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Abstract

Background In spite of various treatment options currently
available, ovarian cancer (OC) still remains a leading cause
of death in women world-wide. Diagnosis at an early stage is
one of the most important factors that determines survival.
Current clinical diagnostic tools have, however, a limited ef-
ficacy in early OC detection. Therefore, there is a critical need
for new (early) diagnostic biomarkers and tools. Through ad-
vances in genomic, proteomic and metabolomic techniques,
several novel molecular OC biomarkers have recently been
identified. These biomarkers are currently subject to valida-
tion. In addition, integration of genomic, proteomic and
metabolomic data, in conjunction with epidemiologic and
clinical data, is considered essential for obtaining useful re-
sults. Interesting recent work has already shown that specific
diagnostic biomarkers, such as BRCA mutations, may have
profound therapeutic implications. Here, we review the cur-
rent state of OC research through literature and database
searches, with a focus on various recently identified
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biomarkers via different technologies for the (early) diagnosis,
prognosis and treatment of OC.

Conclusions Multi-biomarker panels accompanied by a me-
ticulous determination of their sensitivity and specificity, as
well their validation, using multivariate analyses will be crit-
ical for its clinical application, including early OC detection
and tailor-made OC treatment.
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1 Introduction

Ovarian cancers (OCs) are considered to be the most deadly
gynecological cancers [1, 2]. They are the seventh leading
cause of cancer and the eighth leading cause of cancer-
related death among women worldwide [1]. The highest inci-
dences are observed in Central and Eastern Europe and the
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lowest in West Africa [1, 2]. Although the prognosis is mostly
excellent at an early stage of the disease, a lack of specific
symptoms, a poor anatomical accessibility of the ovaries, ig-
norance of tumor growth kinetics (i.e., a possible pre-clinical
latent phase), together with its relative rarity, represent barriers
to its early detection [3, 4]. Although a modest improvement
in OC survival in the last decades has been reported [5], wom-
en diagnosed with OC at an advanced stage still reach 5 year
survival rates of less than 20%, including cases that undergo
surgery and chemotherapy, whereas in women who are diag-
nosed at an early stage the survival rates rise up to 90% [2, 6].
Hence, early diagnosis is one of the most important determi-
nants in the successful treatment and survival of OC. The
present techniques to diagnose OC at its first stages are, how-
ever, not well developed and not very precise.

The current routine detection of OC is primarily based on
the serum level of CA-125, which shows an increase of ~80—
85% in women with OC. This biomarker does, however, not
always show an increase at the first stages of OC development
and, therefore, only ~50% of these cases can be diagnosed
using this biomarker. Although CA-125 is useful and widely
used for OC monitoring, it lacks both the sensitivity and the
specificity for early OC detection [2]. Early detection strate-
gies must reach both a high sensitivity (> 75%) and a very
high specificity (99.6%) in order to achieve a positive predic-
tive value (PPV) of at least 10% [2, 6-8]. Since these require-
ments are not met by CA-125, the discovery of new bio-
markers appears to be a prerequisite. Next to several recently
identified novel biomarkers, advances in translational re-
search, including the use of liquid biopsies, are expected to
accelerate the discovery of such biomarkers and, thereby, to
improve personalized OC patient care. In this review we dis-
cuss novel OC biomarkers that have recently been reported,
including proteomic biomarkers, metabolomic biomarkers,
exosomes, circulating tumor cells, peritoneal biomarkers, epi-
genetic biomarkers and microRNAs, with a focus on the path-
ogenesis of OC and its (early) diagnostic and therapeutic
perspectives.

In recent years, the number of publications on both basic
and clinical OC research has shown a rapid growth
(Supplementary Fig. 1) [9]. We conducted a publication
search in the Scopus, Medline/PubMed and Web of Science
(Thomson Reuters®) databases from 2010 to 2016, using a
combination of medical subject heading terms (MeSH) and
keywords. Clinical trials were searched from the registry as
well as the database of the U.S. National Institute of Health
(www.clinicaltrials.gov). The MeSH terms used included
‘ovarian cancer’, ‘biomarkers’, ‘diagnosis’, ‘prognosis’,
‘proteomics’, ‘metabolomics’, ‘circulating tumor cells’,
‘peritoneal biomarkers’ and ‘epigenetics’. Published full-text
articles were selected from the international peer reviewed
literature. We independently identified and evaluated relevant
scientific literature that provided information on the use of OC
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biomarkers in oncological practice, experimental research and
clinical trials. Each article abstract was analyzed according to
pre-selected criteria. The results of this initial screening were
cross-referenced and full-text records were obtained for all
potentially relevant articles. The references in all included
articles were also checked.

2 Histopathologic and molecular characteristics
of ovarian cancer

Several recent studies have highlighted the histological and
molecular heterogeneity of OCs, including subtypes with sig-
nificant differences in morphology, oncogenesis, prognosis,
chemo-sensitivity and molecular alterations that may serve
as targets for new therapeutic approaches [10—12]. Using high
throughput sequencing technologies, a vast number of geno-
mic alterations has been identified. Specifically, it has been
found that type II carcinomas (high grade) are characterized
by a high genomic instability and the occurrence of frequent
amplifications and deletions, whereas type I carcinomas (low
grade) are stable at the overall genomic level, but frequently
exhibit point mutations [13-16].

