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Abstract

Introduction: Due to the relatively low mutation rate and high frequency of copy number
variation, finding actionable genetic drivers of high grade serous carcinoma (HGSC) is a
challenging task. Furthermore, emerging studies show that genetic alterations are frequently
poorly represented at the protein level adding a layer of complexity. With improvements in large-
scale proteomic technologies, proteomics studies have the potential to provide robust analysis of
the pathways driving high HGSC behavior.

Areas covered: This review summarizes recent large-scale proteomics findings across
adequately sized ovarian cancer sample sets. Key words combined with “ovarian cancer’ including
'proteomics’, 'proteogenomic’, 'reverse-phase protein array', ‘mass spectrometry’, and ‘adaptive
response’, were used to search PubMed.

Expert opinion: Proteomics analysis of HGSC as well as their adaptive responses to therapy can
uncover new therapeutic liabilities, which can reduce the emergence of drug resistance and
potentially improve patient outcomes. There is a pressing need to better understand how the
genomic and epigenomic heterogeneity intrinsic to ovarian cancer is reflected at the protein level
and how this information could be used to improve patient outcomes.
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Introduction

High grade serous ovarian carcinoma (HGSC) is the most common form of ovarian cancer
and is amongst the deadliest of all women’s cancer. The main reason behind this poor
outcome is diagnosis of the majority of patients at an advanced stage. Although most HGSC
respond to initial platinum-based chemotherapy, development of chemo-resistance and
recurrence is frequent. Unfortunately, there are few effective treatment options for patients
with chemo-resistant recurrent disease, showing the urgent need to improve therapeutic
approaches available for the treatment of HGSC patients [1]. In the past decade, several
groups have investigated the development and progression of HGSC. Perhaps the most
striking new concept is that most if not all HGSC arise from the fallopian tube. The initial
events in the process appears to be acquisition of aberrations in p53 function followed by
mutation in p53. Aberrant cells arising from the fallopian tube colonize the ovary and
subsequently the remainder of the peritoneal cavity [2]. These studies have led to a better
understanding of the molecular origins of the disease and uncovered alterations in several
therapeutically relevant pathways. By integrating data from mutations, copy number
alterations and gene expression levels from patients with established ovarian cancer, genetic
studies have found that several pathways are altered at high frequency in HGSC [3]. For
example, in addition to the universal mutation in {53, the RB1, PI3K/RAS and NOTCH
pathways are deregulated in 67%, 45% and 22% of cases, respectively, while homologous
recombination (HR) DNA repair pathways is defective in about 50% of the cases [3, 4].
Responsiveness to conventional chemotherapy based of a platin and a taxane derivative is
associated with HR aberrations [5]. Indeed, HR deficiency and RB aberrations are associated
with exceptional responders that have an improved outcome likely due to therapeutic
sensitivity [5]. In contrast, amplification and overexpression of cyclin E, which is essentially
mutually exclusive with BRCA1/2 aberrations and HR deficiency, represents a therapy-
resistant population with a particular need for new approaches [4]. While these pathway
alterations clearly represent therapeutics opportunities and challenges, the identification of
patients who would benefit from a specific drug or drug combination remains a challenge as
is the identification of therapeutic approaches that would capitalize on the suite of genomic
aberrations present in individual ovarian cancer patients. Indeed, although the broad range of
genomic alterations that are observed in HGSC converge into a limited set of functional
events identifying reliable genomic biomarkers that could be tested routinely in the clinical
environment for personalized treatment approaches remains elusive. It is now clear that the
underlying biology of HGSC is not fully captured by genomic analysis and therefore the
acquisition of additional layers of information is necessary. Further, analysis of genomic
aberrations fails to capture the complexity of the tumor ecosystem that includes tumor cell
intrinsic effects as well as the interactions with stroma, immune system and other cellular
and extracellular matrix components. Because proteins are the main effectors of cell
functions, many groups have started integrating large-scale proteomics with genetic studies,
so called proteogenomic analysis [6, 7]. Indeed, proteomics can add valuable information
and potentially facilitate the identification of targetable pathways involved in HGSC
development and progression. In this review, we describe the advances in integration of
proteomics analysis into ovarian cancer research.

Expert Rev Proteomics. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Labrie et al.

