing cura-
tive resection, stem cell-like phenotypes were 
observed in EpCAM+ CTCs, and a preoperative 
CTC number of >2 cells/7.5 mL was found to 
predict for tumor recurrence in HCC patients 
after surgery, especially in patient subgroups 
with AFP levels of <400 ng/mL or low tumor 
recurrence risk [ 145 ,  146 ].  

21.1.7     Pancreatic Cancer 

 The poor prognosis of pancreatic cancer patients 
is associated with the frequent and early dissemi-
nation of the disease, as well as late detection due 
to unspecifi c and late symptoms from the primary 
tumor.  Pancreatic cancer  s frequently spread to the 
liver, lung and skeletal system, suggesting that 
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pancreatic tumor cells must be able to intravasate 
and travel through the circulation to distant 
organs. Detection of CTC in peripheral blood 
may be a promising biomarker for the detection 
and prognosis of pancreatic cancer. In the offi -
cial website of NIH our search on May 2014 
based on the key word “Circulating Tumor Cells 
AND pancreatic cancer” revealed 14 studies 
(Fig.  21.2 ). 

 Tjensvoll et al., in a very recent review of pre-
viously reported studies on the clinical relevance 
of CTC detection in pancreatic cancer report that 
there is evidence that the presence of  CTCs   cor-
relates with an unfavorable outcome [ 152 ]. 
Bidard et al. reported that CTC detection appears 
as a promising prognostic tool in locally advanced 
pancreatic carcinoma (LAPC) patients. In this 
study, CTC detection rates and prognostic value 
were evaluated in a prospective cohort of LAPC 
patients, using the CellSeach system. CTC posi-
tivity was associated with poor tumor differentia-
tion and with shorter OS in multivariable analysis 
[ 12 ,  13 ]. However, as stated by Gall et al., with 
such low numbers of CTCs detected in LAPC 
patients, it is unclear whether CTCs can actually 
contribute toward tumor invasiveness and spread 
in such an aggressive cancer. Although this is a 
well- designed study, the small number of patients 
with detectable CTCs means that the statistical 
power is not great enough to make fi rm conclu-
sions. Therefore, this expensive assay needs fur-
ther investigation before being used a prognostic 
marker in patients with LAPC [ 36 ] 

 A very recent meta-analysis aimed to assess 
the prognostic value of CTC in patients with pan-
creatic cancer, including nine cohort studies with 
a total of 623 pancreatic cancer patients, 268 
CTC-positive and 355 CTC-negative. This meta- 
analysis revealed that patients in the CTC- 
positive group were signifi cantly associated with 
poor PFS. Furthermore, pancreatic cancer 
patients in the CTC-positive group also showed 
worse OS than those in the CTC-negative group 
[ 50 ]. Larger studies, as well as characterization 
of the CTC population, are required to achieve 
further insight into the clinical implications of 
CTC detection in pancreatic cancer patients.  

21.1.8      Gastrointestinal Cancers   

 The clinical signifi cance of CTC detection in gas-
trointestinal (GI) cancer remains controversial 
and the molecular biological characteristics of 
 CTCs   are poorly understood. In the offi cial NIH 
website our search (May 2014) based on the key 
word “Circulating Tumor Cells AND 
Gastointestinal Cancers” revealed 19 studies 
(Fig.  21.2 ). In a recent study, a total of 87 patients 
with metastatic or recurrent GI cancer were pro-
spectively enrolled. CTCs and their  HER2  status 
were assessed using the CellSearch System. The 
fi ndings of this study suggest that it is critical to 
evaluate the  HER2  status of not only the primary 
tumour but also the CTCs because the metasta-
sizing tumour cells are the primary target of sys-
temic therapy [ 62 ].  

21.1.9     Head and Neck 

 In the offi cial website of NIH our search on May 
2014 based on the key word “Circulating Tumor 
Cells AND head and neck cancer” revealed 15 
studies (Fig.  21.2 ). 

