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Simple Summary: In this manuscript, we review the management strategies available for high-
grade serous ovarian cancer patients and the molecular advances that are helping improve our
understanding of the tumor and its response to treatment. We emphasize the role that proteomics is
now playing in the study of ovarian cancer tumors and how its integration with genomics can guide
the development of new biomarkers and therapeutic targets.

Abstract: High-grade serous ovarian cancer (HGSC) remains the most common and deadly subtype
of ovarian cancer. It is characterized by its late diagnosis and frequent relapse despite standardized
treatment with cytoreductive surgery and platinum-based chemotherapy. The past decade has seen
significant advances in the clinical management and molecular understanding of HGSC following
the publication of the Cancer Genome Atlas (TCGA) researchers and the introduction of targeted ther-
apies with anti-angiogenic drugs and poly(ADP-ribose) polymerase inhibitors in specific subgroups
of patients. We provide a comprehensive review of HGSC, focusing on the most important molecular
advances aimed at providing a better understanding of the disease and its response to treatment. We
emphasize the role that proteomic technologies are now playing in these two aspects of the disease,
through the identification of proteins and their post-translational modifications in ovarian cancer
tumors. Finally, we highlight how the integration of proteomics with genomics, exemplified by the
work performed by the Clinical Proteomic Tumor Analysis Consortium (CPTAC), can guide the
development of new biomarkers and therapeutic targets.

Keywords: ovarian cancer; mass spectrometry; proteomics; genomics; cancer tissue; biomarker

1. Introduction

High-grade serous ovarian cancer (HGSC) is the most common and deadly subtype
of ovarian cancer [1]. It is characterized by its late diagnosis and frequent relapse despite
standardized treatments with cytoreductive surgery and platinum-based chemotherapy,
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and more recently the introduction of targeted therapies with anti-angiogenic drugs and
poly(ADP-ribose) polymerase (PARP) inhibitors in specific subgroups of patients [2]. The
past decade has seen great advances in the molecular understanding of HGSC following
the publication by the Cancer Genome Atlas (TCGA) researchers. These genomic and
transcriptomic findings highlighted the complexity and heterogeneity of these tumors but
have not proven to be sufficient to understand tumor behavior and translate into improved
clinical outcomes. For this reason, the study of proteins and their post-translational
modifications are now being assessed to provide novel insights into the tumor biology
and phenotypes of HGSC. In this paper, we review the proteomics studies available
on patient tissue samples that have the potential to improve the management of HGSC
patients through a better understanding of the tumor mechanisms, and the identification
of therapy response and prognostic biomarkers in patient tissues samples. We also provide
an overview of the current clinical management strategies available for HGSC patients and
the most relevant advances made in the field of genomics that has preceded the advent of
proteomics in ovarian cancer research.

2. Current Therapeutic Management of High-Grade Serous Ovarian Cancer Patients

Epithelial ovarian cancer (EOC) is the 8th most common cancer in women and the 7th
leading cause of cancer mortality in women worldwide [1]. Although ovarian cancer is
rare, it has the highest death-to-incidence ratio among all gynecological malignancies [2].
The overall 5-year survival rate is approximately 46% but varies greatly based on the histo-
logical type and stage at initial diagnosis. EOC is divided into different tumor subtypes,
which differ in their etiology, histopathology, clinical presentation, molecular biology, and
response to treatment (Figure 1). The five main subtypes of EOC are high-grade serous
carcinomas (>70%), endometroid carcinomas (10%), clear cell carcinomas (10%), mucinous
carcinomas (3%), and low-grade serous carcinomas (<5%) [3]. Of these, high-grade serous
carcinoma (HGSC) is the most common and deadly subtype. While the overall survival of
patients with the early-stage disease is 92%, this is reduced to 25% in patients diagnosed
with advanced stages, when the disease has spread into the peritoneal cavity or to distant
organs [4]. Diagnosis at advanced stages occurs in over 70% of patients due to the lack
of effective screening strategies and the non-specificity of presenting symptoms which
might initially be missed or attributed to other disease processes [5]. Serum CA125, HE4,
and the Risk of Ovarian Malignancy Algorithm (ROMA) score are the most widely used
serum markers in the diagnostic workup of patients with suspected malignant pelvic
mass [6]. However, the lack of highly sensitive and specific biomarkers for the early diag-
nosis of pelvic mass malignancy remains an unmet clinical need. Efforts are being made to
identify diagnostic biomarkers of clinical utility in biofluid specimens using proteomics
approaches [7,8]. Despite its interest, this research topic is out of the scope of this review.

HGSC is thought to originate from precursor epithelial lesions in the fimbriated end
of the fallopian tube although a proportion of HGSC presents without fallopian tubal
involvement. It seems TP53 mutations may be an early event in the genesis of a proportion
of HGSC occurring in p53 signature foci in the distal fallopian tube and the development
of serious tubal intraepithelial lesions (STIC) [9]. HGSC is molecularly characterized by
presenting high chromosomal instability, copy number variations, TP53 mutations. In
addition, almost half have defects in the HR pathway, mainly associated with mutations in
the BRCA1 and BRCA2 genes [10].

Tumor staging is based on the surgical assessment and pathological evaluation of
cancer at the time of surgery following standardized criteria by the International Federation
of Gynecology and Obstetrics (FIGO) [11]. The combination of cytoreductive surgery and
platinum-based chemotherapy remains the standard of care for patients with newly diag-
nosed advanced-stage HGSC (Figure 2). The primary goal of surgery is to achieve complete
macroscopic resection of the disease, as this has been proven to be the most important
independent prognostic factor [12,13]. Cytoreductive surgery often involves extensive and
complex abdominal and upper-abdominal procedures reason why careful evaluation of
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patients before surgery is essential for defining the best management approach [14,15]. If re-
section of all macroscopic diseases can be obtained based on preoperative assessment with
acceptable operative morbidity, upfront cytoreductive surgery followed by platinum-based
chemotherapy is the standard of care [16]. Several first-line adjuvant systemic chemother-
apy strategies have led to an improvement in overall survival for patients with newly
diagnosed advanced-stage HGSC. These include the addition of paclitaxel to platinum-
based agents, the use of intraperitoneal chemotherapy following complete tumor resection,
and the incorporation of dose-dense weekly paclitaxel treatment [17–19]. At present, the
most widely used chemotherapy regimen is carboplatin and paclitaxel given every three
weeks for six cycles. Neoadjuvant chemotherapy is an alternative treatment when the
cancer burden is too extensive to allow macroscopic complete resection or for patients who
are too ill for primary surgery [15]. Two trials have demonstrated comparable outcomes for
first-line surgery with adjuvant chemotherapy compared with neoadjuvant chemotherapy
followed by delayed surgery and completion chemotherapy [20,21].
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Despite effective treatment, ~75% of women with HGSC will develop recurrence and
ultimately succumb to their disease [4]. Although most recurrent HGSCs will initially
respond to second-line chemotherapy, response rates diminish substantially with sub-
sequent lines of treatment, and eventually, the disease will become resistant. The most
widely used and accepted clinical surrogate of chemotherapy response is the treatment-free
interval (TFI). The TFI is also used for the selection and stratification of patients for clinical
trials [22]. Tumors considered to be sensitive to chemotherapy, usually based on a TFI
above 6 months, can benefit from the re-use of a platinum-based doublet regimen. Various
combination therapies are being used in this setting including carboplatin with paclitaxel,
pegylated liposomal doxorubicin, gemcitabine, bevacizumab, or trabectedin [23–25]. In
addition, maintenance therapy with PARP inhibitors is also being used in BRCA mutated
and homologous recombination deficient (HRD) tumors. Tumors that are resistant to
first-line chemotherapy (~15%) have a poor prognosis. Due to the short expected survival,
usually less than 12 months, treatment is focused on quality of life and control of symptoms.
Several agents including gemcitabine, weekly paclitaxel, bevacizumab, pegylated liposo-
mal doxorubicin, and topotecan can be used as second-line treatment in these patients
with modest responses [26,27]. Secondary cytoreductive surgery can be considered for
patients with long TFI with a recurrence that is limited and isolated. Results from the
AGO DESKTOP III study demonstrated improved progression-free survival (PFS), OS
and a longer time to first subsequent therapy in patients with first recurrence undergoing
secondary cytoreductive surgery with complete tumor resection [28].

Monitoring of disease recurrence is usually performed by clinical examination, imag-
ing techniques, and serum CA125 levels. However, the use of these examinations is widely
variable amongst different gynecological oncology society guidelines. Increasing levels of
CA125 are generally not sufficient to initiate treatment unless a patient is symptomatic or
is enrolling in a clinical trial. In addition, some patients with recurrence may not present
with increased levels of CA125. Alternative markers such as HE4 are also being evaluated
for the monitoring of disease recurrence and progression [29]. There are currently no
markers approved in the clinic for the prediction of treatment response and the prognosis
of HGSC (Table 1) [30].

Table 1. List of protein biomarkers approved by the U.S. Food and Drug Administration (FDA) in ovarian cancer [30].

Biomarker Type Specimen Method Clinical Use Year

CA125 Protein Serum,
plasma Immunoassay Monitoring treatment response 1997

HE4 Protein Serum Immunoassay Monitoring disease recurrence or progression 2008

ROMA (HE4 + CA125) Protein Serum Immunoassay Prediction of pelvic mass malignancy 2011

OVA1 Next
Generation Protein Serum Immunoassay Prediction of pelvic mass malignancy 2009

CA125: cancer antigen 125; HE4: human epididymis protein 4; ROMA: Risk of Ovarian Malignancy Algorithm; PCR: polymerase
chain reaction.

In addition to the chemotherapy regimens used in the first and second-line setting,
several targeted therapies are being investigated for the management of HGSC. Antian-
giogenic therapy and PARP inhibitors are the only targeted therapies currently approved
for the treatment of HGSC in the maintenance and recurrent setting. Inhibition of tumor
angiogenesis with bevacizumab, an anti-vascular epithelial growth factor (anti-VEGF)
monoclonal antibody, has proven to be effective for the treatment of advanced-stage HGSC.
Several randomized-controlled trials have shown improved PFS rates when used in addi-
tion to standard chemotherapy and platinum-sensitive and platinum-resistant recurrent
disease [27,31–33]. The use of bevacizumab as an addition to carboplatin and paclitaxel
chemotherapy and maintenance therapy in patients with newly diagnosed advanced
ovarian cancer was approved based on improvements in PFS in the ICON7 and GOG
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218 studies. However, improvements in overall survival (OS) have been harder to demon-
strate and are currently limited to a retrospective analysis of high-risk patients within the
ICON7 trial [30]. Other molecular agents targeting angiogenesis are in preclinical and
clinical development including cediranib and trebananib, which have also been assessed in
combination with other targeted treatments [34].