Page 3

2. Ovarian cancer proteogenomic landscape

2.1 Genomics and transcriptomics

Compared to most other cancer types, HGSC display a relatively low mutation rate
associated with a high rate of copy number variation (CNV) [3, 8]. 7P53 represents the most
consistently mutated gene with mutations found in nearly 100% of HGSC. BRCAI and
BRCAZ germline and somatic mutations are found in 17% and 3% of cases, respectively [3,
9]. Less frequent mutations can also be observed in other genes such as RB1, NF1, FAT3,
CSMD3, GABRA6 and CDK12[3]. In rare cases, mutations were also found in oncogenes
such as BRAF, PIK3CA, KRAS and NRAS, revealing the possible role of the PISK-AKT
and RAS-MAPK pathways in the development and progression of the disease [3]. Since
HGSC tumors present with a large number of CNV of variable location and size, the
identification of major drivers has been challenging. Earlier studies had implicated multiple
drivers in the 326 amplicon, which is a common low level amplicon in HGSC, including
PIK3CA, PRKCIi, EVI1I/MECOM, SNON and a series of microRNAs [10-15]. TCGA
studies identified recurrent regional aberrations that comprises eight amplified regions and
22 deletions that occur in more than 50% of the tumors [3]. Analysis of these sequences
revealed that CCNEL, MYC, MECOM, ZMYNDS, IRF2BPZ2, ID4, PAX8and TERT are
frequently amplified, while deletion regions frequently cover genes such as PTEN, RBI,
NF1and CREBBP3]. However, whether these aberrations represent driving events in the
CNV and whether the CNVs themselves are drivers, at all, has not been definitively
determined.

At the transcriptional level, HGSC can be separated into four molecular subtypes based on
expression cluster analysis: the immunoreactive group expresses high level of T-cell
chemokine ligands and receptors, the differentiated cluster is associated with high
expression of MUC1, MUC16 and SLP1, the proliferative cluster has high expression of
proliferative markers and the mesenchymal group has high expression of genes associated
with epithelial mesenchymal transition (EMT) or with stromal cells [3, 16]. Finally, by
integrating mutation, CNV and transcriptomic data, several groups have developed
signatures of homologous recombination repair deficiency (HRD) and found that HRD is
present in about 50% of HGSC [17-21]. This finding represents a major therapeutic
opportunity, since HRD tumors are particularly sensitive to platin-based chemotherapy and
poly (ADP-ribose) polymerase (PARP) inhibitors.

2.2 DNA-to-RNA-to-protein discrepancy

There is no doubt that genomic analyses have improved our understanding of HGSC.
However, these studies have had only modest success at identifying new therapeutic
liabilities that could improve patient care. Indeed, although most genomic alterations are
executed at the protein level, a discordance between DNA alterations, RNA and protein
expression has been recorded in different systems, including ovarian cancer. Furthermore,
post-translational modifications including formation of functional protein complexes allow
an additional level of modification of protein function that cannot be adequately captured by
genomic analysis [22]. Since proteins are the main effectors of the cells, many groups have
demonstrated that proteomics has the potential to provide better coverage of biological
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system alterations. Studies have shown that although most autosomal gene duplications are
propagated to the protein level, 23-33% of genes located in CNV are not detected at the
protein level, indicating the presence of post-transcription mechanisms that help attenuate
the impact of CNV [23]. For example, proteins that are part of complexes can be unstable
when other proteins of that same complex are absent, attenuating the effect of gene
amplification [23]. In the case of HGSC, studying the influence of CNV on cellular
processes has been challenging, since many of the CNV are unique to a limited set of tumors
and cover very broad regions of the chromosome. Interestingly, by taking proteins into
consideration in the analysis of CNV, Zhang et al. revealed the convergence of multiple
common CNV into a limited number of protein networks [24]. Indeed, pathway analysis of
proteins associated with common CNV revealed an enrichment of proteins associated with
cell invasion and migration as well as proteins that are related to immune functions [24]. In
addition to the discrepancy between DNA alterations and expression of the protein product,
a similar observation occurs at the transcriptional level, where gene expression levels
frequently correlate only weakly with protein amounts. Indeed, we and others have
demonstrated that the correlation between protein and RNA has an r value of about 0.5
[25-27]. This represents a mixture of proteins with high and low correlations. The relatively
low correlation is the consequence of post-transcriptional or post-translational modification
as well as effects of miRNA and IncRNA on RNA stability and translation [28].
Interestingly, Zhang et al. [24] analyzed the correlation between mRNA and protein
expression in HGSC and found that highly expressed and stable structural proteins tends to
have a weaker correlation with mRNA expression than less stable proteins that are known to
be transcriptionally regulated in response to environmental changes or stress. Conversely,
mRNA with lower stability shows a relatively poor correlation with protein expression,
which can be particularly problematic when studying transient molecular events. Another
proteogenomic study performed by Johansson et a/. [29] in breast tumors demonstrated that
about 30% of mRNA transcripts did not correlate with protein expression. Interestingly, this
discrepancy was not associated with the half-life of the protein or mMRNA. The proteins that
had the least correlation with their mMRNA counterpart were proteins that are known to be
sensitive to ubiquitination, signaling and proliferation related proteins as well as structural
ribosomal and mitochondrial proteins [29]. Taken together, these studies demonstrate that
assessment of protein expression and post-translational modifications offer an additional
layer of functional heterogeneity beyond genomic aberrations and reinforce the need to
consider the tumor proteome when studying the consequences of genomic alterations.
Furthermore, these studies indicate the importance of analyzing the proteome in determining
mechanisms underlying tumor initiation and progression as well as identification of effective
therapies to counter heterogeneity and biomarkers to select patients likely to benefit from
particular therapies.