 According to a prospective clinical follow-up 
study of patients with squamous cell carcinoma of 
head and neck (SCCHN) undergoing surgical 
intervention, patients with no detectable  CTCs   
had a signifi cantly higher probability of DFS [ 63 ]. 
The same group has shown recently, that in 
patients with SCCHN, the presence of CTCs cor-
relates with worse disease-free survival [ 7 ]. This 
conclusion was based on results obtained after 
isolation of CTC by a purely negative enrichment 
methodology which does not depend on the 
expression of surface epithelial markers. 
According to another prospective multi-centric 
analysis that studied the possible role of CTC 
identifi cation in locally advanced head and neck 
cancer (LAHNC), CTC were frequently identifi ed 
in oro- and hypopharyngeal cancer and in sinona-
sal undifferentiated carcinoma, SNUC; A decrease 
in the CTC number or their absence throughout 
the treatment seems also to be related with non-
progressive disease, after both complete or 
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 incomplete remission and with the proportion of 
patients alive and no evidence of disease [ 15 ,  159 ]. 

 Current staging  methods   for squamous cell 
carcinomas (SCC) of the oral cavity (OSCC) 
need to be improved to predict the risk of indi-
vidual patients. Grobe A et al. very recently 
assessed the prognostic signifi cance of dissemi-
nated tumor cells (DTC) in bone marrow and 
CTC in peripheral blood from patients with 
OSCC. According to their fi ndings both  DTCs   
and  CTCs   are independent prognostic markers in 
patients with OSCC, predicting relapse with 
higher sensitivity at various disease stages than 
routine staging procedures [ 47 ].  

21.1.10     Ovarian Cancer 

 In the offi cial website of the NIH, our search 
(May 2014) based on the key word “Circulating 
Tumor Cells AND ovarian cancer” revealed 12 
studies (Fig.  21.2 ). 

 Obermayr et al. identifi ed a panel of six 
genes for the PCR-based detection of CTC in 
endometrial, cervical, and ovarian cancers and 
reported that by using this panel, they could 
detect 44 % of the cervical, 64 % of the endome-
trial and 19 % of the ovarian cancer patients 
[ 104 ]. The same group, in a more recent study 
identifi ed novel markers for  CTCs   in patients 
with epithelial ovarian cancer, and evaluated 
their impact on clinical outcome. By using these 
markers they could detect CTC in 24.5 % of the 
baseline (before primary treatment) and 20.4 % 
of the follow-up samples (6 months after  adju-
vant chemotherapy  ) of which two thirds were 
identifi ed by overexpression of the cyclophilin 
C gene (PPIC), and just a few by EpCAM over-
expression. They report that the presence of 
CTCs at baseline correlated with the presence of 
ascites, sub-optimal debulking, and elevated 
CA-125 and HE-4 levels, whereas CTC during 
follow-up occurred more often in older and plat-
inum resistant patients. PPIC positive CTCs 
during follow- up were signifi cantly more often 
detected in the platinum resistant than in the 
platinum sensitive patient group, and indicated 
poor outcome independent from classical prog-
nostic parameters [ 103 ]. 

 By using the AdnaTest Breast  Cancer   com-
mercially available test (Allere, USA) that is 
based on immunomagnetic enrichment and mul-
tiplex RT-PCR for selection and detection of 
 CTCs   Aktas et al., checked for CTC in the blood 
of 122 ovarian cancer patients at primary diagno-
sis and/or after platinum-based  chemotherapy  . 
They report that CTC positivity signifi cantly cor-
related with shorter OS before surgery 
(P = 0.0054) and after chemotherapy (P = 0.047) 
[ 1 ]. Poveda et al. evaluated the correlation, 
between numbers of CTCs and PFS and OS, in a 
phase III study of pegylated liposomal doxorubi-
cin (PLD) with trabectedin vs. PLD for relapsed 
ovarian cancer, by using the CellSearch system 
and reagents (Veridex). Results from this study 
indicated that elevated numbers of CTCs impart 
an unfavorable prognosis for ovarian cancer 
patients [ 119 ]. Recently, Liu et al. investigated 
whether CTCs, as detected and enumerated by 
the Veridex CellSearch™ system, could predict 
for clinical outcomes in women with newly diag-
nosed or recurrent epithelial ovarian cancer. 
According to their results, CTCs can be isolated 
from women with newly diagnosed or recurrent 
ovarian cancer, however, their numbers do not 
signifi cantly correlate with clinical characteris-
tics or patient outcomes [ 84 ].  