PARP inhibitors are rapidly expanding and transforming the treatment of HGSC.
These drugs target the PARP family of enzymes, principally PARP1, which play a major
role in DNA repair. PARP inhibition leads to the accumulation of single-strand breaks
(SSB) by disrupting the BER pathway and also causing PARP1 trapping by inhibiting auto-
PARylation and/or PARP release from the DNA [35]. These effects result in the induction
of double-strand breaks (DSB), which require a functional homologous recombination
(HR) pathway for their repair. In HR deficient tumors (e.g., BRCA mutated tumors),
the DNA lesion cannot be repaired or it is repaired by alternative pathways that are
highly error-prone leading to genomic scarring and ultimately cell death [35]. A series of
randomized clinical trials have consistently demonstrated the efficacy of PARP inhibition
in platinum-sensitive recurrent HGSC, with the greatest benefit seen in those with BRCA
mutations, both as single-agent therapy and as maintenance in the first-line and recurrent
setting [36–42]. The first approvals for PARP inhibitor therapy in ovarian cancer were
limited to patients with pathogenic BRCA mutations. Their use was later extended to
patients with non-germline BRCA mutated, HRD and patients without a demonstrable
defect in HR after evidence also showed a clinical benefit [38,39].

Finally, multiple trials are now assessing the combination of PARP inhibitors with
other targeted therapies such as bevacizumab [43]. In addition, new DNA damage repair
targets are being evaluated to overcome platinum and PARP inhibitor resistance (i.e.,
ATR, CHK1, and WEE1 inhibitors) [44–46]. Immune checkpoint inhibition has yielded
impressive clinical responses in other cancers such as melanoma and non-small cell lung
cancer [47,48]. Nevertheless, their use in recurrent ovarian cancer has shown modest results
with overall response rates of 10–25% [49]. Several anti-PD-L1/PD1 agents including
pembrolizumab, nivolumab, atezolizumab, and avelumab are being assessed alone and
in combination with other targeted agents including anti-VEGF and PARP inhibitors. To
date, only pembrolizumab has received approval for its use in gynecological malignancies,
specifically for tumors with microsatellite instability-high or mismatch repair deficiency
after progression with prior treatment [50].

It is therefore clear that a better understanding of HGSC tumor mechanisms is still
required beyond current genomic knowledge to open new therapeutic opportunities and
improve patient management. To achieve this, the incorporation of proteomics into ovarian
cancer research is playing a crucial role to determine distinct HGSC phenotypes associated
with patient clinical outcomes and the stratification of patients for adequate diagnosis and
prediction of treatment response.

3. Tumor Mechanisms and Identification of Molecular Therapeutic Targets in HGSC

Large-scale sequencing aimed at elucidating the key genomic changes occurring in
different types of cancer have allowed the generation of large comprehensive genomic
data. The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium
(ICGC) have sequenced thousands of tumors across different cancer types allowing the
identification of novel specific genomic profiles that are potentially clinically targetable [10].
TCGA analysis of 489 tumors revealed that HGSC is characterized by presenting high
chromosomal instability and copy number alterations [10]. Almost all HGSC have a TP53
mutation and almost half have defects in the HR pathway [10]. These defects are associated
with germline, somatic, and epigenetic BRCA mutations, as well as alterations in other
DNA repair genes (i.e., RAD51C, RAD51D, BRIP1, MLH1, MSH2, and MSH6) [51,52]. The
molecular characteristics of the other half of HGSCs (i.e., those that do not have apparent
defects in HR) are less defined. Somatic copy number alterations, promoter methylation
events, amplification of CCNE1 and defective Notch, PI3K, RAS-MEK, and FOXM1 signal-
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ing pathways have been identified in some HGSC [10]. Other less common mutated genes
have also been reported including CSMD3, CDK12, FAT3, GABRA6, NF1, and RB1, affect-
ing less than 5% of tumors [10]. Four molecular subtypes of HGSC have been identified by
gene expression profiling and classified as immunoreactive, proliferative, differentiated,
and mesenchymal types [51]. These molecular subtypes are associated with differential
clinical outcomes and microenvironmental characteristics, such as immune and stromal
cell activation. Despite the promising results derived from this molecular classification for
the understanding of HGSC heterogeneity, it has not yet proven to be useful for patient
management and has therefore not been incorporated into the clinical setting [53]. A
gene-set assay is currently being evaluated to provide a gene-based molecular subtype
classification of HGSC to improve classification for molecularly targeted trials [54].

Although genomic analyses have greatly improved our knowledge of HGSC, it is now
clear that the molecular mechanisms of HGSC are not fully captured by genomic and tran-
scriptomic analysis [55], thus requiring the acquisition of additional layers of information.
The information provided by genomics and transcriptomics is limited to providing risk
estimates, disease diagnosis, and guiding therapeutic management. However, they do not
embrace the heterogeneity available in protein translation and protein post-translational
and structural modifications which provide a more precise representation of the molecular
tumor phenotype. Therefore, the investigation of proteins and their post-translational
modifications (PTMs) are now emerging to provide novel insights into the tumor biology
of HGSC. PTMs (i.e., phosphorylation, ubiquitination, acetylation, glycosylation, etc.) inter-
play in the modulation of protein functions thus providing information on kinase activity,
the dynamic regulation of protein interactions, and cellular signaling networks [56]. Their
exploration in HGSC tissues is already proving essential to advance towards a better un-
derstanding of disease mechanisms, the identification of new drug targets, and to provide
new tools for the identification of predictive and prognostic markers that can help improve
patient care [57,58].

Mass spectrometry (MS) is currently the technology of choice for large-scale proteomic
analysis allowing proteins to be analyzed rapidly, accurately, and with high sensitivity [59].
The recent technological developments in instrumentation, sample preparation, and data
analysis have resulted in the availability of high-quality, reproducible and comprehensive
data from a variety of clinical samples [60,61]. The Clinical Proteomic Tumor Analysis
Consortium (CPTAC) is already integrating proteomic and phosphoproteomic data with
genomic data available from the TCGA for the characterization of a variety of human tumor
samples, allowing for better patient stratification, and improved sensitivity to identify
cancer-related pathways and potential therapeutic targets [62–66]. They also provide
optimized workflows with higher throughput and reproducibility for global proteome
and phosphoproteome analysis of patient samples [67]. They have also defined three
specific tiers of targeted MS measurements for proteomics experiments according to the
experimental design parameters and assay characteristics to ensure that the tests reported
meeting the required levels of performance and reproducibility [68]. More importantly,
the CPTAC has made significant progress in streamlining protein biomarker studies by
developing accurate and reproducible quantitative proteomic workflows to verify protein
biomarker candidates using targeted proteomic analyses [66,67]. These workflows have
allowed us to overcome some of the handicaps of past proteomics studies and aid in
the development of successful biomarkers and their translation into the clinical setting.
This is essential in ovarian cancer research in which few markers have moved beyond
validation and even fewer have received approval from regulatory agencies. The CPTAC
has also generated well-characterized reagents for assay validation and an open-access
policy for proteomic data sets. The use of proteomic approaches in the initial steps of
the biomarker pipeline enables the systematic interrogation of proteomes from complex
clinical samples without the need to rely on the availability of high-quality antibodies and
their cross-reactivity, a limitation of commonly used immunoassays.
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Several studies have analyzed protein changes in ovarian cancer cell lines for the
investigation of signaling events, cellular perturbations, and response to therapies [69–71].
Proteomics is helping us to decipher these cellular processes to advance our understanding
of HGSC disease mechanisms. The most comprehensive and integrative study aimed
to molecularly characterize 26 ovarian cancer cell lines, HGSC tumors, immortalized
ovarian surface epithelial cells, and fallopian tube epithelial cells [70]. Authors identified
a 67 protein-based signature able to stratify cell lines and tumors into epithelial and
mesenchymal clusters providing new insights into the origin of HGSC and new potential
drivers of tumorigenesis [70]. Integrative proteomic analysis of formalin-fixed paraffin-
embedded (FFPE) tumor samples recently identified CT45 as a novel protein phosphatase 4
regulator linked to DNA damage signaling and responsible for enhancing chemosensitivity
in metastatic HGSC [71]. Comparison of 26 EOC tumors and benign samples were also
evaluated for the identification of potential therapeutic targets [72]. Authors identified
chloride intraepithelial channel 1 (CLIC1) and lectine galactoside-binding soluble 3 binding
protein (LGALS3BP) as being overexpressed in EOC compared to normal ovarian tissues
which could play a role in ovarian tumorigenesis.

Beyond proteome characterization, several studies have used proteomic approaches to
specifically study protein PTM events in ovarian cancer tissues, including phosphorylation,
glycosylation, and ubiquitination events, among others. The study of PTMs is essential
to obtain functional information on the dynamic regulation of tumor signaling networks.
Although it is now clear that HGSC is a separate subtype of EOC with unique molecular
and clinical features, many studies to date have failed to make this distinction. When
describing these studies we refer to EOC when, in addition to HGSC, other subtypes have
been included in the analysis. Several studies have been performed by the CPTAC and
other authors to provide a deeper understanding of HGSC tumors [57,58,73,74]. The largest
and most comprehensive study of protein PTMs to date was performed by the CPTAC. This
study integrated the genomic and transcriptomic data from the TCGA ovarian cancer cohort
with the study of the proteome and phosphoproteome in 169 HGSC tumors [57]. Distinct
subgroups of tumors were identified based on changes in their protein abundances, and
the phosphoproteome analysis identified signaling pathways associated with differences
in patient survival. With this information, the authors developed protein signatures of
chromosomal instability (CIN) and HRD for patient stratification. More recently, the
CPTAC has published a comprehensive proteogenomic and phosphoproteomic analysis
of 83 HGSC tumors and 20 fallopian tube precursor samples [58]. The authors did not
only confirm the previous TCGA findings in relation to HRD and histone acetylation in
prognosis and survival but also identify mitotic and cyclin-dependent kinases as potential
therapeutic targets. Tissue-derived cell lines have also been used to evaluate the proteome
and phosphoproteome of EOC [75]. Authors uncovered cancer-specific kinase signatures
and identified cyclin-dependent kinase 7 (CDK7) as a key regulator of EOC proliferation
through the phosphorylation of polymerase II alpha (POLR2A). Proteomic quantitative
analysis has also been employed to study the mitochondrial phosphoproteome in 8 EOC
and 11 benign ovarian tissues, thus providing novel insights into mitochondrial protein
phosphorylations and their potential roles in ovarian cancer pathogenesis [76].