2.3 Proteomics

RPPA has been extensively used in ovarian cancer studies. This method consists of a high
throughput dot blot approach where protein lysates are printed on a slide and probed with
high quality validated antibodies that allows quantification of up to 500 total and post-
translationally modified proteins in up to 1,000 samples simultaneously [27, 30-32]. This
technology can be used to study cellular processes such as apoptosis, migration,
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proliferation and DNA damage response. It is also particularly efficient in measuring major
signaling pathway activity, including RAS-MAPK, PI3K-AKT, TSC-mTOR and RTK
signaling [25, 33]. This antibody-based assay has been proven in cases where high quality
antibodies are available to be more sensitive than other proteomics approaches, such as mass
spectrometry (MS), particularly for detection and quantification of post-translational
modifications [27]. However, it is highly dependent on the quality and validation of
antibodies for the technology [24, 32]. Also, the coverage of multiple phosphorylation sites
and splice variants remains challenging with RPPA. However, where high quality antibodies
are available to phosphorylation sites of functional relevance, RPPA can be more sensitive
than mass spectrometry and can detect a number of regulatory phosphorylation sites that are
not detected by mass spectrometry due to low prevalence or their presence in a site that is
not well resolved by mass spectrometry [27]. Although RPPA does not cover the complete
proteome, the diversity of proteins covered by the assay allowed multiple groups to create
signatures that can predict patient outcome. For example, the protein-driven index of ovarian
cancer (PROVAR) was developed based on RPPA data analysis of HGSC and aimed at
predicting time to recurrence [16]. This nine protein signature is an independent predictor of
both overall (OS) and progression free survival (PFS). These include five proteins associated
with a longer PFS (AR, Bid, HSP70, and phosphorylated TAZ and EGFR) and four proteins
associated with a shorter PFS (EEF2, STAT5alpha, and phosphorylated PKCalpha and
MEKZ1). Interestingly, although the signature seemed to be related to EGFR pathway
activity, applying a hierarchical unsupervised clustering of the samples showed that the
protein signature was dispersed amongst four main protein clusters that define ovarian
cancer, indicating that this signature covers more than a single pathway. In another RPPA-
based study, Carey et al. showed that the TGF-beta signaling pathway is an important
predictor of chemoresistance in advanced HGSC. In their study, they associated RPPA data
with normalization of CA125 values after the third course of chemotherapy and found that
several proteins involved in the TGF-beta signaling pathways were increased in the group
that retained higher CA125 values. CA125 normalization is defined as a reduction of CA125
to less than 35U/L (normal levels) after chemotherapy treatment in patients that have
elevated CA125 levels at diagnosis [34, 35] and has been shown to be associated to survival
in HGSC patients [35]. In addition, an unsupervised clustering of the RPPA data revealed
two major groups of HGSC. Group 1 was associated to a worst outcome and displayed high
levels of cyclin D1, cyclin E2, stromal markers and phosphorylated AKT. The second group
had better PFS and was associated with high expression of Cyclin B and E1, ER and
phosphorylated ER, Rb, mTOR and c-Myc proteins [30]. Several of the proteins are markers
of cell cycle progression and the improved PFS may be due to sensitivity of this group to
platin and taxol based chemotherapy. Finally, RPPA data has also been shown to be useful in
improving proteogenomic study quality, more specifically in cases involving surgically
resected tumors. Indeed, Mertins et al. analyzed proteins that are altered during ischemia
[27]. Their study highlighted a list of proteins and pathways, primarily post-translational
modifications, that are altered due to cold ischemia due to a delay between freezing and
collection of a tissue sample. Their findings showed that the main pathways affected by cold
ischemia are the MAPK stress-response, apoptosis and transcriptional regulation [27].
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Many groups have investigated the proteome of ovarian tumors in order to define a better
molecular classification and identify new therapeutic targets. For example, the Clinical
Proteomic Tumor Analysis Consortium (CPTAC) used MS approaches to study the
proteome and phosphoproteome of ovarian tumors. In the CPTAC study, the proteome and
phosphoproteome of ovarian tumors was quantified using iTRAQ labelling and LC-MS/MS
(Box1). Protein abundance analysis from 169 tumors highlighted the presence of five
distinct HGSC tumor groups that display biological differences [24]. Four of those groups
were consistent with the mesenchymal, proliferative, immunoreactive and differentiated
subtypes that were previously identified at the transcriptional level by TCGA ovarian cancer
study [3]. The fifth group was smaller and displayed higher expression of microenvironment
markers, which could represent an artifact of low tumor content samples [24]. Based on
proteome analysis, the CPTAC group developed protein signatures of chromosomal
instability (CIN) and HRD. The CIN signature was composed of 128 proteins, with
chromatin remodeling proteins CHD4 and CHD5 having the strongest association with CIN.
The HRD signature was composed of 30 proteins that could differentiate HR deficient and
HR proficient patients. Interestingly, several of these proteins are involved in histone
modification, such as HDAC1, RBBP4, RBBP7, EP300 and HUSL1 [24, 36]. By analyzing
phosphopeptide abundance, the authors found 15 signaling pathways that are associated with
a shorter survival of HGSC patients, with many of them being therapeutically tractable.
These pathways included the RhoA, PDGFR, integrin-like kinase, Notch, HER2/Neu, Rac1,
CxCR4, Thrombin, IL-12 and Thrombaxane pathways [24]. Interestingly, phosphoproteins
quantification allowed a higher statistical significance for correlations with outcome when
compared to transcriptomic or proteome analysis consistent with the need to assess protein
function which is reflected by phosphorylation in comparison to protein amount to predict
cellular behavior [24]. The CPTAC analysis failed to detect the presence of the majority
sequence changes encoded by DNA aberrations at the protein level. This may be due to
mutation mediated mMRNA decay, protein instability particularly for truncated proteins or a
low level of coverage at the single amino acid level precluding detection of aberrations.
Nevertheless, this further emphasizes the challenges in predicting changes in protein
function by analysis of the cancer genome. The database developed by the CPTAC effort
provides an incredible resource for exploration by others. For example, Yu et al. [37] used
machine learning models to reanalyze the CPTAC data and found a protein signature
associated to chemotherapy response in HGSC patients. In their 24 protein signature, 14
proteins were overrepresented in the chemoresistant group, while 10 protein were expressed
at higher levels in chemosensitive tumors. Pathway analysis revealed that most of the
proteins associated with chemosensitivity are involved in oxidative phosphorylation, RNA
transport or mineral absorption pathways, display Ran GTPase binding function, and are
involved in the cellular response to zinc or in ATP synthesis and metabolism [37]. CPTAC
data from both ovary and breast cancer studies, was further used to demonstrate that RNA
editing results in the production of aberrant proteins that can be detected by MS contributing
to proteomic diversity in ovarian cancers [38].

