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Objectives: Despite improvements in the management of ovarian cancer patients over the last 30 years, there has been
only a minimal improvement in overall survival. While targeted therapeutic approaches for the treatment of cancer have
evolved, major challenges in ovarian cancer research persist, including the identification of predictive biomarkers with
clinical relevance, so that empirical drug selection can be avoided. In this article, we review published genomic analysis
studies including data generated in our laboratory and how they have been incorporated into modern clinical trials in a
rational and effective way.
Methods:Multiple published genomic analysis studies were collected for review and discussion with emphasis on their
potential clinical applicability.
Results: Genomic analysis has been shown to be a powerful tool to identify dysregulated genes, aberrantly activated
pathways and to uncover uniqueness of subclasses of ovarian tumors. The application of this technology has provided a
solid molecular basis for different clinical behaviors associated with tumor histology and grade. Genomic signatures have
been obtained to predict clinical end points for patients with cancer, including response rates, progression-free survival,
and overall survival. In addition, genomic analysis has provided opportunities to identify biomarkers, which either result in
a modification of existing clinical management or to stratification of patients to novel therapeutic approaches designed as
clinical trials.
Conclusions: Genomic analyses have accelerated the identification of relevant biomarkers and extended our
understanding of the molecular biology of ovarian cancer. This in turn, will hopefully lead to a paradigm shift from
empirical, uniform treatment to a more rational, personalized treatment of ovarian cancers. However, validation of
potential biomarkers on both the statistical and biological levels is needed to confirm they are of clinical relevance, in order
to increase the likelihood that the desired outcome can be predicted and achieved.
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introduction
Ovarian cancer is the seventh leading cause of cancer-related
death among women worldwide and has the highest case-
fatality rate among gynecologic cancers. Globally, ovarian
cancer claims ∼160 500 deaths in 2010, increased from 113 600
in 1990 and 140 200 in 2008 [1, 2]. Epithelial ovarian carcinoma
(EOC) comprises 90%–95% of all cases, while sex cord-stromal
tumors, malignant ovarian germ cell tumors and ovarian
carcinosarcoma are uncommon [3, 4]. Over 70% of women with
EOC present with advanced disease involving the upper
abdomen (FIGO stage III/IV) due to the lack of early symptoms
and effective screening strategies. The standard management for
newly diagnosed epithelial ovarian cancer includes aggressive
cytoreductive (debulking) surgery followed by the
administration of platinum and taxane-based chemotherapy.
Cytoreduction to <1 cm of residual disease after surgery is an
independent favorable predictor for prognosis [5–7]. However,
some argue that the ability to achieve this so-called optimal

debulking reflects an intrinsically biologically more favorable
and indolent cancer [8]. Despite the inherent resistance to
chemotherapy (refractoriness) in some patients, ∼80% of
patients achieve an initial clinical complete response [9].
Nevertheless, the majority of EOC patients will eventually
relapse. Some patients relapse within 6 months and have a short
survival due to platinum-resistance disease; other patients have
late relapses with platinum-sensitive disease, and substantially
longer survival. Currently, clinicians do not have good
prognostic tools to gage which patients are destined to have
platinum-resistant or sensitive disease.
The current standard of care is to apply a universal paradigm

to all women with ovarian cancer (surgery followed by adjuvant
chemotherapy), as mentioned above. Considering the highly
diverse population and the variable response to currently
standardized therapeutic regimens, a better understanding of
the genetic and molecular mechanisms underlying the ovarian
cancer pathogenesis and chemoresistance is increasingly needed
to allow optimized and individualized patient care with the aim
to improve patient outcome.
Due to insufficient power of clinicopathological features and

traditional molecular predicators of outcome for ovarian cancer,
[10, 11] high throughput genomic analyses such as comparative
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genomic hybridization (CGH) and gene expression profiling
have been proposed to identify gene signatures or signaling
pathways as clinically relevant diagnostic and prognostic
biomarkers. These high throughput technologies enable the
evaluation of multiple targets allowing the development of
interrelated gene signature predicting for a clinical end point. In
addition, expression changes and genomic alterations can be
correlated on a global level to identify key genes or pathways
that play causative roles in tumor progression. As a result,
several novel therapeutic approaches have been designed or are
under active investigation.