Besides phosphorylation, TCGA tumor samples have also been employed to study
other PTMs and their role in HGSC pathogenesis. Protein glycosylation has also been
assessed in 119 samples to investigate its role in the heterogeneity of HGSC [77]. The
authors used two glycoproteomic MS-based strategies for glycosylation analysis and
the identification of site-specific glycans. They observed a strong relationship between
glycopeptide signatures and TCGA tumor molecular subtypes associated with patient
clinical outcomes. In addition, glycoproteomics has been assessed in an independent cohort
of 83 HGSC tumors and 23 non-tumor tissues with the identification of three tumor clusters
regulated by specific glycosylation changes and glycosylation enzymes [78].

Finally, efforts are being made to integrate the information provided by different PTMs
and their complex interplay in HGSC tissues to provide an additional level of information to
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the tumor signaling networks. Our group has recently performed a multi-layered analysis
evaluating proteome, phosphoproteome, and ubiquitinome changes in patient-derived
HGSC tumors according to their BRCA1 mutation status. Our results evidence a tight
coordination between ubiquitination and phosphorylation regulatory layers and their role
in major cellular processes related to BRCA1-dependent HGSC pathogenesis, including
DNA repair, RNA splicing, transcription regulation, and PI3K/AKT/mTOR signaling.

4. Therapy Response and Prognostic Molecular Biomarkers in HGSC

In addition to understanding HGSC tumor mechanisms through the study of proteins
and their PTMs, the study of proteins can also help us classify patients according to a
specific response to treatment or their disease prognosis. The introduction of biomarkers
for cancer therapy has allowed the traditional clinical practice to move towards a more
stratified approach by adding a biomarker-associated step to assign a patient to a specific
management strategy or therapy. Despite the promising advantages of moving towards a
stratified medicine in ovarian cancer, there are currently no approved biomarkers available
for the prediction of treatment response and disease prognosis (Table 1).

Because proteins are the biological endpoints that control the majority of biological
processes in the cell and are the targets of most current drugs, great efforts are being
made to find protein cancer biomarkers of clinical utility. To date, the biomarker studies
available from patient samples mainly come from genomic data. However, to date, these
have limited clinical applicability beyond the identification of BRCA mutations and HRD
status. Numerous studies have reported that mutations in the BRCA1 and BRCA2 genes
are associated with increased response rates to platinum-based chemotherapy and better
survival outcomes, especially for BRCA2 mutations [51,52,79]. In addition, mutations
in other HR genes including ATM, BARD1, BRIP1, CHEK1, FAM175A, MRE11A, NBN,
PALB2, RAD51C, or RAD51D have a similar impact on platinum response and survival [80].
Findings from the TCGA analysis reporting four molecular subtypes of HGSC (i.e., differ-
entiated, immunoreactive, mesenchymal, and proliferative subtypes) [51] were followed
by the Classification of Ovarian Cancer (CLOVAR) study aimed at developing predictors
of patient outcome based on these molecular subtypes. Authors identified a CLOVAR
survival signature including 100 genes able to classify patients into good, intermediate, and
poor survival groups [53]. Despite the promising results, this molecular classification has
not proven to be useful for patient management in the clinical setting. Another molecular
study looking at a genome-wide loss of heterozygosity (LOH) and copy number changes
in HGSC to predict treatment outcome, observed patients with high LOH to be more
platinum-responsive, which is in line with results observed for BRCA mutations [81]. Sev-
eral genetic modifications have been associated with acquired resistance to platinum-based
chemotherapy such as inactivation of the tumor suppressors RB1, NF1, RAD51B, and
PTEN, the amplification of CCNE1 and NACC1, reversal of germline or somatic BRCA1
and BRCA2 mutations in individual patients, and the overexpression of the drug efflux
pump MDR1 [82,83]. An association between excision repair cross-complementation group
(ERCC1) polymorphism and platinum sensitivity has also been reported in a few studies
with conflicting results [84,85].

A variety of proteins have been identified to predict response to treatment in ovarian
cancer both from in vitro and in vivo studies [69,86]. For example, p-BAD, SYK, Notch 3,
DYRK2, Snail, TRIB2, MAD1, and CDK1 have been studied in vitro as potential markers
of chemotherapy response [87–93]. However, the validity of these markers has not been
further assessed in patient samples. There is increasing awareness that the pre-existing
immune status can affect the response to subsequent therapy. In ovarian cancer, TLR4,
MYD88, CD44, IL8, IRF1, and CD8(+) cells have been associated with differences in re-
sponse and survival [94–96]. In addition, acetylation and phosphorylation of STAT1 can
mediate platinum response through HDAC4 [97]. In peritoneal and pleural effusions,
class III β-tubulin, Aurora B and Claudin 3 expression have been associated with resis-
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tance to chemotherapy and poor patient survival, although validation of these proteins in
independent cohorts of patients are not available [98–100].

Studies evaluating predictive protein markers in ovarian cancer tissues using pro-
teomic approaches are scarce. A recent study compared the proteomes of platinum-
sensitive and platinum-resistant HGSC using FFPE tissues from omental metastasis. CT45
was found to be overexpressed in chemosensitive tumors and associated with longer sur-
vival [70]. CT45 was also shown to be linked to DNA damage signaling and the binding
of HLA-I receptors for the activation of cytotoxic T cells to promote tumor killing [71].
Data from 130 tumor tissues from the CPTAC have also been employed to predict plat-
inum drug response using supervised machine learning methods with the involvement
of ATP synthesis pathways and Ran GTPase binding [101]. A recent multiomic analysis
of 30 HGSC tumors aimed to identify genomic, transcriptomic, and proteomic markers
associated with clinical outcomes in patients undergoing primary surgery with complete
resection (R0) and patients undergoing neoadjuvant chemotherapy with either excellent or
poor response to treatment [102]. Authors identified altered signaling pathways associated
with phosphorylation changes in proteins including ATP2C1, STAT3, CD44, and CDK4.
A recent study also evaluated proteomic changes associated with favorable and poor PFS
in a total of 12 HGSC tumors. High expression of AAT, NFKB, and PMVK correlated to
favorable PFS whilst high expression of VAP1, FABP4, and PF4 were associated with poor
PFS [103]. These studies contribute to the great efforts that are being made by ourselves
and other groups to identify protein biomarkers able to predict the response to current
therapies to improve the outcomes of HGSC patients [101,104]. These efforts are added to
those being made in the field of screening and early disease diagnosis [7,8].

Finally, with the introduction of targeted therapies for the treatment of ovarian cancer,
efforts are also been made to identify predictors of response to these therapies, although
these are proving challenging. Angiogenic markers such as CD31 expression, microvessel
density, and tumor VEGF-A levels were identified in a retrospective analysis of the GOG
218 study as potential predictive and prognostic biomarkers of response to anti-angiogenic
therapy [105]. A discriminatory signature comprising mesothelin, FLT4, alpha-1 acid
glycoprotein (AGP), and CA125 was also reported as potentially identifying those patients
with EOC more likely to benefit from bevacizumab [106]. A possible role of combined
values of Ang1 and Tie2 as predictive biomarkers for improved PFS in bevacizumab-treated
patients with EOC has also been suggested [107]. With regards to PARP inhibitors, no
protein markers have been identified to date for the prediction of treatment response in
ovarian cancer. Potential predictive genomic markers have been associated with LOH,
secondary BRCA2 mutations, and CDK12 mutations [108–110]. However, the validation of
all these findings in the clinical setting is still required.

5. Conclusions

Ovarian cancer represents a heterogeneous disease with unique histological subtypes
that differ in their clinical presentation, genomic profiles, response to treatment, and prog-
nosis. HGSC is the most common and deadly subtype and the focus of most comprehensive
ovarian cancer studies. Recent molecular advances have provided useful insights into
HGSC tumor biology. However, these findings have not been sufficient to understand its
clinical behavior and translate into improved clinical outcomes.

Proteomics provides an additional functional layer of information able to enhance
our knowledge of the complex physiology of HGSC tumors, firstly, through the under-
standing of the tumor mechanisms and the identification of actionable therapeutic targets
and, secondly, through the identification of protein biomarkers able to predict treatment
response and disease prognosis. Mass spectrometric (MS) approaches enable a systematic
interrogation and characterization of proteomes from complex samples with high sensitiv-
ity, precision, and sample throughput. However, the implementation of meaningful results
obtained by MS technologies is currently limited by their transferability to other techniques
of routine use in the clinics (i.e., antibody-based assays).
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MS-based proteomics technology must move beyond its current role as a powerful
research tool in specialized laboratory environments to clinical settings, in the same way
as MS has been adopted in the fields of clinical microbiology and the characterization of
small molecules (e.g., vitamin D, steroids). There is no doubt that proteomics will continue
to provide a valuable resource to unravel the complexity of HGSC tumors and that its
integration with other disciplines will be essential for improving patients’ outcomes and
advance towards more personalized patient care.