Multiparameter mass cytometry (CyTOF) has been used to characterize 37 candidate
proteins in 800 000 single cells from 17 HGSC tumors providing a novel spatial and
functional map of the proteome in ovarian cancer [39] . Briefly, the approaches involved a
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panel of 37 stable metal isotope labeled antibodies targeting intracellular and membrane
proteins. Gonzalez et al. identified multiple cancer cell subsets that were not obvious from
the bulk analysis done by RPPA or MS [39]. Importantly, the relative cell frequency of
dominant cell types ranged from 16% to 83% per tumor, revealing a high level of
heterogeneity. Not surprisingly, a higher level of protein heterogeneity was associated with a
higher risk of a relapse albeit in a small sample set that requires confirmation in larger sets
[39]. Expression of E-cadherin and vimentin as well as CD24, CD13, CD10, C73, CD61,
CD491, CD90, CD44, CD133, endoglin and ROR1 was used to investigate potential stem
cell phenotypes and cellular plasticity [39]. The antibody panel also identified three different
clusters that were consistent with dysregulated cell cycle [39]. Taken together, this study
demonstrated that HGSC display high level of protein heterogeneity at the single cell level
that needs to be taken into account when developing and implementing new therapies.

3. Proteomics and precision medicine

3.1 Adaptive response to therapy

Although characterizing ovarian tumors prior to treatment helps to identify potential
subtypes and molecular aberrations, one of the main challenges encountered in the treatment
of HGSC is the development of drug resistance. There are three major classes of drug
resistance: inherent, adaptive and acquired. Inherent resistance is intrinsic and is
characterized by tumors not responding to a specific therapy or progressing through initial
therapy. This is usually the result of pre-existing genetic alterations and tumor heterogeneity
that can potentially be identified prior to treatment with proteogenomics approaches [40].
Adaptive and acquired resistance are tightly connected and both develop in response to
therapy. Biological systems are used by normal cells to adapt to stress and to respond to
stress rapidly primarily through non-genomic mechanisms. The adaptive response is a
cellular state that is often not permanent and is the result of the cells rewiring networks to
enable survival during stress. The underlying mechanisms have been co-opted by tumor cells
to escape therapeutic stress. Adaptive responses involve mechanisms such as epigenetic
changes and protein network rewiring through post-translational modification [41, 42]. This
phenotypic plasticity takes place within hours or days after treatment initiation and allows
the cells to survive until the stress is removed or until new genetic alterations occurs or are
selected, leading to acquired resistance [41, 43]. In contrast to the adaptive response,
acquired resistance is permanent, usually takes months to appear and is generally intractable
therapeutically. Thus, determining adaptive responses to therapy early during the course of
treatment represents an invaluable window of opportunity to prevent the development of
acquired resistance. Our group and others have shown that proteomics is a robust approach
to study adaptive responses of ovarian cancer.