21.1.11     Bladder Cancer 

 In the offi cial website of NIH our search on May 
2014 based on the key word “Circulating Tumor 
Cells AND bladder cancer” revealed 12 studies 
(Fig.  21.2 ). Nonmuscle-invasive bladder cancer 
is a tumor type characterized by early progres-
sion and a lack of prognostic markers and in this 
way it represents an optimal model to evaluate 
whether CTC assessment would be more benefi -
cial in early stage cancer. Very recently, Raimondi 
C et al. reviewed whether  CTCs   may be used as a 
noninvasive, real-time tool for the stratifi cation 
of early stage bladder cancer patients according 
to individual risk of progression [ 126 ]. 

 Rink et al. prospectively detected and evalu-
ated the biological signifi cance of CTC in patients 
with bladder cancer, especially in those patients 
with non-metastatic, advanced bladder cancer 

21 The Role of CTCs as Tumor Biomarkers



356

using the CellSearch. Their fi ndings suggest that 
the presence of CTC may be predictive for early 
systemic disease since  CTCs   were detected in 30 
% of patients with non-metastatic disease [ 130 ]. 
Gradilone et al., have chosen to evaluate the 
prognostic signifi cance of survivin-expressing 
CTC in patients with T1G3 bladder tumours 
since the prognosis of T1G3 bladder cancer is 
highly variable and unpredictable from clinical 
and pathological prognostic factors. They report 
that the presence of CTC was an independent 
prognostic factor for DFS in patients with T1G3 
bladder cancer [ 45 ]. CTCs have also been shown 
to be present in the peripheral blood of patients 
with metastatic urothelial carcinoma. Guzzo 
et al. evaluated the ability of CTCs to predict 
extravesical disease in bladder cancer patients 
prior to radical cystectomy and came to the con-
clusion that CTC status is not likely to be a clini-
cally useful parameter for directing therapeutic 
decisions in these patients [ 49 ].  

21.1.12     Testicular Germ Cell Tumors 

  Germ cell tumors   (GCTs) represent the most fre-
quent malignancies among young men, but little 
is known about  CTCs   in these tumors. Nastaly 
et al., recently investigated the presence of CTCs 
in this tumor type, using two independent assays 
that target germ and epithelial cell-specifi c mark-
ers. For CTC detection, a combination of germ 
(anti-SALL4, anti-OCT3/4) and epithelial cell-
specifi c (antikeratin, anti-EpCAM) antibodies 
was used because of the high heterogeneity of 
CTCs. Their results were correlated with disease 
stage, histology, and serum tumor markers. 
According to their fi ndings, the inclusion of 
germ-cell specifi c markers improves  CTCs detec-
tion   in GCTs. CTCs occur frequently in patients 
with more aggressive disease, and there is a gra-
dient of CTCs with decreasing numbers from the 
tumor-draining vein to the PB vessels [ 101 ].  

21.1.13     Neuroendocrine Tumors 

 A recent single-center prospective study, aimed 
to determine the prognostic signifi cance of  CTCs   

in 176 patients with measurable metastatic  neuro-
endocrine tumors (NETs)  . CTCs were  measured 
using a semi-automated technique based on 
immune-magnetic separation of epithelial cell 
adhesion molecule-expressing cells. The pres-
ence of CTCs was associated with increased bur-
den, increased tumor grade, and elevated serum 
chromogranin A (CgA). The presence of >one 
CTC was associated with worse PFS and OS; in 
multivariate analysis, CTCs remained signifi cant 
when other prognostic markers, grade, tumor bur-
den, and CgA were included. CTCs are a promis-
ing prognostic marker for patients with NETs and 
should be assessed in the context of clinical trials 
with defi ned tumor subtypes and therapy [ 69 ]   