Author Contributions: Conceptualization: M.B., A.S. and E.S.; data curation, M.B., E.B.; writing—
original draft preparation, M.B.; writing—review and editing, M.B., E.B., A.P.-B., A.G.-M., A.S. and
E.S.; supervision, A.S. and E.S.; funding acquisition, A.S. and E.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the PhD4MD collaborative research program between the Vall
d’Hebron Research Institute (VHIR) and the Centre for Genomic Regulation (CRG). The CRG/UPF
Proteomics Unit is part of the Spanish Infrastructure for Omics Technologies (ICTS OmicsTech) and
it is a member of the ProteoRed PRB3 consortium which is supported by grant PT17/0019 of the
PE I + D + i 2013–2016 from the Instituto de Salud Carlos III (ISCIII) and ERDF. We acknowledge
support from the Spanish Ministry of Science and Innovation (CTQ2016-80364-P) and “Centro
de Excelencia Severo Ochoa 2013–2017”, SEV-2012-0208; the “Secretaria d’Universitats i Recerca
del Departament d’Economia i Coneixement de la Generalitat de Catalunya” (2017SGR595 and
2017SGR1661), from the Instituto de Salud Carlos III (PI15/02238, PI18/01017, CPII18/00027) and
from the Ministerio de Economia y Competitividad y Fondos FEDER (RTC-2015-3821). We also
acknowledge the support of the Spanish Ministry of Science and Innovation to the EMBL partnership,
the Centro de Excelencia Severo Ochoa and the CERCA Programme/Generalitat de Catalunya.

Acknowledgments: The authors are grateful to the team members of the Proteomics Unit at the
Centre for Genomic Regulation, the Biomedical Research Group in Gynecology at the Vall d’Hebron
Institute, the Gynecological Oncology Unit at the Vall d’Hebron Hospital, and the Biomedical
Research Group in Urology at the Vall d’Hebron Institute for their assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. Coburn, S.B.; Bray, F.; Sherman, M.E.; Trabert, B. International patterns and trends in ovarian cancer incidence, overall and by

histologic subtype. Int. J. Cancer 2017, 140, 2451–2460. [CrossRef]
3. Prat, J.; D’Angelo, E.; Espinosa, I. Ovarian carcinomas: At least five different diseases with distinct histological features and

molecular genetics. Hum. Pathol. 2018, 80, 11–27. [CrossRef]
4. Torre, L.A.; Trabert, B.; DeSantis, C.E.; Miller, K.D.; Samimi, G.; Runowicz, C.D.; Gaudet, M.M.; Jemal, A.; Siegel, R.L. Ovarian

cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 284–296. [CrossRef]
5. Goff, B.A.; Mandel, L.S.; Melancon, C.H.; Muntz, H.G. Frequency of Symptoms of Ovarian Cancer in Women Presenting to

Primary Care Clinics. JAMA 2004, 291, 2705. [CrossRef]
6. Terlikowska, K.M.; Dobrzycka, B.; Witkowska, A.M.; Mackowiak-Matejczyk, B.; Sledziewski, T.K.; Kinalski, M.; Terlikowski, S.J.

Preoperative HE4, CA125 and ROMA in the differential diagnosis of benign and malignant adnexal masses. J. Ovarian Res. 2016,
9, 1–7. [CrossRef]

7. Dieters-Castator, D.; Rambau, P.F.; Kelemen, L.E.; Siegers, G.M.; Lajoie, G.A.; Postovit, L.M.; Köbel, M. Proteomics-Derived
Biomarker Panel Improves Diagnostic Precision to Classify Endometrioid and High-grade Serous Ovarian Carcinoma. Clin.
Cancer Res. 2019, 15, 4309–4319.

8. Hüttenhain, R.; Choi, M.; de la Fuente, L.M.; Oehl, K.; Chang, C.Y.; Zimmermann, A.K.; Malander, S.; Holsson, H.; Surinova,
S.; Clough, T.; et al. A Targeted Mass Spectrometry Strategy for Developing Proteomic Biomarkers: A Case Study of Epithelial
Ovarian Cancer. Mol. Cell. Proteom. 2019, 18, 1836–1850. [CrossRef] [PubMed]

9. Labidi-Galy, S.I.; Papp, E.; Hallberg, D.; Niknafs, N.; Adleff, V.; Noe, M.; Bhattacharya, R.; Novak, M.; Jones, S.; Phallen, J.; et al.
High grade serous ovarian carcinomas originate in the fallopian tube. Nat. Commun. 2017, 8, 1093. [CrossRef]

10. Hutter, C.; Zenklusen, J.C. The Cancer Genome Atlas: Creating Lasting Value beyond Its Data. Cell 2018, 173,
283–285. [CrossRef] [PubMed]

11. Prat, J. Staging classification for cancer of the ovary, fallopian tube, and peritoneum. Int. J. Gynecol. Obstet. 2014,
124, 1–5. [CrossRef]

http://doi.org/10.3322/caac.21492
http://doi.org/10.1002/ijc.30676
http://doi.org/10.1016/j.humpath.2018.06.018
http://doi.org/10.3322/caac.21456
http://doi.org/10.1001/jama.291.22.2705
http://doi.org/10.1186/s13048-016-0254-7
http://doi.org/10.1074/mcp.RA118.001221
http://www.ncbi.nlm.nih.gov/pubmed/31289117
http://doi.org/10.1038/s41467-017-00962-1
http://doi.org/10.1016/j.cell.2018.03.042
http://www.ncbi.nlm.nih.gov/pubmed/29625045
http://doi.org/10.1016/j.ijgo.2013.10.001


Cancers 2021, 13, 2067 11 of 15

12. Du Bois, A.; Reuss, A.; Pujade-Lauraine, E.; Harter, P.; Ray-Coquart, I.; Pfisterer, J. Role of surgical outcome as prognos-
tic factor in advanced epithelial ovarian cancer: A combined exploratory analysis of 3 prospectively randomized phase 3
multicenter trials: By the arbeitsgemeinschaft gynaekologische onkologie studiengruppe ovarialkarzin. Cancer 2009, 115,
1234–1244. [CrossRef] [PubMed]

13. Chang, S.-J.; Hodeib, M.; Chang, J.; Bristow, R.E. Survival impact of complete cytoreduction to no gross residual disease for
advanced-stage ovarian cancer: A meta-analysis. Gynecol. Oncol. 2013, 130, 493–498. [CrossRef]

14. Vergote, I.B.; Van Nieuwenhuysen, E.; Vanderstichele, A. How to Select Neoadjuvant Chemotherapy or Primary Debulking
Surgery in Patients with Stage IIIC or IV Ovarian Carcinoma. J. Clin. Oncol. 2016, 34, 3827–3828. [CrossRef] [PubMed]

15. Querleu, D.; Planchamp, F.; Chiva, L.; Fotopoulou, C.; Barton, D.; Cibula, D.; Aletti, G.; Carinelli, S.; Creutzberg, C.;
Davidson, B.; et al. European Society of Gynaecological Oncology (ESGO) Guidelines for Ovarian Cancer Surgery. Int. J. Gynecol.
Cancer 2017, 27, 1534–1542. [CrossRef] [PubMed]

16. Stuart, G.C.E.; Kitchener, H.; Bacon, M.; du Bois, A.; Friedlander, M.; Ledermann, J.; Marth, C.; Thigpen, T.; Trimble, E.
2010 Gynecologic Cancer InterGroup (GCIG) consensus statement on clinical trials in ovarian cancer: Report from the fourth
ovarian cancer consensus conference. Int. J. Gynecol. Cancer 2011, 21, 750–755. [CrossRef]

17. Katsumata, N.; Yasuda, M.; Isonishi, S.; Takahashi, F.; Michimae, H.; Kimura, E.; Aoki, D.; Jobo, T.; Kodoma, S.; Terauchi, F.; et al.
Long-term results of dose-dense paclitaxel and carboplatin versus conventional paclitaxel and carboplatin for treatment of
advanced epithelial ovarian, fallopian tube, or primary peritoneal cancer (JGOG 3016): A randomised, controlled, open-label trial.
Lancet Oncol. 2013, 14, 1020–1026. [CrossRef]

18. Clamp, A.R.; James, E.C.; McNeish, I.A.; Dean, A.; Kim, J.W.; O’Donnell, D.M.; Hook, J.; Coyle, C.; Blagden, S.; Brenton, J.D.; et al.
Weekly dose-dense chemotherapy in first-line epithelial ovarian, fallopian tube, or primary peritoneal carcinoma treatment
(ICON8): Primary progression free survival analysis results from a GCIG phase 3 randomised controlled trial. Lancet 2019,
394, 2084–2095. [CrossRef]

19. Armstrong, D.K.; Bundy, B.; Wenzel, L.; Huang, H.Q.; Baergen, R.; Lele, S.; Copeland, L.J.; Walker, J.L.; Burger, R.A. Intraperitoneal
cisplatin and paclitaxel in ovarian cancer. N. Engl. J. Med. 2006, 354, 34–43. [CrossRef]

20. Vergote, I.; Trope, C.G.; Amant, F.; Kristensen, G.B.; Ehlen, T.; Johnson, N.; Verheijen, R.H.M.; van der Burg, M.E.L.; Lacave, A.J.;
Panici, P.B.; et al. Neoadjuvant chemotherapy or primary surgery in stage IIIC or IV ovarian cancer. N. Engl. J. Med. 2010, 363,
943–953. [CrossRef] [PubMed]

21. Kehoe, S.; Hook, J.; Nankivell, M.; Jayson, G.C.; Kitchener, H.; Lopes, T.; Luesley, D.; Perren, T.; Banoo, S.; Mascarenhas, M.; et al.
Primary chemotherapy versus primary surgery for newly diagnosed advanced ovarian cancer (CHORUS): An open-label,
randomised, controlled, non-inferiority trial. Lancet 2015, 386, 249–257. [CrossRef]

22. Bookman, M.A.; Okamoto, A.; Stuart, G.; Yanaihara, N.; Aoki, D.; Bacon, M.; Fujiwara, K.; Gonzalez-Mertin, A.; Harter, P.;
Kim, J.W.; et al. Harmonising clinical trials within the Gynecologic Cancer InterGroup: Consensus and unmet needs from the
Fifth Ovarian Cancer Consensus Conference. Ann. Oncol. 2017, 28, viii30–viii35. [CrossRef]

23. Parmar, M.K.; Ledermann, J.A.; Colombo, N.; du Bois, A.; Delaloye, J.F.; Kristensen, G.B.; Wheeler, S.; Swart, A.M.; Qian, W.;
Torri, V.; et al. Paclitaxel plus platinum-based chemotherapy versus conventional platinum-based chemotherapy in women with
relapsed ovarian cancer: The ICON4/AGO-OVAR-2.2 trial. Lancet 2003, 361, 2099–2106. [PubMed]