Although targeted therapies have had considerable success in the clinical setting for multiple
cancer types, emerging studies have shown that cancer cells can acquire resistance to many
of these drugs within a relatively short period [33, 44]. Thus, single-agent targeted therapies
are unlikely to be sufficient to provide complete or prolonged therapeutic responses in
complex epithelial cancers such as ovarian cancer. Interestingly, a window of opportunity
trial with HGSC patients that were treated for a short period with a PARP inhibitor indicated
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that adaptive responses to therapy can be detected by proteomics approaches early during the
course of treatment [33]. More importantly, this study and many others have shown that
targeting the adaptive response with a second drug can improve the efficacy, depth and
duration of treatment as well as increase the spectrum of patients that could benefit the
treatment [44-53]. For that reason, a better understanding of adaptive responses to therapy
might help overcome acquisition of drug resistance and improve outcome of patients.

3.2 Chemotherapy

The standard treatment of HGSC consists of a tumor debulking surgery followed by
chemotherapy treatment that is usually comprised of a combination of carboplatin and
paclitaxel. In a subset of patients with advanced disease, neoadjuvant therapy is performed
prior to surgery in order to reduce the tumor burden. In those cases, the neoadjuvant
treatment usually consists of a combination of taxane/platin or liposomal doxorubicin/
carboplatin [54]. Although most HGSC patients respond to primary therapy, resistance
development and recurrence is observed in the majority of cases. Interestingly, many groups
have described adaptive responses to chemotherapy and inhibition of these pathways led to
increased treatment efficacy. For example, Lee ef a/. demonstrated that a transient expression
of CXCR4 in ovarian cancer cell lines treated with cisplatin, doxorubicin and paclitaxel
allows a cell subpopulation to enter dormancy until the treatment is stopped. Moreover, they
showed that CXCR4 antagonists have synergistic effects in the killing of the cancer cells
when combined with chemotherapeutic agents [55]. In another study, Choi et a/. used RPPA
analysis to identify protein alterations that can be detected early during paclitaxel treatment.
They found that S6 phosphorylation is strongly upregulated in response to paclitaxel.
Interestingly, S6 is a downstream target of the mTOR pathway, which has been described as
a pro-survival mechanism in many biological systems [45]. Furthermore, the inhibition of S6
phosphorylation using PI13K pathway inhibitor drugs such as BX795 or CCT128930, in
combination with paclitaxel, decreased viability of ovarian cancer cells [45]. Finally, other
mechanism of adaptive response to chemotherapy were reported by other groups such as
overexpression of PGCla, a protein involved in mitochondrial biogenesis [56], as well as
TRAP1. TRAP1 is proposed to contribute to the adaptive response to cisplatin through
increased oxidative phosphorylation, leading to the secretion of cytokines and epithelial-to-
mesenchymal transition (reviewed in [57]).

3.3 VEGF/VEGFR inhibitors

Angiogenesis is an important mediator of ovarian cancer pathogenesis, stimulating tumor
growth and progression. The vascular endothelial growth factor (VEGF) and its receptor
VEGFR are expressed by ovarian cancer cells and inhibitors of these proteins such as
bevacizumab, an anti-VEGF monoclonal antibody, are being used as maintenance therapy
for patients that were previously treated with cisplatin. Several clinical studies have shown
that angiogenesis inhibition can increase progression free survival of ovarian cancer patients
(Reviewed in [58]). However, although angiogenesis inhibitors increase the PFS of HGSC
patients, most patients rapidly develop resistance to the drug. Several adaptive responses to
VEGF have been observed, such as increased activity of the pro-survival pathways PI3K-
AKT and P70S6K, as well as increased angiopoietin-2 signaling, which improves
endothelial cells functions and survival through the recruitment of pericytes [59, 60].
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Combining VEGF inhibition with inhibitors of these pathways has been shown to increase
sensitivity of the tumors to VEGR inhibitors [59, 60]. Increased expression of the protein
CSF1R, which is expressed in tumor-associated macrophages, can also mediate adaptive
resistance to anti-VEGF. CSF1R controls the growth and differentiation of macrophages and
ACT708 that inhibits CSF1R signaling restores sensitivity to anti-VEGF antibodies in a
mouse model [61]. With the entry of CSF1R inhibitors into clinical trials, there is a potential
to translate these studies to clinical trials in ovarian cancer in the near future.

3.4 Bromodomain inhibitors

Although epigenetic modulators are yet to be approved by the FDA for the treatment of
HGSC, several studies have shown that bromodomain proteins such as BRD4 contribute to
the growth and survival of ovarian cancer cells. BRD4 inhibitors such as JQ1 have been
shown to be effective in reducing ovarian cancer cell growth both /in vitroand in vivo.
However, as it is the case for many other targeted therapies, resistance development occurs
rapidly. An interesting study performed by Kurimchak et a/. showed that BET inhibitor JQ1
induces kinome reprogramming in ovarian cancer cells, which eventually gives rise to drug
resistance. By using multiplexed inhibitor beads and quantitative mass spectrometry
approaches (MIB/MS), they have demonstrated that this adaptive response involves the
upregulation of RTK activity as well as increased downstream signaling through the PI3K-
AKT and MAPK pathways [62]. More importantly, a number of different RTK were induced
in a subset of ovarian cancer cells, indicating that the adaptive response depends on cell
specific intrinsic RTK programs. Finally, combining JQ1 with inhibitors of these specific
adaptive responses demonstrated an increase sensitivity to JQ1.