The majority of OCs is epithelial in origin (75-80%) [17,
18]. Non-epithelial OCs include germ cell tumors and other
rare tumors such as small cell cancers [19, 20]. These latter
OCs tend to develop in younger women, are usually diag-
nosed at an earlier stage and generally have a better prognosis.
Among the epithelial OCs, ovarian adenocarcinomas typically
occur as high-grade tumors. Epithelial OCs with a papillary
serous histology, occurring in patients over 60 years of age,
are usually diagnosed at an advanced stage (75% in stage I1I-
IV) [21, 22]. They are poorly differentiated and rarely express
the estrogen receptor [23]. Overall, ovarian adenocarcinomas
can be divided into two sub-groups based on their grade and
morphology: type I, including low-grade serous and mucinous
carcinomas, endometrioid carcinomas, clear cell carcinomas
and transitional cell carcinomas and type II, including high-
grade serous adenocarcinomas, carcinosarcomas, undifferen-
tiated carcinomas and high-grade endometroid carcinomas
(Fig. 1a and b). Despite the occurrence of these histological
subtypes, OCs are currently treated as a single disease.

2.1 Type I ovarian carcinomas

Low grade type [ OCs are typically well differentiated, and are
characterized by an overall genomic stability and an absence
of p53 mutations. These carcinomas are often restricted to the
ovary (stage I), at which stage surgical excision allows a high
recovery rate [24]. In case of advanced stage or recurrence,
chemotherapy with platinum salts is indicated, but this treat-
ment does not seem to be very effective. The more advanced
tumors evolve mostly from pre-invasive lesions such as serous
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Fig. 1 General characteristics of type I (a) and type II (b) ovarian
cancers. For details see text

or mucinous cystadenomas, or from endometriosis in the case
of endometrioid or clear cell tumors [24, 25]. These tu-
mors are also highly angiogenic, which has prompted
the initiation of several clinical trials using tyrosine kinase
receptor-associated VEGF inhibitors [26-28]. Additionally,
these tumors frequently carry mutations in the KRAS and
BRAF genes [17, 24].

2.2 Type Il ovarian carcinomas

High grade type I OCs are usually diagnosed at an advanced
stage and most of them require surgical resection in combina-
tion with adjuvant chemotherapy. Despite the fact that the
response rate to cisplatin-paclitaxel combination treatment is
in the order of 75%, relapse is almost inevitable and underlies
a relatively low five-year survival rate of ~30% [29]. The
tumors develop from epithelial cells originating from both
the ovary and the fallopian tube. Recent data suggest that these
tumors do not progress from pre-invasive lesions but rather
develop de novo as a result of mutations in the tumor suppres-
sor gene p53 [30-33]. Inactivating p53 mutations are indeed
ubiquitous in type Il adenocarcinomas [34] and high through-
put sequencing has confirmed the presence of p53 mutations
in 96% of the type Il adenocarcinomas. These tumors are not
only characterized by a high proliferation rate, but also by a
high genetic instability due to their decreased DNA repair
capacity. Other inactivating mutations in tumor suppressor
genes such as NF/ and RBI have also been encountered in

these tumors, whereas activating mutations in oncogenes such
as KRAS, BRAF, PTEN, HER2, EGFR and KIT turned out to
be rare (Fig. 2 summarizes some of these alterations as well as
others encountered in OC) [35].

It has also been found that up to 19-22% [36] of the high-
grade serous adenocarcinomas may carry (germline or somat-
ic) mutations in either the BRCAI or the BRCA2 gene [37].
Also these mutations result in a decreased capacity to repair
damaged DNA, especially homologous recombination repair
of double-strand breaks (DSBs) generated by platinum salts
[38]. Normally, single strand DNA breaks are repaired by
poly-ADP-ribose polymerase (PARP). Interestingly, it has re-
cently been found that PARP inhibitors such as olaparib elicit
encouraging therapeutic effects in BRCA1 and BRCA2-
deficient OCs (i.e., synthetic lethality concept) and several
clinical trials have been carried out to evaluate the efficacy
of PARP inhibitors in these tumors [39, 40]. In 2014, the
European Medicines Agency (EMA) has approved PARP in-
hibitor monotherapy for maintenance treatment of adult pa-
tients with platinum-sensitive relapsed BRCA-mutated
(germline or somatic) high grade serous epithelial ovarian,
fallopian tube or primary peritoneal cancers. Several next-
generation sequencing techniques have been developed to de-
tect BRCAI and BRCA2 mutations in patient-derived blood
DNA [41, 42]. Until recently, the detection of such mutations
in DNA derived from formalin-fixed and paraffin embedded
(FFPE) tumor tissue has not attracted much attention due to its
low quality and high degree of fragmentation. For an effective
and reliable detection of these mutations in FFPE tissue sam-
ples, a novel and promising test has very recently been devel-
oped [36]. This test is based on single molecule molecular
inversion probe (smMIP)-targeted sequencing [43] and ap-
pears to reliably detect somatic mutations in FFPE tissue sam-
ples with a sensitivity of 97,8%. As such, OC patients can now
efficiently be selected for PARP inhibitor treatment and, in
addition, the detection of a possible hereditary risk.