24. Pujade-Lauraine, E.; Wagner, U.; Aavall-Lundqvist, E.; Gebski, V.; Heywood, M.; Vasey, P.A.; Volgger, B.; Vergote, I.; Pignata, S.;
Ferrero, A.; et al. Pegylated liposomal doxorubicin and carboplatin compared with paclitaxel and carboplatin for patients with
platinum-sensitive ovarian cancer in late relapse. J. Clin. Oncol. 2010, 28, 3323–3329. [CrossRef] [PubMed]

25. Pfisterer, J.; Plante, M.; Vergote, I.; du Bois, A.; Hirte, H.; Lacave, A.J.; Wagner, U.; Stähle, A.; Stuart, G.; Kimmig, R.; et al.
Gemcitabine plus carboplatin compared with carboplatin in patients with platinum-sensitive recurrent ovarian cancer: An
intergroup trial of the AGO-OVAR, the NCIC CTG, and the EORTC GCG. J. Clin. Oncol. 2006, 24, 4699–4707. [CrossRef] [PubMed]

26. Ledermann, J.A.; Raja, F.A.; Fotopoulou, C.; Gonzalez-Martin, A.; Colombo, N.; Sessa, C. Newly diagnosed and relapsed
epithelial ovarian carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2013,
24 (Suppl. 6), vi24–vi32. [CrossRef]

27. Poveda, A.M.; Selle, F.; Hipert, F.; Reuss, A.; Savarese, A.; Vergote, I.; Petronella, W.; Bamias, A.; Scotto, N.; Mitchell, L.; et al.
Bevacizumab Combined with Weekly Paclitaxel, Pegylated Liposomal Doxorubicin, or Topotecan in Platinum-Resistant Recurrent
Ovarian Cancer: Analysis by Chemotherapy Cohort of the Randomized Phase III AURELIA Trial. J. Clin. Oncol. 2015,
33, 3836–3838. [CrossRef]

28. Du Bois, A.; Sehouli, J.; Vergote, I.; Ferron, G.; Reuss, A.; Meier, W.; Greggi, S.; Jensen, P.T.; Selle, F.; Guyon, F.; et al. Randomized
phase III study to evaluate the impact of secondary cytoreductive surgery in recurrent ovarian cancer: Final analysis of AGO
DESKTOP III/ENGOT-ov20. J. Clin. Oncol. 2020, 38, 6000. [CrossRef]

29. Scaletta, G.; Plotti, F.; Luvero, D.; Capriglione, S.; Montera, R.; Miranda, A.; Lopez, S.; Terranova, C.; Nardone, C.C.; Angioli, R.
The role of novel biomarker HE4 in the diagnosis, prognosis and follow-up of ovarian cancer: A systematic review. Expert Rev.
Anticancer Ther. 2017, 17, 827–839. [CrossRef]

30. Füzéry, A.K.; Levin, J.; Chan, M.M.; Chan, D.W. Translation of proteomic biomarkers into FDA approved cancer diagnostics:
Issues and challenges. Clin. Proteom. 2013, 10, 13. [CrossRef]

http://doi.org/10.1002/cncr.24149
http://www.ncbi.nlm.nih.gov/pubmed/19189349
http://doi.org/10.1016/j.ygyno.2013.05.040
http://doi.org/10.1200/JCO.2016.69.7458
http://www.ncbi.nlm.nih.gov/pubmed/27646940
http://doi.org/10.1097/IGC.0000000000001041
http://www.ncbi.nlm.nih.gov/pubmed/30814245
http://doi.org/10.1097/IGC.0b013e31821b2568
http://doi.org/10.1016/S1470-2045(13)70363-2
http://doi.org/10.1016/S0140-6736(19)32259-7
http://doi.org/10.1056/NEJMoa052985
http://doi.org/10.1056/NEJMoa0908806
http://www.ncbi.nlm.nih.gov/pubmed/20818904
http://doi.org/10.1016/S0140-6736(14)62223-6
http://doi.org/10.1093/annonc/mdx449
http://www.ncbi.nlm.nih.gov/pubmed/12826431
http://doi.org/10.1200/JCO.2009.25.7519
http://www.ncbi.nlm.nih.gov/pubmed/20498395
http://doi.org/10.1200/JCO.2006.06.0913
http://www.ncbi.nlm.nih.gov/pubmed/16966687
http://doi.org/10.1093/annonc/mdt333
http://doi.org/10.1200/JCO.2015.63.1408
http://doi.org/10.1200/JCO.2020.38.15_suppl.6000
http://doi.org/10.1080/14737140.2017.1360138
http://doi.org/10.1186/1559-0275-10-13


Cancers 2021, 13, 2067 12 of 15

31. Oza, A.M.; Cook, A.D.; Pfisterer, J.; Embleton, A.; Ledermann, J.; Pujade-Lauraine, E.; Kristensen, G.; Carey, M.S.; Beale, P.;
Cervantes, A.; et al. Standard chemotherapy with or without bevacizumab for women with newly diagnosed ovarian cancer
(ICON7): Overall survival results of a phase 3 randomised trial. Lancet Oncol. 2015, 16, 928–936. [CrossRef]

32. Pujade-Lauraine, E.; Hilpert, F.; Weber, B.; Reuss, A.; Poveda, A.; Kristensen, G.; Sorio, R.; Vergote, I.; Witteveen, P.;
Bamias, A.; et al. Bevacizumab combined with chemotherapy for platinum-resistant recurrent ovarian cancer: The AURELIA
open-label randomized phase III trial. J. Clin. Oncol. 2014, 32, 1302–1308. [CrossRef] [PubMed]

33. Aghajanian, C.; Blank, S.V.; Goff, B.A.; Judson, P.L.; Teneriello, M.G.; Husain, A.; Sovak, M.A.; Yi, J.; Nycum, L.R. OCEANS:
A randomized, double-blind, placebo-controlled phase III trial of chemotherapy with or without bevacizumab in patients
with platinum-sensitive recurrent epithelial ovarian, primary peritoneal, or fallopian tube cancer. J. Clin. Oncol. 2012,
30, 2039–2045. [CrossRef] [PubMed]

34. Liu, J.F.; Barry, W.T.; Birrer, M.; Lee, J.M.; Buckanovich, R.J.; Fleming, G.F.; Rimel, B.; Buss, M.K.; Nattam, S.; Hurteau, J.; et al.
Combination cediranib and olaparib versus olaparib alone for women with recurrent platinum-sensitive ovarian cancer: A
randomised phase 2 study. Lancet Oncol. 2014, 15, 1207–1214. [CrossRef]

35. Mateo, J.; Lord, C.J.; Serra, V.; Tutt, A.; Balmaña, J.; Castroviejo-Bermejo, M.; Cruz, C.; Oaknin, A.; Kaye, S.B.; de Bono, J.S. A
decade of clinical development of PARP inhibitors in perspective. Ann. Oncol. 2019, 30, 1437–1447. [CrossRef]

36. Moore, K.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary, A.;
Sonke, G.S.; et al. Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2018,
379, 2495–2505. [CrossRef]

37. González-Martín, A.; Pthuri, B.; Vergote, I.; Christensen, R.P.; Graybill, W.; Mirza, M.R.; McCormick, C.; Lorusso, D.;
Hoskins, P.; Freyer, G.; et al. Niraparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2019,
381, 2391–2402. [CrossRef] [PubMed]

38. Coleman, R.L.; Fleming, G.F.; Brady, M.F.; Swisher, E.M.; Steffensen, K.D.; Friedlander, M.; Okamoto, A.; Moore, K.N.;
Ben-Baruch, N.E.; Werner, T.L.; et al. Veliparib with First-Line Chemotherapy and as Maintenance Therapy in Ovarian Cancer. N.
Engl. J. Med. 2019, 381, 2403–2415. [CrossRef]

39. Ledermann, J.; Harter, P.; Gourley, C.; Friedlander, M.; Vergote, I.; Rustin, G.; Scott, C.; Meier, W.; Shapira-Frommer, R.;
Safra, T.; et al. Olaparib maintenance therapy in platinum-sensitive relapsed ovarian cancer. N. Engl. J. Med. 2012,
366, 1382–1392. [CrossRef]

40. Pujade-Lauraine, E.; Ledermann, J.A.; Selle, F.; Gebski, V.; Penson, R.T.; Oza, A.M.; Korach, J.; Huzarski, T.; Poveda, A.;
Pignata, S.; et al. Olaparib tablets as maintenance therapy in patients with platinum-sensitive, relapsed ovarian cancer and a
BRCA1/2 mutation (SOLO2/ENGOT-Ov21): A double-blind, randomised, placebo-controlled, phase 3 trial. Lancet Oncol. 2017,
18, 1274–1284. [CrossRef]

41. Mirza, M.R.; Monk, B.J.; Herrestdt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.; Lorusso, D.;
Vergote, I.; et al. Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian cancer. N. Engl. J. Med. 2016, 375,
2154–2164. [CrossRef] [PubMed]

42. Coleman, R.L.; Oza, A.M.; Lorusso, D.; Aghajanian, C.; Oaknin, A.; Dean, A.; Colombo, N.; Weberpals, J.I.; Clamp, A.;
Scambia, G.; et al. Rucaparib maintenance treatment for recurrent ovarian carcinoma after response to platinum therapy (ARIEL3):
A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 1949–1961. [CrossRef]

43. Ray-Coquard, I.; Pautier, P.; Pignata, S.; Pérol, D.; Gonzalez-Martin, A.; Berger, R.; Fujiwara, K.; Vergote, I.; Colombo, N.;
Mäenpää, J.; et al. Olaparib plus Bevacizumab as First-Line Maintenance in Ovarian Cancer. N. Engl. J. Med. 2019, 381,
2416–2428. [CrossRef] [PubMed]

44. Kim, H.; Xu, H.; George, E.; Hallberg, D.; Kumar, S.; Jagannathan, V.; Medvedev, S.; Kinose, Y.; Devins, K.; Verma, P.; et al.
Combining PARP with ATR inhibition overcomes PARP inhibitor and platinum resistance in ovarian cancer models. Nat. Commun.
2020, 11, 3726. [CrossRef]

45. Fang, Y.; McGrail, D.J.; Sun, C.; Labrie, M.; Chen, X.; Zhang, D.; Ju, Z.; Vellano, C.P.; Lu, Y.; Li, Y.; et al. Sequential Therapy with
PARP and WEE1 Inhibitors Minimizes Toxicity while Maintaining Efficacy. Cancer Cell 2019, 35, 851–867.e7. [CrossRef]