epithelial ovarian cancer, a
heterogeneous disease
Epithelial ovarian cancer is a heterogeneous disease consisting
of tumors with different histology and grade. The most common
EOC types are the serous tumors followed by endometrioid,
mucinous, and clear-cell cancers which represent 50%–60%,
25%, 4%, and 4% of all ovarian tumors, respectively [12]. Serous
tumors are thought to arise from the fallopian tube. Mucinous
tumors are cystic tumors with a smooth lining of mucin-
secreting epithelial cells resembling either endocervical or
colonic epithelium. Endometrioid and clear-cell lesions are
thought to arise from dysregulated endometriosis.
There are notable differences in clinical behavior among these

subtypes. Mucinous and clear-cell tumors present at an early
stage with amenability of complete surgical resection and are
often resistant to conventional chemotherapy (<30% response
rate). In contrast, the more prevalent serous and endometrioid
cancers are aggressive tumors that are often presented at an
advanced stage with abdominal spreading yet usually very
chemoresponsive (>70% response rate).
Ovarian cancer also spans a broad spectrum of histologic

grade [13, 14]. Tumors are graded from 1 to 3, with grade 3
being the least differentiated. A unique feature of ovarian cancer
is the subdivision of ‘low malignant potential’ (LMP or
borderline) tumors, which are defined as grade 0 tumors. LMP
tumors display the atypical cellular features (presence of nuclear
atypia and micropapillary morphology), but do not invade into
the ovarian stroma. Even in advanced stage disease, patients
with LMP have an excellent 5-year survival [15]. In direct
contrast with high-grade (Grade 2,3) invasive ovarian cancers,
low-grade (Grade 1) ovarian tumors are typically less aggressive,
slow-growing tumors, resulting in much better 5-year survival
(∼85%) [16].

genomic analysis of histological
subtypes of ovarian cancer
It has been increasingly established that tumor heterogeneity in
both histology and clinical phenotypes has a molecular basis.
Identification of distinct patterns of signaling pathway
disruption among different histologic subtypes should enable
specific clinical approach to improve the treatment efficacy and
patient outcome. Recently, genomic expression profiling studies
on epithelial ovarian cancer of various histologies have
elucidated distinguishable global gene expression profiles and

signaling pathways which contribute to the biological and
clinicopathological features seen in the four major subtypes,
although some overlap exists between high-grade serous and
endometroid carcinomas [17–24]. Unsupervised hierarchical
clustering from two independent studies have shown that the
mucinous and clear-cell tumors are separated groups, and the
endometroid and serous tumors initially group together and
then separate into two distinct branches, each dominated by
either the endometrial or the serous tumors [19, 24].
Distinct genomic abnormities (gene amplification, deletion,

and mutation) also exist among the various subtypes of ovarian
cancer. For example there is a high prevalence of TP53
mutations among high-grade serous ovarian cancer (>90%
frequency), as well as a high prevalence of mutations involving
BRCA1 and BRCA2 [25]. In contrast, mucinous
adenocarcinoma and low-grade serous carcinoma (LGSC) are
characterized by aberrant Ras/MAPK signaling due to the
prevalence of activating KRAS and BRAFmutations [26–28].
Mutations of CTNNB1/β-catenin and PTEN, resulting in
hyperactivation of Wnt and PI3K/Akt signaling, are common in
endometroid tumors but are rare in the other three major
histotypes [23, 29, 30]. Mutations of PIK3CA and
corresponding PI3 K/Akt hyperactivation are most frequently
observed in clear-cell carcinomas [31–33]. Approximately 50%
of clear-cell carcinoma cases also present loss-of-function
mutation of ARID1A gene which functions as a tumor
suppressor [34–36].
Several targeted therapeutic approaches have been proposed