3.5 PARP inhibitors

PARP is an important mediator of both base excision repair and alternative-non homologous
end joining. It is responsible for sensing DNA damage and it PARylates and activates several
DNA repair proteins. Inhibition of PARP enzymatic activity leads to the accumulation of
SSB that eventually transform into DSB (reviewed in [63-65]). More recently, the role of
PARP in replication fork protection has been elucidated with PARPI inhibitors inducing
replication stress and DNA damage [47]. Because of the extensive DNA damage induced by
PARP inhibitors, cells rely on HR to accurately repair DSBs. In the case of HR defective
tumors, such as tumors with BRCA mutations, PARP inhibitors create chromosomal
instability that leads to synthetic lethality [63-66]. Interestingly, several PARP inhibitors
have shown an additional lethal activity by trapping PARP on DNA [67-69]. The DNA
replication machinery crashes into trapped PARP molecules, leading to the replication fork
collapse and additional DSBs. Although PARP inhibitors improve the PFS of HGSC patients
in the maintenance setting, they have only a modest effect on OS. While a subset of patients
show a long-term benefit, there is rapid development of PARP inhibitor resistance in most
patients. Fortunately, emerging studies suggests that PARP-based combination therapies are
more effective than PARP monotherapy. Furthermore, targeting adaptive responses to PARP
inhibitors demonstrates synergistic activity in many models including early studies in
patients. Several adaptive responses to PARP inhibitors have been identified using
proteomics. First, one of the most conserved adaptive responses is the activation of the G2-
M DNA damage checkpoint. Indeed, several groups including ours, have demonstrated that a
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combination of PARP and G2-M DNA damage checkpoint inhibitors has synergistic activity
in reducing cancer cell growth [33, 47]. A second adaptive response that has been
demonstrated is the activation of pro-survival signaling pathways such as the RAS-MAPK
and PI3K pathways [33, 44, 50, 70]. Interestingly, in addition to their pro-survival function,
using an inhibitor specific to one of these pathways seems to reduce the ability of the cancer
cells to repair DNA damage through the HR pathway [44, 50, 71]. Finally, other proteins
such as BRD4 and FOXM1 were shown to be involved in the activation of the HR DNA
repair pathway following PARP inhibitor treatment. Inhibition of FOXM1 or BRD4 can
trigger an HRD state and increase the efficacy of PARP inhibitors [46, 53].

4. Expert opinion

For the past several decades, there has been limited progress made in overall survial of
HGSC patients although there has been an improvement in 5 year survival. Large-scale
genomics technologies have been successfully used to study various cancer types,
uncovering new biomarkers and therapeutic targets, resulting in improved patient outcomes.
Unfortunately, because of its unique genetic features, genomics approaches have not been
sufficient to capture the complexity of HGSC or to provide a suite of actionable targets [3,
8]. Our group and others have demonstrated that proteomics can add valuable information to
genomics data and help better understand ovarian cancer pathophysiology. Indeed,
proteogenomic studies can help discriminate between silent and non-silent genomic
alterations, identify the functional events that result from genetic, epigenetic or post-
translational alteration, as well as identify neoantigens that could be therapeutically relevant
[29]. Although some genetic features can predict response to specific therapeutic agents,
proteomics can be used to measure and validate the activity of therapeutically tractable
pathways that are not always represented or interpretable at the genomic level [25, 29-33,
37,42, 44, 53, 72-76]. Indeed, cancer cells exist in multiple transient states that can be
triggered by stimuli such as environmental or therapeutic stresses. These states are mostly
regulated through post-translational modifications and epigenetic events [41, 42, 77-80]. We
have demonstrated that studying post-translational modifications in cancer cells that have
been treated with a therapeutic agent for a short period of time can inform not only on the
tumor response to the drug but also on possible drug combinations that could effectively kill
the cancer cells [33, 44, 47]. Indeed, a protein network rewiring rapidly occurs during
therapeutic stress as a result of the cancer cells trying to survive until the stress is removed
or until the cell develops genetic alterations that would render it resistant to the stress.
Targeting these adaptive responses can be a very effective means to kill cancer cells and
overcome the development of resistance [33, 44-53]. Unfortunately, ovarian cancer
proteomics studies have been limited in both number and scope and we strongly believe that
the field would benefit from large-scale proteomics studies that would better characterize the
proteome and phosphoproteome of untreated and treated tumors. Having a better
understanding of the proteome could lead to clinically relevant proteomic test that would
allow more efficient personalized treatment and improved patient outcomes.