46. Smith, H.L.; Prendergast, L.; Curtin, N.J. Exploring the synergy between PARP and CHK1 inhibition in matched BRCA2 mutant
and corrected cells. Cancers 2020, 12, 878. [CrossRef]

47. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-year survival with combined nivolumab and ipilimumab in advanced melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef]

48. Brahmer, J.; Reckamp, K.L.; Baas, P.; Crinò, L.; Eberhardt, W.E.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.; Vokes, E.E.;
Holgado, E.; et al. Nivolumab versus docetaxel in advanced squamous-cell non-small-cell lung cancer. N. Engl. J. Med. 2015,
373, 123–135. [CrossRef]

49. Varga, A.; Piha-Paul, S.; Ott, P.A.; Mehnert, J.M.; Berton-Rigaud, D.; Morosky, A.; Yang, P.; Ruman, J.; Matei, D. Pembrolizumab in
patients with programmed death ligand 1–positive advanced ovarian cancer: Analysis of KEYNOTE-028. Gynecol. Oncol. 2019,
152, 243–250. [CrossRef]

50. Marcus, L.; Lemery, S.J.; Keegan, P.; Pazdur, R. FDA Approval Summary: Pembrolizumab for the Treatment of Microsatellite
Instability-High Solid Tumors. Clin. Cancer Res. 2019, 25, 3753–3758. [CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(15)00086-8
http://doi.org/10.1200/JCO.2013.51.4489
http://www.ncbi.nlm.nih.gov/pubmed/24637997
http://doi.org/10.1200/JCO.2012.42.0505
http://www.ncbi.nlm.nih.gov/pubmed/22529265
http://doi.org/10.1016/S1470-2045(14)70391-2
http://doi.org/10.1093/annonc/mdz192
http://doi.org/10.1056/NEJMoa1810858
http://doi.org/10.1056/NEJMoa1910962
http://www.ncbi.nlm.nih.gov/pubmed/31562799
http://doi.org/10.1056/NEJMoa1909707
http://doi.org/10.1056/NEJMoa1105535
http://doi.org/10.1016/S1470-2045(17)30469-2
http://doi.org/10.1056/NEJMoa1611310
http://www.ncbi.nlm.nih.gov/pubmed/27717299
http://doi.org/10.1016/S0140-6736(17)32440-6
http://doi.org/10.1056/NEJMoa1911361
http://www.ncbi.nlm.nih.gov/pubmed/31851799
http://doi.org/10.1038/s41467-020-17127-2
http://doi.org/10.1016/j.ccell.2019.05.001
http://doi.org/10.3390/cancers12040878
http://doi.org/10.1056/NEJMoa1910836
http://doi.org/10.1056/NEJMoa1504627
http://doi.org/10.1016/j.ygyno.2018.11.017
http://doi.org/10.1158/1078-0432.CCR-18-4070
http://www.ncbi.nlm.nih.gov/pubmed/30787022


Cancers 2021, 13, 2067 13 of 15

51. Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474,
609–615. [CrossRef] [PubMed]

52. Alsop, K.; Fereday, S.; Meldrum, C.; DeFazio, A.; Emmanuel, C.; George, J.; Dobrovic, A.; Birrer, M.J.; Webb, P.M.; Stewart, C.; et al.
BRCA mutation frequency and patterns of treatment response in BRCA mutation-positive women with ovarian cancer: A report
from the Australian ovarian cancer study group. J. Clin. Oncol. 2012, 30, 2654–2663. [CrossRef] [PubMed]

53. Verhaak, R.G.W.; Tamayo, P.; Yang, J.Y.; Hubbard, D.; Zhang, H.; Creighton, C.J.; Fereday, S.; Lawrence, M.; Carter, S.L.;
Hermel, C.H.; et al. Prognostically relevant gene signatures of high-grade serous ovarian carcinoma. J. Clin. Investig. 2012, 123,
517–525. [CrossRef] [PubMed]

54. Talhouk, A.; George, J.; Wang, C.; Budden, T.; Tan, T.Z.; Chiu, D.S.; Kommoss, S.; Leong, H.S.; Chen, S.; Intermaggio, M.P.; et al.
Development and Validation of the Gene Expression Predictor of High-grade Serous Ovarian Carcinoma Molecular SubTYPE
(PrOTYPE). Clin. Cancer Res. 2020, 26, 5411–5423. [CrossRef] [PubMed]

55. Zhang, A.W.; McPherson, A.; Milne, K.; Kroeger, D.R.; Hamilton, P.T.; Miranda, A.; Funnell, T.; Little, N.; de Souza, C.P.E.;
Laan, S.; et al. Interfaces of Malignant and Immunologic Clonal Dynamics in Ovarian Cancer. Cell 2018, 173, 1755–1769.e22. [CrossRef]

56. Csizmok, V.; Forman-Kay, J.D. Complex regulatory mechanisms mediated by the interplay of multiple post-translational
modifications. Curr. Opin. Struct. Biol. 2018, 48, 58–67. [CrossRef]

57. Zhang, H.; Liu, T.; Zhang, Z.; Payne, S.H.; Zhang, B.; McDermott, J.E.; Zhou, J.J.; Petyuk, V.A.; Chen, L.; Ray, D.; et al. Integrated
Proteogenomic Characterization of Human High-Grade Serous Ovarian Cancer. Cell 2016, 166, 755–765. [CrossRef]

58. McDermott, J.E.; Arshad, O.A.; Petyuk, V.A.; Fu, Y.; Gritsenko, M.A.; Clauss, T.R.; Moore, R.J.; Schpmoes, A.A.; Zhao, R.;
Monroe, M.; et al. Proteogenomic Characterization of Ovarian HGSC Implicates Mitotic Kinases, Replication Stress in Observed
Chromosomal Instability. Cell Rep. Med. 2020, 1, 100004. [CrossRef]

59. Aebersold, R.; Mann, M. Mass-spectrometric exploration of proteome structure and function. Nature 2016, 537,
347–355. [CrossRef] [PubMed]

60. Nilsson, T.; Mann, M.; Aebersold, R.i; Yates, J.R., III; Bairoch, A.; Bergeron, J.J.M. Mass spectrometry in high-throughput
proteomics: Ready for the big time. Nat. Methods 2010, 7, 681–685. [CrossRef] [PubMed]

61. Mann, M.; Kulak, N.A.; Nagaraj, N.; Cox, J. The coming age of complete, accurate, and ubiquitous proteomes. Mol. Cell. 2013,
49, 583–590. [CrossRef]

62. Edwards, N.J.; Oberti, M.; Thangudu, R.R.; Cai, S.; McGarvey, P.B.; Jacob, S.; Madhavan, S.; Ketchum, K.A. The CPTAC data
portal: A resource for cancer proteomics research. J. Proteome Res. 2015, 14, 2707–2713. [CrossRef]

63. Mertins, P.; Mani, D.R.; Ruggles, K.V.; Gillette, M.A.; Clauser, K.R.; Wang, P.; Wang, X.; Qiao, J.W.; Cao, S.; Petralia, F.; et al.
Proteogenomics connects somatic mutations to signalling in breast cancer. Nature 2016, 534, 55–62. [CrossRef] [PubMed]

64. Zhang, B.; Wang, J.; Wang, X.; Zhu, J.; Liu, Q.; Shi, Z.; Chambers, M.C.; Zimmerman, L.J.; Shaddox, K.F.; Kim, S.; et al.
Proteogenomic characterization of human colon and rectal cancer. Nature 2014, 513, 382–387. [CrossRef] [PubMed]

65. Mertins, P.; Tang, L.C.; Krug, K.; Clark, D.J.; Gritsenko, M.A.; Chen, L.; Clauser, K.R.; Clauss, T.R.; Shah, P.; Gillette, M.A.; et al.
Reproducible workflow for multiplexed deep-scale proteome and phosphoproteome analysis of tumor tissues by liquid
chromatography–mass spectrometry. Nat. Protoc. 2018, 13, 1632–1661. [CrossRef] [PubMed]

66. Abbatiello, S.E.; Mani, D.R.; Schilling, B.; Maclean, B.; Zimmerman, L.J.; Feng, X.; Cusack, M.P.; Sedransk, N.; Hall, S.C.;
Addona, T.; et al. Design, Implementation and Multisite Evaluation of a System Suitability Protocol for the Quantitative As-
sessment of Instrument Performance in Liquid Chromatography-Multiple Reaction Monitoring-MS (LC-MRM-MS). Mol. Cell.
Proteom. 2013, 12, 2623–2639. [CrossRef] [PubMed]

67. Addona, T.A.; Abbatiello, S.E.; Schilling, B.; Skates, S.J.; Mani, D.R.; Bunk, D.M.; Spiegelman, C.H.; Zimmerman, L.J.; Ham, A.J.L.;
Keshishian, H.; et al. Multi-site assessment of the precision and reproducibility of multiple reaction monitoring–based measure-
ments of proteins in plasma. Nat. Biotechnol. 2009, 27, 633–641. [CrossRef]

68. Carr, S.; Abbatiello, S.E.; Ackermann, B.L.; Borchers, C.; Domon, B.; Deutsch, E.W.; Grant, R.P.; Hoofnagle, A.N.; Hüttenhain, R.;
Koomen, J.M.; et al. Targeted Peptide Measurements in Biology and Medicine: Best Practices for Mass Spectrometry-based Assay
Development Using a Fit-for-Purpose Approach. Mol. Cell. Proteom. 2014, 13, 907–917. [CrossRef]

69. Fan, G.; Wrzeszczynski, K.O.; Fu, C.; Su, G.; Pappin, D.J.; Lucito, R.; Tonks, N.K. A quantitative proteomics-based signature of
platinum sensitivity in ovarian cancer cell lines. Biochem. J. 2015, 465, 433–442. [CrossRef]

70. Coscia, F.; Watters, K.M.; Curtis, M.; Eckert, M.A.; Chiang, C.Y.; Tyanova, S.; Montag, A.; Lastra, R.R.; Lengyel, E.; Mann, M.
Integrative proteomic profiling of ovarian cancer cell lines reveals precursor cell associated proteins and functional status. Nat.
Commun. 2016, 7, 12645. [CrossRef] [PubMed]