based on the distinct molecular signatures of ovarian clear-cell
carcinoma which generally shows resistance to standard
platinum–taxane-based regimes. For example a gene expression
profile previously identified indicates signature pathway
revolving enhanced response to hypoxia, oxidative stress, and
cytokine signaling in ovarian clear-cell carcinomas (Figure 1A
and B) [21, 37, 38]. Hypoxia inducible factor 1, alpha (HIF-1α),
is overexpressed in ovarian clear-cell carcinoma when compared
with other EOC histologic subtypes [21, 37]. In addition, major
activated pathways in clear-cell carcinoma are not seen in other
subtypes and involve HIF-1α and HIF-2α/EPAS1 centered
angiogenesis, hypoxic cell growth, and glucose metabolism [21].
Enhanced IL6/STAT3 signaling has also been characterized to
upregulate HIF-1α and HIF-2α, contributing to hypoxia
response. These activated pathways suggest ovarian clear-cell
tumor cells may have enhanced capacity to survive in an
environment with limited nutrients and oxygen. This was also
shown in preclinical studies; when compared with serous cell
lines, clear-cell tumor cells lines were less likely to be affected by
hypoxia and glucose deprivation. Knockdown of key genes in
hypoxia pathways (HIF-1α and ENO-1) sensitized clear-cell
ovarian cancer cell lines to hypoxia/glucose deprivation [21].
Therefore, disruption of the hypoxia response or the derivative
angiogenic pathways may become an effective therapeutic
regime against ovarian clear-cell carcinoma.
Sunitinib, a pan-receptor tyrosine kinases inhibitor primarily

targeting tumor microvasculature through the inhibition of
angiogenic signals from VEGF, PDGF, and c-kit [39], was thus
predicted as an effective therapeutic agent specifically for clear-
cell carcinoma. The therapeutic potential of sunitinib was
subsequently demonstrated by us using an orthotopic mouse
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model engrafted with patient-derived clear-cell and serous
ovarian tumors. Sunitinib’s effect on growth and viability of
clear-cell tumor grafts, distinct from serous tumor grafts,
highlights sunitinib’s potential use as a targeted agent in the
treatment of ovarian clear-cell carcinomas (Figure 1C) [21].
Combination therapy of sunitinib and 1,2-dioleoyl-sn-glycero-
3-phosphatidylcholine liposome encapsulated small interfering
RNA against HIF-1α further shows synergistic activity,
providing the rationale for targeted therapy in patients with
ovarian clear-cell carcinoma [21].
The administration of sunitinib maleate, an FDA approved

oral agent, as therapeutic reagent against chemotherapy-
resistant ovarian clear-cell carcinoma patients has promising
results in small clinical trials [37, 40]. The Gynecologic
Oncology Group (GOG) has initiated GOG-254, a phase II trial

of sunitinib in the treatment of persistent or recurrent ovarian
clear-cell carcinoma.
In addition to transcription profile, distinct genomic

abnormities have also been identified in ovarian clear-cell
carcinoma. High frequency (estimated to be 40%) of
phosphoinositide 3-kinase catalytic alpha (PIK3CA) mutations
has been well documented for ovarian clear-cell carcinomas
[31–33]. Activating mutations of PIK3CA results in activation
of Akt-mediated signaling to mammalian target of rapamycin
(mTOR) for protein synthesis and other downstream effectors
for stress response (e.g. apoptosis evasion, chemoresistance, and
hypoxia response). Higher level of activated phosphor-mTOR
has been specifically observed in ovarian clear-cell carcinoma,
suggesting that the PI3K–Akt–mTOR–HIF pathway may be a
target with therapeutic potential [41]. Phase I/II trial data exist

Figure 1. Whole-genome expression profiling of clear-cell ovarian carcinomas. (A) Graphic representation of whole-genome expression profiling of the
specimens from clear-cell ovarian carcinoma (CCOC) and ovarian surface epithelium (OSE). (B) Pathway analysis of differentially regulated genes identified by
the transcriptome profiling. Genes included in the analysis were required to have a fold change ≥1.5 (over OSE). Multiple probe sets were averaged for each
gene. (C) Effect of a 2-week treatment with sunitinib on growth of subrenal capsule xenografts in NOD-SCID mice (6 mice/group; 2 grafts per kidney) of
transplantable high-grade serous (HGSC) and clear-cell ovarian carcinoma (CCOC) tissue lines derived from patients’ cancers. Growth of the xenografts is
expressed as tumor volume. Data are presented as means ± SEM. (D) Effect of sunitinib on microvessel density of subrenal capsule xenografts in NOD-SCID
mice of serous (HGSC) and clear-cell (CCOC) ovarian carcinoma tissue lines. Data are presented as the average number of blood vessels per 400× microscopic
field ± SEM. *P < 0.01 Adapted from Stany et al. [21].
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for mTOR inhibitory agents such as rapamycin, temsirolimus,
everolimus, and deferolimus. In a small series of patients, three
of six women with ovarian clear-cell carcinoma had a response
to temsirolimus [42]. A phase II evaluation of temsirolimus in
combination with carboplatin and paclitaxel followed by
temsirolimus consolidation as first-line therapy in the treatment
of ovarian clear-cell carcinoma is currently in practice as a GOG
trial (GOG-268).