21.2     Quality Control Issues: 
Comparison of Different 
Methodologies 

21.2.1     Analytical Methodologies 
for CTC Detection, 
Enumeration and Molecular 
Characterization 

 Since the detection of CTC has been shown to be 
of considerable utility in the clinical management 
of patients with solid cancers, a plethora of ana-
lytical systems for their isolation and detection 
have been developed and are still under develop-
ment and their number is increasing at an expo-
nential rate [ 80 ,  107 – 109 ,  163 ]. Since  CTCs   are 
very rare (1 CTC in 10 6 –10 7  leukocytes) [ 151 ], in 
most cases they are specifi cally detected by using 
a combination of two steps: (a) isolation- 
enrichment and (b) detection. The only US Food 
and Drug Administration-cleared, commercially 
available CTC detection system is the 
CellSearch™ CTC test (Veridex, Raritan, NJ), 
which enriches CTCs by using particles that are 
coated with antibodies against EpCAM and is 
approved as a prognostic test in breast, colon, and 
prostate cancers. 

 The detailed presentation of these systems is 
beyond the scope of this review, especially since 
excellent reviews have been recently published 
on this topic (Pantel et al. 2012; Lianidou et al. 
2011; [ 109 ,  163 ]; Alix-Panabieres et al. 2013).  
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21.2.2     Comparison Studies 
between Different CTC Assays 

 Advanced technologies developed for CTC isola-
tion and detection are very promising for provid-
ing assays useful in oncological drug 
development, monitoring the course of disease in 
cancer patients, and in understanding the biology 
of cancer progression. However, the phenotypic 
heterogeneity of CTC and their low numbers in 
the bloodstream of patients, together with differ-
ences in pre-analytical sample processing, has 
led to the collection and accumulation of incon-
sistent data among independent studies [ 109 ]. 
Therefore, comparison of different  methods   for 
CTC enumeration and characterization by using 
the same samples is an important issue for the 
clinical use of CTC analysis as a  liquid biopsy  . 
However, as Powell et al. have recently shown, 
by performing a high dimensional single CTC 
profi ling, CTC even within the ame patient are 
highly heterogeneous [ 120 ]. This heterogeneity 
of  CTCs   and their low numbers in the blood-
stream of patients means that no standardized 
detection method currently exists. This, together 
with differences in pre-analytical sample pro-
cessing, has led to the collection and accumula-
tion of inconsistent data among independent 
studies. 

 We summarize here a number of recent stud-
ies that have focused on the comparison of differ-
ent CTC methodologies, using the same clinical 
samples. 

 Andreopoulou et al. compared the CellSearch 
system and a molecular assay, the AdnaTest 
BreastCancer Select/Detect, to evaluate the 
extent that these assays differ in their ability to 
detect  CTCs   in the PB of MBC patients. The 
overall positive agreement between these two dif-
ferent methodologies was 73 % for CTC > 2 and 
69 % for CTC > 5. These preliminary data sug-
gest that theAdnaTest has equivalent sensitivity 
to that of the CellSearch system in detecting 2 or 
more CTCs. While there is concordance between 
these 2  methods  , the AdnaTest complements the 
CellSearch system by improving the overall CTC 
detection rate and permitting the assessment of 
genomic markers in CTCs [ 4 ]. 

 Khoja L et al. compared prospectively the util-
ity of two platforms for CTC enumeration and 

characterisation in pancreatic cancer patients in a 
pilot exploratory study. Blood samples were 
obtained prospectively from 54 consenting 
patients and analysed by CellSearch and isolation 
by size of epithelial tumour cells (ISET). 
CellSearch exploits immunomagnetic capture of 
 CTCs  -expressing epithelial markers, whereas 
ISET is a marker independent, blood fi ltration 
device. CTC expression of epithelial and mesen-
chymal markers was assessed to explore any dis-
crepancy in CTC number between the two 
platforms. According to their fi ndings, ISET 
detects more CTCs than CellSearch and offers 
fl exible CTC characterisation with potential to 
investigate CTC biology and develop biomarkers 
for pancreatic cancer patient management [ 70 ] 

 When three different CTC molecular assays 
were compared, using the same cDNAs through-
out our study to avoid discrepancies due to pre- 
analytical errors all CTC assays gave similar 
results in about 70 % of cases. Better agreement 
was found in the metastatic setting, possibly 
explained by the higher tumor load in this group. 
Discordances could be attributed to the different 
gene transcripts used to evaluate CTC positivity. 
These results indicate the importance of CTC 
heterogeneity for their detection by different ana-
lytical methodologies [ 143 ]. 