Ovarian

Cancer

Constitutive mutations
Amplifications
Point mutations

Fig.2 Molecular alterations in type Il ovarian cancers. Diagram showing
genes exhibiting different genetic aberrations (constitutive mutations,
amplifications or point mutations) detected in ovarian cancer using new
sequencing technologies
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3 Serological biomarkers

Large-scale gene expression analyses have led to the identifi-
cation of a myriad of genes that are over-expressed in OCs and
that, as such, may serve as candidate biomarkers. However,
since gene expression patterns are dynamic and may depend
on both genetic and epigenetic factors, attention has shifted to
protein-based biomarkers. To this end, protein microarrays
(chips), as well as methods to profile metabolites and, more
recently, exosomes have been developed and applied to un-
ravel the molecular mechanisms underlying OC initiation and
progression and to generate useful serological biomarkers.

3.1 Proteomic biomarkers
3.1.1 Cancer antigen-125

Cancer antigen-125 (CA-125) is a large transmembrane gly-
coprotein that is encoded by the MUC16 gene. CA-125 over-
expression was first detected in ovarian carcinoma-derived
cell lines using monoclonal antibody OC125. Despite its early
identification, a specific function of CA-125 still remains to be
defined both in normal physiologic conditions and in cancer
development [44]. In addition, it has been found that certain
factors such as race/ethnicity, age, smoking history, obesity
and hysterectomy may alter CA-125 levels. Despite this
well-recognized limitation, CA-125 is still regarded as the
gold standard and is widely used as serum biomarker for OC
detection. CA-125 is approved by the US FDA for disease
monitoring in patients diagnosed with epithelial OC. It is also
used for OC screening in women who have an increased risk
due to congenital BRCA mutations, combined with
transvaginal ultrasound examination [45]. The recommenda-
tions of the National Academy of Clinical Biochemistry
(NACB) panel for CA-125 as a biomarker in OC are (i) for
combined use with trans-vaginal ultrasound examination for
early detection in hereditary syndromes, (ii) for differential
diagnosis in cases with a suspicious pelvic mass, (iii) for re-
currence detection, (iv) for therapy monitoring and (v) for
prognostication. The NACB panel does not recommend CA-
125 for OC screening, especially in asymptomatic women,
due to its lack of sensitivity and specificity as a single marker.

In a cancer screening trial in the USA, which included
prostate, lung, colorectal and ovarian cancer (PLCO), 78,216
healthy women (aged 55 to 74 years) were randomly selected
for either annual CA-125 and trans-vaginal ultrasound exam-
ination or for standard care. The team reported that CA-125/
transvaginal sonography (TVS) screening did not lead to a
reduction in OC mortality rates compared to standard care
and that, additionally, false-positive screening results were
found to be associated with complications due to unnecessary
surgery [46]. On the other hand, in the United Kingdom
Collaborative Trial of OC Screening (UKCTOCS), 202,638
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postmenopausal women assumed to be at an average risk for
OC were allocated randomly for an annual multimodal screen-
ing, encompassing CA-125 screening, ultrasound screening
and/or no screening [47]. The team reported that multimodal
screening yielded a significantly higher specificity compared
to ultrasound screening alone (99.8% versus 9.2%), as well as
a higher positive predictive value (PPV; 35.1% versus 2.8%),
whereas the sensitivities did not significantly differ between
these two groups. Serum CA-125 levels are still widely used
in large OC screening programs, but it is clear that combining
CA-125 with other markers such as HE4, CA19-9, CA72-4
and/or CA-153 may considerably improve the sensitivity of
the screening and the monitoring of recurrences [48].
Additionally, advances in genomic and proteomic technolo-
gies have provided opportunities for the discovery of novel
OC biomarkers.

3.1.2 Risk of ovarian malignancy algorithm

A scoring system called risk of ovarian malignancy algorithm
(ROMA) has been developed for the assessment of meno-
pausal status as a reference for a high or low risk of a malig-
nancy in women presenting with a pelvic mass. ROMA is a
serum-based scoring system that combines CA-125 and HE4
serum levels. In a prospective, multicenter, blinded clinical
trial, ROMA was used to evaluate 472 women diagnosed with
a pelvic mass. Nine of these women were found to exhibit OC
[49]. Overall, ROMA provided a 93.8% sensitivity and a
74.9% specificity, whereas al00% sensitivity and a 74.2%
specificity were achieved in pre-menopausal women. Based
on this clinical trial, and the fact that it was found to be ben-
eficial for patients with OC in terms of mortality and morbid-
ity [48], ROMA has been approved by the US FDA for OC
risk estimation in pre- and post-menopausal women with pel-
vic masses [49]. It has been found that HE4 shows a similar
specificity and sensitivity as CA-125, but a decreased false-
positive yield [50]. Very recently, Xu et al. [51] reported that
HE4 may serve as a better predictor of malignancy than CA-
125 in patients with a pelvic mass and as a better biomarker for
the diagnosis of early-stage epithelial OC.