Although there has been massive improvement in proteomics technologies, sensitivity,
specificity or coverage are still limiting factors particularly when attempts are made to
capture heterogeneity at the single cell level. While MS has the potential to cover a broad
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range of proteins and is not dependent on the quality of commercially available antibodies,
sensitivity as well as sample input remains a challenge. On the other hand, a number of
antibody-based assays such as RPPA and scanning mass cytometry, multiplex IHC and
cyclic immunofluorescence can be more sensitive in analyzing post-translational events, but
are limited by the availability and quality of antibodies. Another limitation of the current
proteomics approaches remains in being able to analyze a large number of proteins at the
single cell level, while retaining the spatial organization of the tissue. It is clear that HGSC
are heterogeneous tumors and bulk analysis of the proteome might provide insufficient
information. There is limited information on how HGSC genetic intratumoral heterogeneity
is reflected at the protein level and how this affects responses to targeted therapies. In a
recent study published by our group, we have demonstrated that adaptive responses of
HGSC to PARP inhibitors show very limited interlesion heterogeneity, suggesting that
protein heterogeneity might not be as complex as the genomic heterogeneity [33]. Many
genomic alterations converge into a limited number of functional events and single cell
proteomics could help solve these questions. In the past few years, several new technologies
have been developed, such as mass cytometry based approaches, multiplex IHC and cyclic
immunofluorescence. For example, cyclic immunofluorescence (Figure 1) is an attractive
way of studying tumor heterogeneity as well as monitoring the tumor microenvironment
including immune populations. In this assay, antibodies are conjugated with fluorescent
molecules and are applied on a tissue sections in cycles of four antibodies. Between each
cycle, an image of the staining is acquired and then the signal is quenched. By using
different bioinformatics tools, the different images are then registered into a single multiplex
image that allow the quantification of more than 60 proteins markers at the single cell level
[81]. Although the deconvolution of the data is still a challenge, these technologies have
been successfully used for other cancer types, such as breast and prostate cancer and have
helped characterize interaction between cancer cells and their environment and immune
cells, as well as cell states. Applying these technologies to ovarian cancer research would
clearly help understand how ovarian cancer interact with their environment, how
heterogeneous the tumors really are and how different lesions can be treated efficiently.

Overall, proteomics is still an emerging field that will benefit from new technology
development and improvement in the ability to obtain and interpret data. Current proteomics
technologies are in most cases much more expensive than genomics and transcriptomic
technologies and are not as evolved as these approaches. Unfortunately, there is no
equivalent of polymerase chain reaction that can amplify protein signals quantitatively and
efficiently. Increasing the availability of high quality antibodies as well as improving depth
of coverage and the need for large input material in mass spectrometry is essential in order
to improve our ability to study the proteome of cancer cells particularly rare cell populations
and small tissue samples available from human patients. In addition, there is an urgent need
for spatially oriented single cell proteomics that will have a major impact on our
understanding of the tumoral heterogeneity and how to target heterogeneity in patients.
Indeed, the ability to perform unbiased deep protein analysis on single cells while capturing
not only total proteins but rare events such as mutations, posttranslational modifications or
splicing variants remains the holy grail for proteomic analysis. There is also a need to be
able to deal with challenging tissues such as formalin fixed paraffin embeded samples that
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are the mainstay in the pathology laboratory. Rendering these technologies more affordable
and improving our ability to deconvolute the data will be essential in order to increase the
scalability of the approach. In the time being, combining proteomics with genomics
approaches provides an incredible opportunity to maximize the information that can be
extracted from a tumor [6, 7, 40].

There are major challenges remaining in the analysis and interpretation of proteomic data.
The incredible diversity of proteins based on millions of variants generated by splicing
variations, RNA editing and post translational modifications as well as mutations and fusion
genes in cancer results in a limited coverage of each specific protein form. This results in
challenges in quantification and in some cases full identification of the proteome.
Furthermore, proteins are labile undergoing degradation and post translational modification
after collection of samples. Together, these challenges can lead to both false positive and
false negative identification of signals associated with specific events such as early diagnosis
or prediction of patient outcomes.

Although we now have a better understanding of the protein networks involved in HGSC
tumor progression and therapy response, we still know little about how to use this
information to improve outcomes for ovarian cancer patients. Given the fact that HGSC
presents with a high level of intra-tumoral and inter-lesion heterogeneity at the genetic level,
it will be important to determine how much of this heterogeneity is being translated to the
protein level. Many single-cell spatially oriented proteomics technologies have been
developed in the past few years, including multiplexed ion beam imaging by time-of-flight,
multiplex immunohistochemistry and cyclic-immunofluorescence [81-84]. These
technologies could be particularly helpful in better characterizing cancer cell populations as
well as their interaction with their microenvironment and immune cells [85]. Furthermore,
more studies will be required to determine if adaptive responses to therapy are homogenous
amongst cancer cells from the tumor or if different cell populations display different
adaptive responses. This information will be necessary in order to better implement new
personalized treatment approaches where patients would be given a drug based on specific
vulnerabilities of their tumors.
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Article highlights

HGSC presents with low mutation rate and high frequency of copy number
variation, which makes it difficult to identify reliable therapeutics targets.