 The DETECT trial for metastatic breast can-
cer patients was designed to directly compare the 
prognostic impact of two commercially available 
CTC assays that are prominent representatives of 
immunocytochemical and RT-PCR based tech-
nologies.  CTCs   were assessed using both the 
AdnaTest Breast  Cancer   and the CellSearch sys-
tem according to the manufacturers’ instructions 
using 254 metastatic breast cancer patients. 
According to this study, when using the 
CellSearch system, there was a prognostic impact 
for OS even in the subgroups of patients with 
triple negative, HER2-positive and hormone 
 receptor  -positive/HER2-negative primary tumors 
while CTC-positivity assessed by the AdnaTest 
Breast had no association with PFS or OS. [ 98 ] 

 Gervasoni et al. compared the ability of three 
different  methods   to detect  CTCs   in the blood of 
colorectal cancer patients. Specifi cally, different 
aliquots of the same blood sample were screened 
for the presence of CTCs by a multimarker 
RT-PCR assay, the standardized CellSearch assay 
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and dHPLC-based gene mutation analysis. In the 
population tested, none of the blood samples ana-
lysed appeared to be positive by all three meth-
ods. The samples which were positive for CTCs 
by the CellSearch assay did not overlap with 
those that were positive by dHPLC. Interestingly, 
however, all of these samples were positive when 
assessed by RT-PCR. Conversely, of the samples 
that resulted negative by RT-PCR analysis, none 
appeared to be positive by either of the other 
methods. These data, therefore, indicate that of 
the three methods tested, the multimarker 
RT-PCR assay provides maximal probability of 
CTC detection [ 40 ]. 

 When  CTCs   were compared with classic 
serum tumor biomarkers ( CA 15–3, CEA  and lac-
tate dehydrogenase) as prognostic markers in 
metastatic breast cancer, it was found that ele-
vated CTCs before cycle 2 are an early predictive 
marker of poor PFS and OS, which could be used 
to monitor treatment benefi t [ 117 ].  

21.2.3     Quality Control Issues 

 Standardization of CTC detection and character-
ization methodologies is important for the incor-
poration of CTC into prospective clinical trials 
testing their clinical utility. Despite the attractive-
ness and potential convenience of using blood- 
based CTC assays to diagnose genomic 
alterations and follow response to therapy in 
solid cancers, these technologies face signifi cant 
hurdles and have not been included as yet in the 
guidelines to supplement tissue-based diagnos-
tics. The main issues with CTC assays are the 
lack of standardized  methods   to defi ne and cap-
ture these cells and the technical challenges in 
capturing a few CTC among billions of non- 
cancerous circulating blood cells. 

 Critical issues concerning the standardized 
detection of CTC include: (a) the standardization 
of the pre-analytical phase such as sampling itself 
(eg sample volume, avoidance of epidermal 
 epithelial cells co-sampling in case that epithelial 
markers such as  CK-19   will be later used for 
CTC detection), sample shipping (stability of 

CTC under different conditions) and storage con-
ditions (use of preservatives, or anticoagulants), 
(b) standardization of CTC isolation through use 
of spiking controls in  peripheral blood,   and (c) 
standardization of detection systems (d) inter- 
laboratory and intra laboratory comparison stud-
ies for the same samples. The development of 
international standards for CTC enumeration and 
characterization is also very important especially 
in imaging detection systems that are observer- 
dependent (Lianidou 2011; Parkinson 2012). 

 Kraan et al. evaluated the feasibility of per-
forming an external quality assurance (EQA) of 
the entire CellSearch procedure from blood draw 
to interpretation of results in multiple laborato-
ries. Blood samples from six cancer patients and 
controls were distributed to 14 independent labo-
ratories to test between-laboratory, between- 
assay, and between-instrument variation. 
Additionally, between-operator variability was 
assessed through the interpretation of blinded 
images of all blood samples on a website. 
According to the results of this study, shipment 
and storage of samples had no infl uence on CTC 
values. Between-instrument and between-assay 
variation was low indicating high reproducibility. 
However, between-laboratory CV ranged from 
45 to 64 %. Although inter-operator agreement 
on image interpretation (Fleiss’  K  statistics) 
ranged from “substantial” to “almost perfect,” 
image interpretation, particularly of samples con-
taining high numbers of apoptotic cells, was the 
main contributor to between-laboratory variation. 
This multicenter study has shown the feasibility 
of an EQA program for CTC detection in patient 
samples, and the importance of continuation of 
such a program for the harmonization of CTC 
enumeration [ 75 ]. 