genomic analysis of low-grade serous
ovarian cancer
LGSC of the ovary differs from high-grade serous carcinoma
(HGSC) in epidemiology, histopathology, associated molecular
changes, and clinical course [43]. Equally compelling are data
that suggest a link between serous tumors of LMP and LGSC
and show differences between LMP tumors and HGSCs
[17, 44]. We have previously demonstrated that the gene
expression profile of LMP serous tumors and LGSCs are similar
and very distinct from the expression profiles of HGSCs
(Figure 2) [17, 45–48]. Serous LMP tumors and LGSCs have
activating mutations in KRAS, BRAF, and ERBB2, suggesting
MAPK hyperactivation. Mutations of either KRAS, BRAF, or the
receptor tyrosine kinase ERBB2 lead to constitutive activation of
MAPK/Erk pathway, which subsequently activates growth factor
stimuli independent and enhanced cell proliferation and/or
survival. Interrogation of expression profiles further delineate the

distinct molecular features of LMP tumors and LGSCs contributed
by the hyperactivation of MAPK/Erk pathway [46, 47].
Given the poor response of LGSCs to conventional platinum-

taxane chemotherapy, therapeutic targeting of hyperactivated
Ras/Raf/MEK/Erk may be a novel approach to this disease.
A phase II clinical trial evaluating selumetinib (AZD6244), an
oral non-ATP competitive small molecule inhibitor of MEK1/2
in patients with recurrent ovarian LGSC (n = 53) has recently
been completed by the GOG (GOG-239) [49]. Selumetinib has
demonstrated substantial activity in recurrent low-grade serous
tumors with less toxicity, particularly when compared with that
accompanied with genotoxic chemotherapy. In contrast to the
minimal overall responsive rate of 3.7% with conventional
cytotoxic agents, [50] selumetinib significantly increased the
objective response rate to 15%, with another 65% of patients
presenting stable disease. In addition, substantial improvement
of progression-free interval was observed with selumetinib, from
29 weeks to 11 months. These findings suggest that inhibitors of
the MAPK pathway warrant further investigation in patients
with LMP tumor or LGSC.

genomic analysis of high-grade serous
ovarian cancer
HGSC comprise the majority of advanced-stage serous ovarian
tumors. Substantial efforts have been devoted to identify
genomic abnormalities and expression profiles of high-grade

Figure 2. Distinct expression profiles between low-grade/low malignant potential (LMP) and high-grade serous ovarian tumors. (A and B) Unsupervised
hierarchical clustering from two independent studies Bonome et al. [17] (A) and Anglesio et al. [47] (B) are presented. The second study further suggests a
gene expression matrix consisting of MAPK pathway regulated genes (as defined by ontology classification tools DAVID and Panther, highlighted by a bar) in
LMP serous ovarian tumors.
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serous tumors. The Cancer Genome Atlas (TCGA) Project
analyzed ∼500 HGSC samples and demonstrated large amounts
of genomic/epigenomic abnormalities [25]. Multiple areas of
chromosomal gain or loss were detected with the amplification
of more than 30 growth-stimulatory genes includingMECOM,
MYC and CCNE1, which are amplified in at least 10% of the
cases. In contrast, few high-frequent mutations were detected
except the inactivating mutations of TP53 (over 90%) and
BRCA1/2, which functionally contribute to the genomic
instability of HGSCs. In addition to somatic mutation,
BRCA1/2 function is inhibited in HGSC through additional
mechanisms including germline mutations, upstream
mutations, and hypermethylation [25, 51]. These alterations
result in deficiency of DNA double-strand break repair through
homologous recombination (HR) in a subset of HGSCs.
Preclinical work has supported the synthetic lethality of DNA
single-strand break repair inhibition by poly(adenosine
diphosphate–ribose) polymerases inhibitor olaparib (AZD2281)
with impaired HR repairing, including in the setting of BRCA
dysfunction [52–54]. In addition, the therapeutic efficacy of
olaparib in combination with the anti-angiogenic cediranib
(AZD2171) is currently under investigation in recurrent HGSC
patient as a phase II clinical trial, based on the recently
completed phase I assessment of the safety and clinical response
(>60% clinical benefit rate) [55].