3.1.3 Multi-marker assays

In the past, multi-marker assays have been developed to dis-
tinguish OC cases from healthy controls using different panels
of old and novel biomarkers such as CA-125, ApoAl and
TTR, or CA-125, CA72.4 and M-CSF, or CA-125, 1L-6,
IL-8, VEGF and EGF, or CA-125, TTR and ApoAl, or CA-
125, leptin, PRL, OPN, IGF-II and MIF, or CA-125, HE4,
glycodelin, Plau-R, MUC1 and PAIl, or CA-125, HE4,
CEA and VCAM-1, or CA-125, CRP, SAA, IL-6 and IL-8
[52, 53]. All these proteins were found to be secreted at var-
ious (elevated) levels in the majority of OCs, necessitating
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their combination for obtaining sensitive detection levels.
Additional promising avenues have more recently been ex-
plored with new biomarkers, next to CA-125, for OC detec-
tion [54, 55]. Yurkovetsky et al. [54] for example investigated
96 serum biomarkers in healthy women and OC patients (139
patients with early stage OC, 149 patients with late stage OC
and 1102 healthy women) using multiplex xMAP bead-based
immunoassays. A four-biomarker panel (CA-125, HE4, CEA
and VCAM-1) turned out to provide the highest diagnostic
power with a 86% sensitivity for early stage OC detection
and a 93% sensitivity for late stage OC detection with a spec-
ificity of 98%. This test was also applied to an independent
blinded validation cohort and, by doing so, found to provide a
86% sensitivity for stage I and I OC detection and a 95%
sensitivity for stage III OC detection. Recently, the European
EPIC cohort was employed to prospectively evaluate the per-
formance of some of the most promising OC screening bio-
markers [56]. In this study the serological levels of CA-125,
HE4, CA72.4 and CA15.3 were measured in 810 OC cases
and 1939 controls. It was found that the best biomarker was
CA-125, followed by HE4, CA72.4 and CA15.3, respectively.
So, although CA-125 is still the best and single most widely
used biomarker for the early detection of OC, its performance
can be improved through its combination with other bio-
markers, as has been shown using multi-marker assays.

Yet another panel (OVA1) has been approved by the US
FDA as a test panel for patients with a pelvic mass [57]. This
panel contains five biomarkers (CA-125, Transthyretin,
APOA-1, 32-Microglobulin and TF) that have been identified
using SELDI-TOF-MS [58]. The OVAI test, which has re-
placed the CA-125 test in the ovarian tumor referral guidelines
of the American College of Obstetricians and Gynecologists
(ACOG), provides a sensitivity of 94% and a specificity of
35%, with a positive predictive value (PPV) of 40% and a
negative predictive value (NPV) of 93%. It provides an in-
crease in NPV, but a decrease in PPV, compared to the CA-
125 test [59]. The US FDA-approved ROMA and OVALI tests
represent prime examples of tests for the detection of a wide
range of OCs, including early-stage OCs and disease among
pre- and post-menopausal women, and of obtaining specificity
for benign masses.

Using nanotechnology, point-of-care platforms for OC de-
tection hold promise for low-cost and large-scale screening
purposes. Multiplexed biomarker panels may provide a high
sensitivity and specificity for the early detection of OC. In this
respect, Shadfan et al. [60] configured a programmable bio-
nano-chip (p-BNC) with an immunoanalyzer system to quan-
tify a multi-marker panel comprising CA-125, HE4, MMP-7
and CA72.4. By using this system, they obtained a high spec-
ificity, a low cross-reactivity, low detection limits and a short
analysis time (43 min). The p-BNC system appears promising
for large-scale OC screening, with rapid results at low costs.
Additional interesting OC biomarker panels currently under

investigation are listed in Supplementary Table 1
[53, 61, 62], for which trials encompassing large
patient-control cohorts are required. Some of these trials
are currently ongoing (Supplementary Table 2).

3.1.4 Other proteomic biomarkers

Additional biomarkers have shown to be promising for OC
screening, including certain members of the kallikrein family,
especially hK6, hK10 and hK11, of which the levels have been
found to be elevated in OC patient sera [63, 64]. As a result, a
combined CA-125/ hKs assay could be developed with a spec-
ificity of > 90% for early stage (stages I and II) OC detection
[65]. When all these proteins were combined with CA-125, the
sensitivity increased to 74% and the specificity to 97%.

The p21 protein binds with and inhibits the activity of
cyclin-CDK2 and cyclin-CDK4 complexes [66] and can me-
diate p53-dependent G1 phase cell cycle arrest. The p21 pro-
tein also appears to be an excellent predictor of treatment
response and survival among OC patients, especially the
p53-negative ones [67]. In addition to p21, also p57 and p27
represent promising prognostic OC biomarkers, and a de-
creased p27 level has been associated with a poor survival rate
[68]. Also RB1, another cell cycle regulator [69] and BCL-2,
which is involved in apoptosis [70], have been found to serve
as important prognostic biomarkers. The latter has also been
associated with response to chemotherapy, similar to BAX
[71]. VEGEF, an important growth factor implicated in angio-
genesis, is considered to be a biomarker for early OC detection
and prognosis. Lawicki et al. [72] investigated serum VEGF
levels in comparison to plasma HE4 and CA-125 levels in 100
OC patients. They found that the VEGF levels were signifi-
cantly higher in the OCs compared to those in control groups,
suggesting its usefulness for early OC detection, especially in
combination with CA-125 and HE4 [72].

A new biomarker, protein Z (a serine protease acting in the
coagulation cascade), was recently introduced as a promising
biomarker for early OC detection when combined with CA-
125. In a blinded study on serum collected from participants in
the UKCTOCS trial, protein Z was found to be significantly
up-regulated in the OC cases and to, indeed, serve as a new
early OC detection biomarker [73].