71. Coscia, F.; Lengyel, E.; Duraiswamy, J.; Ashcroft, B.; Bassani-Sternberg, M.; Wierer, M.; Johnson, A.; Wroblewski, K.; Montag, A.;
Yamada, S.D.; et al. Multi-level Proteomics Identifies CT45 as a Chemosensitivity Mediator and Immunotherapy Target in
Ovarian Cancer. Cell 2018, 175, 159–170.e16. [CrossRef]

72. Qu, H.; Chen, Y.; Cao, G.; Liu, C.; Xu, J.; Deng, H.; Zhang, Z. Identification and validation of differentially expressed proteins in
epithelial ovarian cancers using quantitative proteomics. Oncotarget 2016, 7, 83187–83199. [CrossRef]

73. Thomas, S.N.; Friedrich, B.; Schnaubelt, M.; Chan, D.W.; Zhang, H.; Aebersold, R. Orthogonal Proteomic Platforms and Their
Implications for the Stable Classification of High-Grade Serous Ovarian Cancer Subtypes. iScience 2020, 23, 101079. [CrossRef]

http://doi.org/10.1038/nature10166
http://www.ncbi.nlm.nih.gov/pubmed/21720365
http://doi.org/10.1200/JCO.2011.39.8545
http://www.ncbi.nlm.nih.gov/pubmed/22711857
http://doi.org/10.1172/JCI65833
http://www.ncbi.nlm.nih.gov/pubmed/23257362
http://doi.org/10.1158/1078-0432.CCR-20-0103
http://www.ncbi.nlm.nih.gov/pubmed/32554541
http://doi.org/10.1016/j.cell.2018.03.073
http://doi.org/10.1016/j.sbi.2017.10.013
http://doi.org/10.1016/j.cell.2016.05.069
http://doi.org/10.1016/j.xcrm.2020.100004
http://doi.org/10.1038/nature19949
http://www.ncbi.nlm.nih.gov/pubmed/27629641
http://doi.org/10.1038/nmeth0910-681
http://www.ncbi.nlm.nih.gov/pubmed/20805795
http://doi.org/10.1016/j.molcel.2013.01.029
http://doi.org/10.1021/pr501254j
http://doi.org/10.1038/nature18003
http://www.ncbi.nlm.nih.gov/pubmed/27251275
http://doi.org/10.1038/nature13438
http://www.ncbi.nlm.nih.gov/pubmed/25043054
http://doi.org/10.1038/s41596-018-0006-9
http://www.ncbi.nlm.nih.gov/pubmed/29988108
http://doi.org/10.1074/mcp.M112.027078
http://www.ncbi.nlm.nih.gov/pubmed/23689285
http://doi.org/10.1038/nbt.1546
http://doi.org/10.1074/mcp.M113.036095
http://doi.org/10.1042/BJ20141087
http://doi.org/10.1038/ncomms12645
http://www.ncbi.nlm.nih.gov/pubmed/27561551
http://doi.org/10.1016/j.cell.2018.08.065
http://doi.org/10.18632/oncotarget.13077
http://doi.org/10.1016/j.isci.2020.101079


Cancers 2021, 13, 2067 14 of 15

74. Song, G.; Chen, L.; Zhang, B.; Song, Q.; Yu, Y.; Moore, C.; Wang, T.L.; Shih, I.M.; Zhang, H.; Chan, D.W.; et al. Proteome-wide
Tyrosine Phosphorylation Analysis Reveals Dysregulated Signaling Pathways in Ovarian Tumors. Mol. Cell. Proteom. 2019, 18,
448–460. [CrossRef] [PubMed]

75. Francavilla, C.; Lupia, M.; Tsafou, K.; Villa, A.; Kowalczyk, K.; Jersie-Christensen, R.R.; Bertalot, G.; Confalonieri, S.; Brunak, S.;
Jensen, L.J.; et al. Phosphoproteomics of Primary Cells Reveals Druggable Kinase Signatures in Ovarian Cancer. Cell Rep. 2017,
18, 3242–3256. [CrossRef]

76. Li, N.; Qian, S.; Li, B.; Zhan, X. Quantitative analysis of the human ovarian carcinoma mitochondrial phosphoproteome. Aging
2019, 11, 6449–6468. [CrossRef] [PubMed]

77. Pan, J.; Hu, Y.; Sun, S.; Chen, L.; Schnaublet, M.; Clark, D.; Ao, M.; Zhang, Z.; Chan, D.; Qian, J.; et al. Glycoproteomics-based
signatures for tumor subtyping and clinical outcome prediction of high-grade serous ovarian cancer. Nat. Commun. 2020,
11, 6139. [CrossRef] [PubMed]

78. Hu, Y.; Pan, J.; Shah, P.; Ao, M.; Thomas, S.N.; Liu, Y.; Chen, L.; Schnaubelt, M.; Clark, D.J.; Rodriguez, H.; et al. Inte-
grated Proteomic and Glycoproteomic Characterization of Human High-Grade Serous Ovarian Carcinoma. Cell Rep. 2020,
33, 108276. [CrossRef]

79. Dann, R.B.; DeLoia, J.A.; Timms, K.M.; Zorn, K.K.; Potter, J.; Flake, D.D., II; Lanchbury, J.S.; Krivak, T.C. BRCA1/2 mutations and
expression: Response to platinum chemotherapy in patients with advanced stage epithelial ovarian cancer. Gynecol. Oncol. 2012,
125, 677–682. [CrossRef] [PubMed]

80. Pennington, K.P.; Walsh, T.; Harrell, M.I.; Lee, M.K.; Pennil, C.C.; Rendi, M.H.; Thornton, A.; Norquist, B.M.; Casadei, S.;
Nord, A.S.; et al. Germline and somatic mutations in homologous recombination genes predict platinum response and survival
in ovarian, fallopian tube, and peritoneal carcinomas. Clin. Cancer Res. 2014, 20, 764–775. [CrossRef]

81. Wang, Z.C.; Birkbak, N.J.; Culhane, A.C.; Drapkin, R.; Fatima, A.; Tian, R.; Schwede, M.; Alsop, K.; Daniels, K.E.; Piao, H.; et al.
Profiles of genomic instability in high-grade serous ovarian cancer predict treatment outcome. Clin. Cancer Res. 2012, 18,
5806–5815. [CrossRef] [PubMed]

82. Norquist, B.; Wurz, K.A.; Pennil, C.C.; Garcia, R.; Gross, J.; Sakai, W.; Karlan, B.Y.; Taniguchi, T.; Swisher, E.M. Secondary
somatic mutations restoring BRCA1/2 predict chemotherapy resistance in hereditary ovarian carcinomas. J. Clin. Oncol. 2011,
29, 3008–3015. [CrossRef]

83. Patch, A.M.; Christie, E.L.; Etemadmoghadam, D.; Garsed, D.W.; George, J.; Fereday, S.; Niones, K.; Cowin, P.; Alsop, K.;
Bailey, P.J.; et al. Whole-genome characterization of chemoresistant ovarian cancer. Nature 2015, 521, 489–494. [CrossRef]

84. Kang, S.; Ju, W.; Kim, J.W.; Park, N.H.; Song, Y.S.; Kim, S.C.; Park, S.Y.; Kang, S.B.; Lee, H.P. Association between excision repair
cross-complementation group 1 polymorphism and clinical outcome of platinum-based chemotherapy in patients with epithelial
ovarian cancer. Exp. Mol. Med. 2006, 38, 320–324. [CrossRef]

85. Muallem, M.Z.; Braicu, I.; Nassir, M.; Richter, R.; Sehouli, J.; Arsenic, R. ERCC1 expression as a predictor of resistance to
platinum-based chemotherapy in primary ovarian cancer. Anticancer Res. 2014, 34, 393–399.

86. Cruz, I.N.; Coley, H.M.; Kramer, H.B.; Madhuri, T.K.; Safuwan, N.A.M.; Angelino, A.R.; Yang, M. Proteomics analysis of ovarian
cancer cell lines and tissues reveals drug resistance-associated proteins. Cancer Genom. Proteom. 2017, 14, 35–52. [CrossRef]

87. Marchion, D.C.; Cottrill, H.M.; Xiong, Y.; Chen, N.; Bicaku, E.; Fulp, W.J.; Bansal, N.; Chon, H.S.; Stickles, X.B.;
Kamath, S.G.; et al. BAD phosphorylation determines ovarian cancer chemosensitivity and patient survival. Clin. Can-
cer Res. 2011, 17, 6356–6366. [CrossRef]

88. Yu, Y.; Gaillard, S.; Phillip, J.M.; Huang, T.C.; Pinto, S.M.; Tessarollo, N.G.; Zhang, Z.; Pandey, A.; Wirtz, D.; Ayhan, A.; et al. Inhi-
bition of Spleen Tyrosine Kinase Potentiates Paclitaxel-Induced Cytotoxicity in Ovarian Cancer Cells by Stabilizing Microtubules.
Cancer Cell 2015, 28, 82–96. [CrossRef] [PubMed]

89. Park, J.T.; Chen, X.; Tropè, C.G.; Davidson, B.; Shih, I.M.; Wang, T.L. Notch3 overexpression is related to the recurrence of ovarian
cancer and confers resistance to carboplatin. Am. J. Pathol. 2010, 177, 1087–1094. [CrossRef]

90. Kang, H.; Jeong, J.Y.; Song, J.Y.; Kim, T.H.; Kim, G.; Huh, J.H.; Kwon, A.Y.; Jung, S.G.; An, H.J. Notch3-specific in-
hibition using siRNA knockdown or GSI sensitizes paclitaxel-resistant ovarian cancer cells. Mol. Carcinog. 2016, 55,
1196–1209. [CrossRef] [PubMed]

91. Yamaguchi, N.; Mimoto, R.; Yanaihara, N.; Imawari, Y.; Hirooka, S.; Okamoto, A.; Yoshida, K. DYRK2 regulates epithelial-
mesenchymal-transition and chemosensitivity through Snail degradation in ovarian serous adenocarcinoma. Tumor Biol. 2015, 36,
5913–5923. [CrossRef] [PubMed]

92. Kritsch, D.; Hoffman, F.; Steinbach, D.; Jansen, L.; Photini, S.M.; Gajda, M.; Mosig, A.S.; Sonnemann, J.; Peters, S.;
Melnikova, M.; et al. Tribbles 2 mediates cisplatin sensitivity and DNA damage response in epithelial ovarian cancer. Int. J.
Cancer 2017, 141, 1600–1614. [CrossRef] [PubMed]