prognostic gene expression signature
reveals underlying biology
The development of genomic classifiers of patient survival
using microarray based gene expression profiling has the
potential to stratify patients according to prognosis and
identify new opportunities for therapeutic intervention. Initial
efforts have focused on discrete patient groups by supervised
clustering analysis of dichotomized data of short- and long-
term survivals [56, 57]. Yet, expression patterns identified in
this manner may not adequately differentiate the majority of
patients who will die at an intermediate end point. In addition,
due to the heterogeneity of tumor tissue, directly evaluating
raw tumor samples may introduce erroneous data attributable
to varying amounts of intervening stroma and lymphocytic
infiltrates. To limit the complexities of the tissue analysis, we
have procured tumor specimens with laser captured
microdissection to increase the accuracy of expression profiling
[21, 58]. Considering survival as a continuous variable, we
have identified and validated a survival signature in a cohort
of 53 microdissected HGSCs using a two-step ‘semi-
supervised’ approach with Cox regression analysis and leave-
one-out cross-validation [58]. The performance of the
prediction analysis was demonstrated by hierarchical
clustering, which demonstrated the ability of the top scoring
genes (Cox hazard ratio >10) to cluster the 53 specimens
according to survival (Figure 3). The validity of the entire 200
probe set predictor was confirmed by Kaplan–Meier analysis
with a significant difference in survival time. The identified
prognosis signature implicates a group of genes that reflect
hyperactivation of αVβ3 integrin pathway as a prominent
survival associated event.

The gene possessing the highest hazard ratio, MAGP2,
activates αVβ3 integrin signaling through its N-terminal RGD
domain [59]. Mutation of the RGD motif or αVβ3 integrin
neutralizing antibody blocks MAGP2 mediated adhesion,
migration, invasion and chemoresistance of HGSC cells.
Considering αVβ3 integrin is expressed on endothelial cells and
has been associated with tumor angiogenesis, [60] secreted
MAGP2 was predicted to modulate the biology of surrounding
endothelial cells to promote neovascularization. MAGP2 knock-
down significantly decreases the tumor burden of HGSC cell
line xenografts in vivo, as well as the tumor microvessel density.
Validation using independent patient samples confirmed the
prognostic value of MAGP2 through both qRT-PCR and IHC,
while increased MAGP2 expression correlated with microvessel
density further confirmed the association between MAGP2 and
angiogenesis.
The biological activity of MAGP2 emphasized the

importance of angiogenesis in the pathogenesis of ovarian
cancer. Recently, targeting tumor vasculature becomes a
promising approach for ovarian cancer treatment [61].
Bevacizumab is an antiangiogenic monoclonal antibody that
inhibits VEGF activity. Two independent large-scale phase III
studies conducted in the US (GOG-218) and Europe (the
International Collaboration for Ovarian Neoplasms [ICON]-7
trial) tested the incorporation of bevacizumab as a first-line
therapy with concomitant standard (3-weekly carboplatin and
paclitaxel) chemotherapy in ovarian cancer patients.
Maintenance treatment with bevacizumab extended the length
of progression-free survival (both studies) as well as overall
survival (ICON-7) in a subset of patients [62, 63].