3.2 Metabolomic biomarkers

OCs possess several properties that are considered essential
for the development of cancer, including altered cellular sig-
naling and metabolic pathways, as well as secondary modifi-
cations of proteins, carbohydrates and lipids. It has been found
that omental adipocytes may provide energy-rich lipids for
OC growth and metastasis [74]. Therefore, lipid metabolism
and transport processes may serve as promising targets for
therapeutic intervention [75]. It is well-known that for their
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energy supply cancer cells may shift from oxidative phosphor-
ylation to glycolysis, resulting in the generation of lactate for
ATP production, while their oxygen requirements remain sim-
ilar to non-transformed cells (i.e., the Warburg effect) [ 76, 77].
Hence, by increasing their glucose catabolism, cancer cells
must increase their glucose uptake through the up-regulation
of glucose transporters (GLUT 1-9) [78]. This increase in
glycolysis involves the AKT pathway through nuclear
factor-kB (NF-kB) and hypoxia-inducible factor 1 (HIF1),
as well as transporters and glycolytic enzymes (GLUT, hexo-
kinase 2 and LDH) [78] and certain isoenzymes, such as py-
ruvate kinase 2 (PKM2) [79]. OC has also been found to be
associated with a set of canonical pathways affecting the syn-
thesis of aminoacyl-tRNA, phenylalanine, tyrosine and tryp-
tophan, the urea cycle and the metabolism of glycine, serine,
threonine, glutamate and amino groups [80]. These latter com-
pounds may be used as surrogate end-points in clinical OC
trials using new metabolic targets.

3.3 Exosomes

Exosomes (Exo) are small extracellular membrane vesicles
with a diameter of 30-100 nm, that are derived from the
endosomal cellular compartments and are released by the fu-
sion of multi-vesicular bodies with the cell membrane [81,
82]. They are recognized as mediators of intercellular commu-
nication and as regulators of both systemic and local process-
es. They can transfer their functional content (i.e., proteins,
metabolites, DNAs, mRNAs, non-coding RNAs and retro-
transposon elements) from donor cells to recipient cells
[83—85] and may serve as gene delivery systems [86]. OC-
derived Exo can bind to stroma cells and, by doing so, support
OC growth and progression, inducing angiogenesis and
vasculogenesis, immunosuppression and the recruitment of
bone marrow-derived progenitors to the primary tumor or to
the sites of metastasis [87]. Exo secretion is controlled by the
RAB family of small GTPases, i.c., the Rabl1, Rab27, Rab35
and SNARE proteins [88]. Several proteins have been identi-
fied in OC-derived Exo such as the tetraspanins CD63 and
CD81, the major histocompatibility complex I (MHCI), the
lysosomal-associated membrane proteins 1 and 2 (LAMPI,
LAMP2) and the tumor susceptibility gene 101 protein
(TSG101) [88]. Additionally, it has been found that OC-
derived Exo may contain proteins and nucleic acids that define
a specific signature of a donor cell [89], in particular
tetraspanins and glycosylphosphatidyl-inositol-anchored
membrane proteins such as CD24 [89]. Interestingly, it has
been found that patient blood serum enriched in Exo repre-
sents an easy and accessible source for potential biomarkers
such as micro-RNAs, proteins and metabolites that may act in
an autocrine manner, which may be instrumental for improv-
ing the diagnostic accuracy of OC and other tumor types
[89-92].
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4 Role of circulating tumor cells

According to Hanahan and Weinberg [93], the genesis of me-
tastases from epithelial tumors, as is the case with OC, in-
volves several steps. Cancer cells may actively detach from
the primary tumor and subsequently circulate in the blood or
lymphatic system to reach distant organs [94]. These circulat-
ing tumor cells (CTCs) are viable cells that can be isolated and
detected using various approaches (highly sensitive and spe-
cific methods combined with enrichment and detection tech-
nologies) that are based on their physical and biological prop-
erties (liquid biopsy in real time conditions) [95, 96]. Since the
primary way of OC spreading is direct into the peritoneal
cavity and distant metastases only occur in 25% of the pa-
tients, research on CTCs in the case of epithelial OC has
gained little interest. Recent studies have, nevertheless, re-
vealed an important role of OC spread through blood and
lymph vessel systems and have shown that the presence of
CTCs may be associated with an advanced tumor stage.
Currently, there are several ongoing clinical trials (www.
clinicaltrials.gov-National Institutes of Health) that use this
concept in OC and other cancers (Supplementary Table 3).
Various techniques have been developed to detect,
enumerate and characterize CTCs. Currently, positive
immunomagnetic enrichment methods, based on markers
expressed on the surface of CTCs, in association with immu-
nostaining and qRT-PCR for visualization and quantification,
respectively, are widely used for the detection of CTCs in
experimental and clinical settings, but they are still subject
to changes related to the continuous emergence of new tech-
niques [93, 97]. Recently, Obermayr et al. [98] conducted a
study to identify novel CTC biomarkers in OC patients
through microarray-based gene expression analyses, compar-
ing matched OC tissues and blood leucocytes. They found that
CTCs could be detected in 24.5% of the baseline (diagnosis)
samples and in 20.4% of the follow-up samples, of which two
thirds were identified by over-expression of the cyclophilin C
gene (PPIC). The presence of CTCs at diagnosis was corre-
lated with the presence of ascites and elevated CA-125 and
HE4 levels. In another study conducted by the same group to
identify new gene markers for PCR-based detection of
CTCs [99], it was found that a panel of six genes (CCNE2,
DKFZp762E1312, EMP2, MAL2, PPIC and SLC6AS) was
superior to EpCAM (Epithelial cell adhesion molecule) and
Hmam (Human mammaglobin) for the detection of CTCs in
peripheral blood of breast cancer patients. These genes may
also serve as biomarkers for CTCs derived from endometrial,
cervical and ovarian cancers. Very recently, Kolostova et al.
[100] succeeded in culturing CTCs derived from OC patients
(mainly stage IIIB-C) using a recently developed separation
technology (MetaCell®). By using this approach, CTCs could
successfully be detected in 77 out of 118 OC patients (65.2%).
In another similar study, Kolostova et al. [101] used the
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MetaCell® technique to detect CTCs via vital fluorescence
microscopy-based cytomorphologic evaluation combined
with relative gene expression analysis. This study confirmed
a statistically significant difference in expression of the KR77,
WT1, EpCAM, MUC16, MUCI, KRT18 and KRT19 genes.
The authors concluded that a combination of these genes
may confirm the presence of CTCs in OC patients with a high
degree of specificity. Since validation studies are still ongoing,
no definite conclusions can currently be drawn on the use of
CTC:s for early OC detection. To this end, results from further
CTC detection studies as well as from larger cohort trials are
awaited.