 A very recent study evaluated the inter-reader 
agreement of the results obtained with the FDA- 
cleared CellSearch sytem for HER-2 in breast 
cancer, using exactly the same CTC images. For 
this reason, the same CellSearch images were 
sent to 22 readers from 15 academic laboratories 
and 8 readers from two Veridex laboratories. 
The inter-reader agreement for CTC defi nition 
was high, while reduced agreement was observed 
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in M0 patients with low CTC counts. Continuous 
training and independent image review are 
required [ 60 ]. 

 A recent manuscript summarized in a global 
aspect current thinking on the value and promise 
of evolving CTC technologies for cancer patient 
diagnosis, prognosis, and response to therapy, as 
well as accelerating oncologic drug development. 
According to Parkinson et al., moving forward 
requires the application of the classic steps in 
biomarker development-analytical and clinical 
validation and clinical qualifi cation for specifi c 
contexts of use [ 109 ]. There is still a lot to be 
done for the automation, standardization, quality 
control and accreditation of analytical methodol-
ogies used for CTC isolation, detection and 
 molecular characterization  . When this goal is 
achieved, the next logical step will be to use CTC 
technologies to diagnose patients, select 
biomarker- based therapeutics, and monitor 
response to therapies using not only pathologic 
tissues but also  CTCs  .   

21.3     Conclusions: Future 
Perpectives 

 The main advantage of CTC analysis is based on 
their unique potential to offer a minimally inva-
sive “ liquid biopsy  ” sample, easily obtainable at 
multiple time points during disease history which 
can provide valuable information on the very early 
assessment of treatment effi cacy and can help 
towards establishing individualized treatment 
approaches that will improve effi cacy with less 
cost and side effects for cancer patients [ 3 ,  80 ]. 

 CTC downstream  molecular characterization   
at the protein, DNA [ 16 ,  17 ] and RNA level, 
could now serve as a “ liquid biopsy  ” approach 
and eventually offer additional information and 
even more a serious advantage over the conven-
tional and well established tumor biopsy approach 
since peripheral blood samples can be frequently 
and sequentially obtained [ 3 ,  80 ]. 

 Cell free DNA (cfDNA) circulating in plasma 
or serum of cancer patients has also been recently 
proposed as an alternative to  CTCs   liquid biopsy   
approach [ 11 ,  30 ,  90 ]. It has been recently shown 

that by using extremely powerful and highly sen-
sitive detection techniques, the presence of spe-
cifi c mutations in plasma of cancer patients could 
give valuable information concerning response to 
specifi c molecular targeted therapies [ 99 ]. 
However, there is a substantial difference between 
these two approaches; CTCs are viable cells, cir-
culating in blood, and understanding their biol-
ogy in a holistic way, could give valuable 
information on the metastatic spread, elucidate 
their connection to cancer stem cells, and reveal 
active and possible targetable signalling net-
works, while cfDNA can give specifi c informa-
tion as a circulating biomarker, for the presence 
or absence of specifi c alterations indicating ther-
apy response. 

 Co-development of anticancer therapeutics 
with CTC-based diagnostics could enable clini-
cal validation and qualifi cation of CTC-based 
assays as companion diagnostics in the near 
future [ 123 ]. Further research on the  molecular 
characterization   of CTC will provide important 
information for the identifi cation of therapeutic 
targets and understanding resistance to therapies. 
The molecular characterization of CTC is highly 
challenging especially in combination with next 
generation sequencing technologies that will 
enable the elucidation of molecular pathways in 
CTC and will probably lead to the design of 
novel molecular therapies targeting specifi cally 
CTC. Even if this is still far from being consid-
ered to be applied in a routine clinical setting, it 
holds a great promise for the future management 
of cancer patients.     
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