93. Xi, Q.; Huang, M.; Wang, Y.; Zhong, J.; Liu, R.; Xu, G.; Jiang, L.; Wang, J.; Fang, Z.; Yang, S. The expression of CDK1
is associated with proliferation and can be a prognostic factor in epithelial ovarian cancer. Tumour Biol. 2015, 36,
4939–4948. [CrossRef] [PubMed]

94. Kelly, M.G.; Alvero, A.B.; Chen, R.; Silasi, D.A.; Abrahams, V.M.; Chan, S.; Visintin, I.; Rutherford, T.; Mor, G. TLR-4 signaling
promotes tumor growth and paclitaxel chemoresistance in ovarian cancer. Cancer Res. 2006, 66, 3859–3868. [CrossRef]

http://doi.org/10.1074/mcp.RA118.000851
http://www.ncbi.nlm.nih.gov/pubmed/33431121
http://doi.org/10.1016/j.celrep.2017.03.015
http://doi.org/10.18632/aging.102199
http://www.ncbi.nlm.nih.gov/pubmed/31442208
http://doi.org/10.1038/s41467-020-19976-3
http://www.ncbi.nlm.nih.gov/pubmed/33262351
http://doi.org/10.1016/j.celrep.2020.108276
http://doi.org/10.1016/j.ygyno.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22406760
http://doi.org/10.1158/1078-0432.CCR-13-2287
http://doi.org/10.1158/1078-0432.CCR-12-0857
http://www.ncbi.nlm.nih.gov/pubmed/22912389
http://doi.org/10.1200/JCO.2010.34.2980
http://doi.org/10.1038/nature14410
http://doi.org/10.1038/emm.2006.38
http://doi.org/10.21873/cgp.20017
http://doi.org/10.1158/1078-0432.CCR-11-0735
http://doi.org/10.1016/j.ccell.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26096845
http://doi.org/10.2353/ajpath.2010.100316
http://doi.org/10.1002/mc.22363
http://www.ncbi.nlm.nih.gov/pubmed/26207830
http://doi.org/10.1007/s13277-015-3264-y
http://www.ncbi.nlm.nih.gov/pubmed/25712377
http://doi.org/10.1002/ijc.30860
http://www.ncbi.nlm.nih.gov/pubmed/28670762
http://doi.org/10.1007/s13277-015-3141-8
http://www.ncbi.nlm.nih.gov/pubmed/25910705
http://doi.org/10.1158/0008-5472.CAN-05-3948


Cancers 2021, 13, 2067 15 of 15

95. Cohen, S.; Mosig, R.; Moshier, E.; Pereira, E.; Rahaman, J.; Prasad-Hayes, M.; Halpert, R.; Billaud, J.N.; Dottino, P.; Martignetti, J.A.
Interferon regulatory factor 1 is an independent predictor of platinum resistance and survival in high-grade serous ovarian
carcinoma. Gynecol. Oncol. 2014, 134, 591–598. [CrossRef]

96. Milne, K.; Köbel, M.; Kalloger, S.E.; Barnes, R.O.; Gao, D.; Gilks, C.B.; Watson, P.H.; Nelson, B.H. Systematic analysis of immune
infiltrates in high-grade serous ovarian cancer reveals CD20, FoxP3 and TIA-1 as positive prognostic factors. PLoS ONE 2009,
4, e6412. [CrossRef]

97. Stronach, E.A.; Alfraidi, A.; Rama, N.; Datler, C.; Studd, J.B.; Agarwal, R.; Guney, T.G.; Gourley, C.; Hennessy, B.T.; Mills, G.B.; et al.
HDAC4-regulated STAT1 activation mediates platinum resistance in ovarian cancer. Cancer Res. 2011, 71, 4412–4422. [CrossRef]

98. Hetland, T.E.; Hellesylt, E.; Florenes, V.A.; Tropé, C.; Davidson, B.; Kaern, J. Class III β-tubulin expression in advanced-
stage serous ovarian carcinoma effusions is associated with poor survival and primary chemoresistance. Hum. Pathol. 2011,
42, 1019–1026. [CrossRef]

99. Hetland, T.E.; Nymoen, D.A.; Holth, A.; Brusegard, K.; Florenes, V.A.; Kaern, J.; Tropé, C.G.; Davidson, B. Aurora B expression
in metastatic effusions from advanced-stage ovarian serous carcinoma is predictive of intrinsic chemotherapy resistance. Hum.
Pathol. 2013, 44, 777–785. [CrossRef]

100. Kleinberg, L.; Holth, A.; Trope, C.G.; Reich, R.; Davidson, B. Claudin upregulation in ovarian carcinoma effusions is associated
with poor survival. Hum. Pathol. 2008, 39, 747–757. [CrossRef]

101. Yu, K.H.; Levine, D.A.; Zhang, H.; Chan, D.W.; Zhang, Z.; Snyder, M. Predicting Ovarian Cancer Patients’ Clinical Response to
Platinum- based Chemotherapy by their Tumor Proteomic Signatures. J. Proteome 2016, 5, 2455–2465. [CrossRef] [PubMed]

102. Lee, S.; Zhao, L.; Rojas, C.; Bateman, N.W.; Yao, H.; Lara, O.D.; Celestino, J.; Morgan, M.B.; Nguyen, T.V.; Conrads, K.A.; et al.
Molecular Analysis of Clinically Defined Subsets of High-Grade Serous Ovarian Cancer. Cell Rep. 2020, 31, 107502. [CrossRef]

103. Kim, S.I.; Jung, M.; Dan, K.; Lee, S.; Lee, C.; Kim, H.S.; Chung, H.H.; Kim, J.W.; Park, N.H.; Song, Y.S.; et al. Proteomic Discovery
of Biomarkers to Predict Prognosis of High-Grade Serous Ovarian Carcinoma. Cancers 2020, 12, 790. [CrossRef] [PubMed]

104. Zhang, Z.; Qin, K.; Zhang, W.; Yang, B.; Zhao, C.; Zhang, X.; Zhang, F.; Zhao, L.; Shan, B. Postoperative recurrence of epithelial
ovarian cancer patients and chemoresistance related protein analyses. J. Ovarian Res. 2017, 12, 29.

105. Bais, C.; Mueller, B.; Brady, M.F.; Mannel, R.S.; Burger, R.A.; Wei, W.; Marien, K.M.; Kockx, M.M.; Husain, A.; Birrer, M.J.; et al.
Tumor Microvessel Density as a Potential Predictive Marker for Bevacizumab Benefit: GOG-0218 Biomarker Analyses. J. Natl.
Cancer Inst. 2017, 109. [CrossRef] [PubMed]

106. Collinson, F.; Hutchinson, M.; Craven, R.A.; Cairns, D.A.; Zougman, A.; Wind, T.C.; Gahir, N.; Messenger, M.P.; Jackson, S.;
Thompson, D.; et al. Predicting response to bevacizumab in ovarian cancer: A panel of potential biomarkers informing treatment
selection. Clin. Cancer Res. 2013, 19, 5227–5239. [PubMed]

107. Backen, A.; Renehan, A.G.; Clamp, A.R.; Berzuini, C.; Zhou, C.; Oza, A.; Bannoo, S.; Scherer, S.J.; Banks, R.E.; Dive, C.; et al. The
combination of circulating Ang1 and Tie2 levels predicts progression-free survival advantage in bevacizumab-treated patients
with ovarian cancer. Clin. Cancer Res. 2014, 20, 4549–4558.

108. Swisher, E.M.; Lin, K.K.; Oza, A.M.; Scott, C.L.; Giordano, H.; Sun, J.; Konecny, G.E.; Coleman, R.L.; Tinker, A.V.;
O’Malley, D.M.; et al. Rucaparib in relapsed, platinum-sensitive high-grade ovarian carcinoma (ARIEL2 Part 1): An in-
ternational, multicentre, open-label, phase 2 trial. Lancet Oncol. 2017, 18, 75–87. [CrossRef]

109. Barber, L.J.; Sandhu, S.; Chen, L.; Campbell, J.; Kozarewa, I.; Fenwick, K.; Assiotis, I.; Rodrigues, D.N.; Filho, J.S.R.;
Moreno, V.; et al. Secondary mutations in BRCA2 associated with clinical resistance to a PARP inhibitor. J. Pathol. 2013, 229,
422–429. [CrossRef] [PubMed]

110. Bajrami, I.; Frankum, J.R.; Konde, A.; Miller, R.E.; Rehman, F.L.; Brough, R.; Campbell, J.; Sims, D.; Rafiq, R.; Hooper, S.; et al.
Genome-wide profiling of genetic synthetic lethality identifies CDK12 as a novel determinant of PARP1/2 inhibitor sensitivity.
Cancer Res. 2014, 74, 287–297. [CrossRef]

http://doi.org/10.1016/j.ygyno.2014.06.025
http://doi.org/10.1371/journal.pone.0006412
http://doi.org/10.1158/0008-5472.CAN-10-4111
http://doi.org/10.1016/j.humpath.2010.10.025
http://doi.org/10.1016/j.humpath.2012.08.002
http://doi.org/10.1016/j.humpath.2007.10.002
http://doi.org/10.1021/acs.jproteome.5b01129
http://www.ncbi.nlm.nih.gov/pubmed/27312948
http://doi.org/10.1016/j.celrep.2020.03.066
http://doi.org/10.3390/cancers12040790
http://www.ncbi.nlm.nih.gov/pubmed/32224886
http://doi.org/10.1093/jnci/djx066
http://www.ncbi.nlm.nih.gov/pubmed/29059426
http://www.ncbi.nlm.nih.gov/pubmed/23935036
http://doi.org/10.1016/S1470-2045(16)30559-9
http://doi.org/10.1002/path.4140
http://www.ncbi.nlm.nih.gov/pubmed/23165508
http://doi.org/10.1158/0008-5472.CAN-13-2541

	Introduction 
	Current Therapeutic Management of High-Grade Serous Ovarian Cancer Patients 
	Tumor Mechanisms and Identification of Molecular Therapeutic Targets in HGSC 
	Therapy Response and Prognostic Molecular Biomarkers in HGSC 
	Conclusions 
	References