5 Peritoneal biomarkers

Ascites formation frequently results from pro-inflammatory
cytokines and growth factors that induce the collection of
fluids and cells through lymphangiogenesis, angiogenesis
and vessel obstruction. OC is considered to be the most fre-
quent cause of malignant ascites formation [55]. The detection
of cancer cells, cell-free tumor DNA and proteins in peritoneal
ascitic fluids by culdocentesis and/or aspiration indicates that
the epithelial basement membrane is degraded, facilitating the
passage of cancer cells. As such, it constitutes a poor prog-
nostic indicator for OC. The search for biomarkers in perito-
neal fluids in patients with OC has attracted the attention of
researchers whose main focus is early detection. According to
the “seed and soil paradigm”, cancer cells have a tendency to
disseminate via different routes such as blood vessels, lym-
phatic vessels and tumor stroma, to reach certain sites [102].
This is also observed in OC [103, 104]. During OC progres-
sion, tumor cells can freely metastasize to the peritoneal cavity
and adhere to the peritoneal lining to reach systemic circula-
tion. At advanced stages, the omentum is affected in 80% of
the cases [17, 104, 105].

Prior to the availability of modern biochemical methods,
the assessment of peritoneal fluid by culdocentesis has been
used as standard method [106]. Since in the case of OC fluids
cancer cells may accumulate in the posterior pelvic cul-de-sac
(pouch of Douglas) [107], this notion may provide important
information on OC diagnosis at an early stage [106]. Actually,
two clinical trials for which patients are still being recruited
use this procedure to detect tumor cell-free DNA, HE4 and
CA-125 (Supplementary Table 4). Interestingly, Kucukgoz
et al. [108], using a cross-sectional study, assessed CA-125,
ferritin, beta-2 microglobulin (b2M) and LDH levels in peri-
toneal fluids of 59 patients with OC, and compared these to
those in 40 patients with benign tumors. They found that the
CA-125, ferritin, b2M and LDH levels in the peritoneal fluids
were significantly higher in the OC patients compared to those
in patients with benign tumors. The analysis of ascites by
microfluidic chips was developed by Peterson et al. [109].

They evaluated 85 commonly recognized OC biomarkers
and found that two-thirds of them were either non-specific
for OC or exhibited a low abundance. In addition, they found
that the expression of EpCAM, CD24 and TAG24 was high in
OC patients compared to controls. Since microfluidic chips
can be developed at a low cost and are simple to use, they
are considered as promising tools for OC screening [109].
Also, up-regulated proteins in peritoneal fluids of serous OC
patients have been detected using label-free mass spectrome-
try [110]. In this latter study, 21 proteomic biomarkers were
investigated that had previously been reported as being up-
regulated in OC, of which 19 were previously validated and
detected in peritoneal fluids of serous OC patients.

6 Epigenetic biomarkers

Epigenetic changes are defined as chromatin alterations that
do not affect the DNA sequence itself [111-113], and include
DNA methylation and histone methylation, acetylation or
phosphorylation [114]. Aberrant DNA methylation is fre-
quently observed in various cancers and has been found to
be one of the earliest molecular modifications during cancer
development [112, 115, 116]. As such, epigenetic changes
hold great promise as biomarkers for (early) cancer detection.
In addition, miRNAs are considered as epigenetic modifiers
that, in analogy to the above mentioned epigenetic modifica-
tions, also hold promise for (early) cancer detection.

6.1 DNA methylation and histone modification

Several technologies such as next generation bisulfite se-
quencing have been developed to assess DNA methylation,
either genome-wide or at specific loci. This work has revealed
several DNA methylation changes that may serve as bio-
markers for OC (Fig. 3) [117]. Other studies have reported
specific methylation patterns in cell-free circulating DNA of
OC patients, indicating that DNA methylation may also serve
as a non-invasive biomarker [118, 119]. Specifically, it has
been shown that CpG island gene promoter hypermethylation
is a recurrent event in OC [120]. However, the frequency and
degree of methylation varies widely among the studies report-
ed. Next to classical anti-oncogenes (i.e., tumor suppressor
and DNA repair genes) such as BRCAI, p16, RASSFIA and
MLHI [120, 121], also other putative anti-oncogenes such as
OPCML may show promoter hypermethylation [122]. Other
recurrently affected genes include the putative tumor suppres-
sor genes ARHI, PEG3 and DLECI, the pro-apoptotic genes
LOT1, DAPK and PAR-4, the cell adhesion genes /[CAM-1 and
CDH1, and the genome stability gene PALB2 [120].
Interestingly, specific gene promoter methylation statuses
have been found to be associated with different clinical OC
features. A comparison of the methylation statuses of the

@ Springer



112

E.B. Khalid et al.