integrative genomic analysis identifies
genes critical for clinicopathological
feature of HGSC
Considering the extensive genomic instability in HGSCs,
integrated analysis of DNA copy number difference and gene
expression profiles becomes another important way for
biomarker discovery. In our previous study, oligonucleotide
array CGH analysis on microdissected HGSC samples
demonstrated the amplification of chromosome segment 5q31
to 5q35.3 as one of the most significant copy number
abnormalities associated with poor overall survival [64]. To
identify candidate genes that drive tumorigenesis in this
aberrantly amplified chromosome segment, genes located
between 5q31 and 5q35.3 were compared with a prognostic
gene expression signature generated with microdissected
samples [58], and fibroblast growth factor 18 (FGF18, located
on chromosome 5q35.1) was found to be the gene possessing
the strongest prognostic value in segment 5q31–5q35.3
(Figure 4A and B) [65]. Subsequent validation with two
independent profiling studies [25, 66] and an independent
cohort for IHC staining confirmed the FGF18 as an
independent predictive marker for poor clinical outcome.
Functional validation studies have demonstrated that FGF18
promotes migration, invasion and tumorigenicity of ovarian
cancer cells in vitro and in vivo. In addition, FGF18 activates
NF-κB to increase the production of oncogenic cytokines and
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chemokines. This in turn, results in a more malignant tumor
microenvironment characterized by enhanced angiogenesis and
augmented tumor-associated macrophage infiltration and M2
polarization [67, 68]. In summary, we propose that the aberrant
upregulation of FGF18 in ovarian cancer cells may initiate
reciprocal heterotypic signaling interactions and cascades in
neoplastic cells and non-neoplastic cells within the tumor
microenvironment and eventually accelerates the malignant
progression to convey a poor outcome in serous ovarian cancer
(Figure 4C). We further demonstrated that the FGF18 signaling
in HGSC cells is at least partially conveyed by FGFR4 (located
on chromosome 5q35.2). The genomic proximity of FGF18 and
FGFR4 implicates co-amplification, which was observed in the
initial study [64] and confirmed by qPCR using an independent
cohort [69]. The co-amplification of both the ligand (FGF18)
and the receptor (FGFR4) contributes to the hyperactivation of
the FGF signal, mediating the 5q31–5q31.3 amplicon-related

poor patient survival. Taken together, this study has revealed
the hyperactivation of FGF signaling as one of the potential
mechanisms defining poor prognosis in a subset of HGSCs.
Therefore, blocking FGF signaling becomes a rational
therapeutic approach for HGSC patients, especially for those
with 5q31–5q35.3 amplification. So far, several therapeutic
approaches against FGF signaling have been developed,
including receptor tyrosine kinase inhibitors, receptor
neutralizing antibodies and FGF ligand traps [70–72]. A phase
II evaluation of the triple VEGFR/PDGFR/FGFR inhibitor
BIBF-1120 has recently been completed. BIBF-1120 was well
tolerated and was associated with an improvement in
progression-free survival, which justifies further study within a
large phase III trial [73]. An alternative inhibition approach is
using a decoy FGF receptor to sequester FGF ligands, which
largely avoids toxicity from small molecule inhibitors [74]. One
of the FGF ligand trap proteins, FP-1039 has completed phase I

Figure 3. Identification of a prognostic gene expression signature correlating with survival in microdissected advanced-stage HGSCs. (A) Hierarchical
clustering of 53 advanced-stage HGSCs using expression values for genes possessing a Cox score >10. (B) Kaplan–Meier analysis of the predictor demonstrated
a significant difference in survival time (P = 0.0029). (C) Assessment of putative signaling events contributing to patient survival through pathway analysis.
Differentially regulated genes identified in the 53 microdissected serous tumors, when compared with 10 normal OSE brushings were labeled with white fonts.
Genes predictive of poor prognosis is cycled with halo. A heat map is shown below to demonstrate association between survival signature genes identified in
the pathway and overall patient survival. Adapted fromMok et al. [58].
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testing and entered phase II trials for endometrial cancer [75].
Subsequent work will be needed to confirm the prognostic value
of FGF18 in larger groups of patients and identify individuals
suitable for FGF-targeted therapy.

conclusion
Despite the evolution of surgical techniques and meticulously
designed chemotherapy regimens, refractoriness and relapse
remains major obstacles in improving the prognosis of patients
with ovarian cancer. Therapeutic innovations in the
management of ovarian cancer rely on translating basic science
research into clinical trials to investigate targeted and
personalized therapies. There is an important need to
understand the molecular characteristics to identify prognostic
and predictive biomarkers which biologically drive the
pathogenesis and chemoresistance of ovarian tumors. Large-
scale integrative genomic profiling technologies provided
opportunities for biomarker discovery. However,
comprehensive functional validation studies on both biological
and clinical levels are needed to understand the mechanistic

basis for these biomarkers and comprehend their full clinical
significance and application. With the aid of genomic profiling
technologies, the time of personalized medicine for patients
with ovarian cancer is becoming more of a reality and by which
patients with this deadly, yet heterogeneous disease, might have
a higher chance to benefit more from the available therapies.
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