Discrepancy between DNA, RNA and Protein levels has been observed in
ovarian cancer likely due to post-transcriptional or post-translational
modification as well as effects of miRNA and IncRNA on RNA stability and
translation.

Proteomics studies using reverse phase protein arrays have allowed the
identification of proteins associated to patient outcome, chemoresistance and
progression of ovarian cancer.

The Clinical Proteomic Tumor Analysis Consortium CPTAC group used mass
spectrometry to subclassify ovarian cancer and identify signature of
chromosomal instability (CIN) and homologous recombination defect (HRD)

Proteomics can uncover how ovarian cancer cells and the tumor ecosystem
adapts to therapy and has the potential to improve patient outcomes by
development and implementation of effective drug combinations.
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Box 1:
Mass spectrometry

There are three major approaches to quantify proteins using mass spectrometry (MS).
The first one is shotgun/bottom-up proteomics where complex protein mixtures are
enzymatically digested and the resulting peptides are separated using liquid
chromatography (LC) before injection into a tandem mass spectrometer (MS/MS).
Peptides sequences are then aligned against a database and proteins are identified. In this
approach, the peptides can be labeled using isotopic or isobaric tags such as SILAC and
iTRAQ, which allows a more accurate quantification [86, 87]. This data-dependent
approach allows identification and quantification of hundreds to thousands of proteins.
However, one of the main issues with this approach is that detection of specific peptides
depends on the abundance and size of the proteins. Therefore, low abundance proteins are
usually underrepresented, unless higher abundance proteins are depleted prior to the
experiment or their peptides excluded from the MS/MS measurement [86]. This is
particularly problematic when mutations or post-translational modifications that affect
only a single amino acid in the sequence are sought. The second MS approach is targeted
proteomics and involves a pre-defined list of peptides that will be accurately measured
through selected reaction monitoring (SRM), parallel reaction monitoring (PRM),
multiple reaction monitoring (MRM) or related approaches. After enzymatic digestion of
the proteins and separation of the resulting peptides through LC, quantification of the
peptides can be performed through the addition of internal standard composed of stable
isotope-labeled (SIL) synthetic peptides representing the analytes of interest. Prior
knowledge of the protein of interest sequence allows the selection of unique amino acid
sequences that will be monitored during the experimental run and used to quantify the
protein. These methods are particularly useful for experiments that aim at comparing
protein abundance across samples, conditions or time points and are frequently used in
the clinical environment because of their high reproducibility. The other advantage of this
method is that low abundance peptides can be tracked and quantified accurately [7,
86-88]. SWATH-MS and related approaches represent the third approach and is
complementary to traditional shotgun and targeted proteomics approaches. Label-free
data-independent acquisition method allows precise quantification of all peptides found
within a specific preselected m/z range [89]. Briefly, this method generate spectra of all
precursor ions within a pre-defined rention time (RT) and m/z range, which can then be
analyzed using spectral libraries. Spectral libraries are generated using shotgun
proteomics on any sample of interest and contains information on precursors, fragment
ions and RT. In theory, this approach allows the quantification of any peptides,
independent of their abundance. However, the accuracy of this approach is highly
dependent on the quality of the spectral library that is being use and the ability to achieve
the deconvolution of the data [89, 90]. Although MS is incredibly robust and
reproducible, there is one major issue related to this technology, which is the sensitivity.
MS can accurately measure the relative expression of proteins and determine mutations.
However, low protein coverage frequently occurs because of peptide nature. For example,
too long or too short tryptic peptides or highly hydrophobic or hydrophilic peptides will
not be measured accurately. For those reasons, many mutations are difficult to identify
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and some proteins might be impossible to quantify by MS [7, 24]. In these cases,
antibody-based technologies such as western blotting or RPPA can provide important
complementary information.
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Figure 1. The use of cyclic-immunofluorescence for spatially oriented single cell proteomics.
(A)Primary antibodies are directly conjugated to fluorescent molecules. During the first

round, fours antibodies conjugate with different Alexa-Fluor molecules are incubated on the
tissue sample. Dapi is added to stain the cell nucleus and an image is acquired using a slide
scanner. The signal is then quenched with hydrogen peroxide solution. Staining is then
repeated for multiple rounds. The images are aligned during registration, which allows the
creation of a multiplex image. Segmentation is then performed in order to analyze the
expression and localization of each markers. (B) Example of a multiplex image acquired
through cyclic immunofluorescence. Each panel represent a single region of a fallopian tube
sample, with the fallopian tube being the source of ovarian cancer. In the first panel on the
left, epithelial markers (N-cadherin, E-cadherin and a mix of cytokeratin-5, -7, =18 and
-19) are being used to identify epithelial cells. In the second panel, immune cells are
identified (CD68, CD4 and CD45). In the third panel, DNA and RNA related proteins
(BRCA1, H3K27me3 and 53BP1) are stained. In the last panel on the right, cell states are
identified (phosphorylated S6_ser235/ser236, p21 and STING).
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