Down-regulated genes (due to histone modification)

Down-regulated genes (due to hypermethylation)

Up-regulated genes (due to hypomethylation)
Up-regulated genes (due to histone modification)

Fig. 3 Gene promoter methylation and histone modification in ovarian cancer. Diagram depicting genes exhibiting promoter methylation or histone
modification in ovarian cancer. They may serve as new biomarkers and therapeutic targets

SFRP, SOX1 and PAX] gene promoters between patients with
benign, borderline or malignant OCs revealed that the meth-
ylation was highest in malignant OCs [120, 123, 124]. On the
other hand, it has been found that also gene promoter hypo-
methylation may be associated with OC [125]. Although lim-
ited examples are available, they include the MCJ, TRAG-3,
Claudin-4 and IGF-2 genes [120, 126, 127].

Next to DNA methylation, also different histone modifica-
tions and alterations in its related enzymes have occasionally
been observed in OC [121, 128]. Normally, histone modifica-
tions may contribute to ovarian functions, including estrogen
and luteal phase activity. Like DNA methylation, anomalous
histone modifications may play a crucial role in the silencing
of anti-oncogenes [121].

For early OC detection noninvasive techniques may be
used for the identification of specific biomarkers in body
fluids. As such, several methylated DNA biomarkers have
been explored in blood, plasma and peritoneal fluid of OC
patients [129-132]. Despite the fact that methylation status
evaluation of single genes usually lacks adequate specificity
for OC detection, a panel of methylation biomarkers may
reach the degree of precision that is required [132, 133].
Whereas DAPK methylation in peripheral blood DNA of
OC patients has e.g. been observed in 67% of the cases
compared to that in healthy individuals [134, 135], it
has also been found that methylation assessment of a
panel of anti-oncogenes (BRCAI, APC, pl6ink4a and
DAPK) can be applied with a high degree of specificity and
sensitivity [129, 136—139].

Epigenetic biomarkers may also provide prognostic infor-
mation. According to data reviewed by Seeber and Van Diest
[120], single methylated genes with a possible prognostic val-
ue for OC (including HOXA 11, FBXO32 and IGFBP-3) have
been associated with a poor prognosis, disease progression
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and a high mortality rate. Despite the fact that some of these
methylated genes may be of prognostic relevance individual-
ly, it is likely that also in this case panels of these genes will be
more informative.

6.2 Micro-RNAs

Micro-RNAs (miRNAs) are small, non-coding RNAs of 18—
25 nucleotides that can post-transcriptionally regulate gene
expression [140, 141]. They are often located in fragile re-
gions of the genome involved in chromosomal alterations in
tumors [129, 130, 142, 143]. Recently, it has been found that
(circulating) miRNA profiles may exhibit strong clinically
relevant signatures in OCs [144]. Indeed, Zhang et al. [145]
found 4 miRNAs to be up-regulated in epithelial OCs versus
normal ovarian tissues, whereas 10 out of 25 miRNAs tested
were found to be down-regulated. Furthermore, it was found
that 25% of the down-regulated miRNAs clustered on three
chromosomes (14, 19 and X) and that 8 miRNAs, which were
found to be down-regulated in early-stage ovarian epithelial
cancer, were located on chromosome 14. Interestingly, a chro-
mosome Xq27.3 miRNA cluster was found to be associated
with both early relapse in advanced stage OC patients and
response to front-line therapy [146]. Several studies revealed
OC miRNA over-expression signatures, including miR-21,
miR-29a, miR-92, miR-93, miR-126, miR-205 and miR-
30c1, whereas others revealed miRNA down-regulation sig-
natures, including miR-99b, miR-127, miR-155, miR-181a,
miR-342-3p and miR-450b-5p [147-152]. Notably, several
miRNAs that have been found to be differentially expressed
[144, 153, 154] still require validation using different controls
and detection methods. Also, several miRNAs have been
found at different levels in different body fluids of OC pa-
tients, such as miR-21, miR-23b, miR-29a, miR-141, miR-
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200a, miR-200b, miR-200c, miR-203, miR-205, miR-214
and miR-30-5p (Supplementary Fig. 5) [91, 155, 156].
Since several of these miRNAs have been associated
with clinical outcome and response to therapy, and since
they are remarkably stable in blood and other body fluids,
they offer a great potential as OC biomarkers (for more details
see [145, 155, 157]).

7 Conclusions and future perspectives

Due to its inter- and intra-heterogeneity, OC is a disease that is
difficult to manage clinically. Recent years have shown an
enormous burst in both fundamental and clinical research
aimed at identifying clinically relevant OC biomarkers. Most
conventional screening methods use a single biomarker (CA-
125), alone or in combination with ultrasound examination.
However, it has become increasingly clear that this strategy is
not very effective, and recent studies have shown that multi-
marker panels may hold promise in this respect. An increasing
body of translational research is devoted to standardizing trial
designs in order to avoid low specificities and sensitivities,
which frequently hampers the use of newly discovered bio-
markers. The recent approvals of the ROMA and OVALl
tests are examples of some of the most important advances
that have recently been made using this strategy. Another piv-
otal example of progress that has been made is the recent
approval of targeted therapy based on the synthetic lethality
paradigm, i.e., PARP inhibition in BRCA mutation-positive
(germline or somatic) OC cases. Also, rapid progress that has
been made in next generation detection techniques and vari-
ous large-scale discovery studies have led to the identification
of promising candidates, including miRNAs and CTCs, for
early OC detection and prognosis. Clearly, additional and
large-scale trials are needed, especially considering the emer-
gence of comprehensive next generation detection methods
and the efficacious use of liquid biopsies. The following
points may be considered for future trials: (i) the diagnostic
and prognostic potential of CA-125 is US FDA approved but
limited, compared to combined biomarkers, (ii) CA-125 is not
suitable for OC screening in the general population and a
search for more sensitive and informative biomarkers is need-
ed, (ii1) combinations of different biomarkers such as ROMA
and OVA 1 may allow the best possible early OC detection and
increase its specificity and sensitivity, (iv) DNA methylation
signatures, altered miRNA expression levels and CTCs are
increasingly recognized as valuable diagnostic and prognostic
OC biomarkers and are subject of intense research, (v) valida-
tion tests of all recently discovered biomarkers are urgently
needed. Indeed, multi-marker panels accompanied by a me-
ticulous determination of their sensitivity, specificity and val-
idation will be critical for translational research and precision
medicine, which are urgently needed.

8 Abbreviations

Akt, Serine-threonine protein kinase; APOA2, Apolipoprotein
A-II; ARHI (also named DIRAS3), aplysia RAS homology
member 1; ATP, Adenosine triphosphate; b2M, beta-2 micro-
globulin; BCL-2, B-cell lymphoma 2; BRCA, Breast cancer
(antigen); CA-125, Cancer antigen 125; CCNE, Cyclin El;
CD9, Cluster of differentiation 9; CDH, major cadherin family;
CDK, Cyclin-dependent kinase; CEA, Carcinoembryonic anti-
gen; CLDN3, Claudin 3; CRP, C-reactive protein; DAPK,
Death-associated protein kinase; DcR3, Decoy receptor 3;
DNA, Deoxyribonucleic acid; DLEC, (also named CLEC4C)
C-type lectin domain family 4 member C; EGF, Epidermal
growth factor; EMP, Embden-Meyerhof pathway; Ep-CAM,
Epithelial cell adhesion molecule; FDA, Food and drug admin-
istration; FFPE, formalin-fixed and paraffin embedded; GLUT,
Glucose transporter; GTP, Guanosine triphosphate; HDAC,
Histone deacetylases; HE4, Human Epididymis Protein 4;
HER, Human epidermal growth factor receptor; HIF,
Hypoxia-inducible factor; hK6, Kallikrein-6; IGF-2, Insulin-
like growth factor 2; Hmam, Human mammaglobin; I[CAM,
Intercellular adhesion molecule; IL-6, Interleukin 6; KIT,
proto-oncogene receptor tyrosine kinase; KRT, Keratin;
LAMP, Lysosome-associated membrane glycoprotein; LOT-1,
Lipo-oxytocin-1; MAL, MyD88-adapter-like; M-CSF,
Macrophage colony-stimulating factor; microRNA, micro
Ribonucleic acid; MIF, Miillerian inhibiting factor; MMP,
Matrix metalloproteinase; MUC, Mucin 1; NF-«B, Nuclear fac-
tor kappa-light-chain-enhancer of activated B cells; NF1,
Neurofibromin 1; NPV, Negative predictive value; OPCML,
Opioid-binding protein/cell adhesion molecule; OPN,
Osteopontin; P21, known as cyclin-dependent kinase inhibitor
1; p53, Phosphoprotein 53; PALB, (also named TTR)
transthyretin; PARP, Poly ADP ribose polymerase; PAX,
Paired box; pRB, Retinoblastoma protein; PAI, Plasminogen
activator inhibitor; PAR-4, Prostate apoptosis response-4;
PKM2, Pyruvate kinase muscle isozyme; Plau-R or uPAR,
Urokinase receptor; PPIC, Peptidyl-prolyl cis-trans isomerase
C; PPV, Positive predictive value; PRL, Prolactin; PTEN,
Phosphatase and tensin homolog; RAF, v-Raf murine sarcoma
viral oncogene homolog B; RAS, Kirsten rat sarcoma;
RASSFI1A, Ras association domain-containing protein 1A;
RB, Retinoblastoma protein; RAB, Ras binding; RT-PCR,
Reverse transcription polymerase chain reaction; SAA, Serum
amyloid A; SLC, Solute carrier; SLPI, Secretory leukocyte pro-
tease inhibitor; SPINT-1, Kunitz-type protease inhibitor 1;
SELDI-TOF-MS, Surface-enhanced laser desorption/
ionization time-of-flight mass spectroscopy; SNARE, Soluble
N-ethylmaleimide-sensitive-factor Attachment protein
Receptor; SOX, Sex determining region Y boxes; TF,
Transferrin; TRAG, WD repeat domain 7; TTR, Transthyretin;
TVS, Transvaginal sonography; UKCTOCS, UK Collaborative
Trial of Ovarian Cancer Screening; V-CAM, Vascular cell
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adhesion protein; VEGF, Vascular endothelial growth factor;
WFDC2, WAP four-disulfide core domain protein 2.
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