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Ovarian cancer (OC) is a gynecological malignancy responsible for 4.4% of cancer-related deaths in the world and is the

most lethal gynecological tumor. The five-year overall survival of epithelial OC patients ranges from 20% at stage IV to

89% at stage I, but 80% of patients are diagnosed at advanced stages (III or IV) due to unspecific clinical manifestations.

The standard treatment for OC consists of cytoreductive surgery combined with chemotherapy based on platinum

(cisplatin or carboplatin) alone or in combination with paclitaxel, doxorubicin, or docetaxel, as well as poly (ADP-ribose)

polymerase (PARP) inhibitors for patients with mutations in BRCA1 or BRCA2.
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1. Introduction

Ovarian cancer (OC) is a gynecological malignancy responsible for 4.4% of cancer-related deaths in the world and is the

most lethal gynecological tumor . The five-year overall survival of epithelial OC patients ranges from 20% at stage IV to

89% at stage I, but 80% of patients are diagnosed at advanced stages (III or IV) due to unspecific clinical manifestations

. The standard treatment for OC consists of cytoreductive surgery combined with chemotherapy based on platinum

(cisplatin or carboplatin) alone or in combination with paclitaxel, doxorubicin, or docetaxel, as well as poly (ADP-ribose)

polymerase (PARP) inhibitors for patients with mutations in BRCA1 or BRCA2 . Adjuvant intraperitoneal chemotherapy

is also part of the standard treatment due to the poor drug distribution to the intraperitoneal cavity . Histologically, there

are three major OC types: epithelial tumors, which comprises 90% of cases; germ cell tumors, comprising 3% of cases;

and sex cord-stromal tumors, comprising 2% of cases; with the remaining 5% of tumors’ type not specified ( Table 1 ) .

Epithelial OCs comprise four subtypes: serous, which could be high-grade serous (HG-SOC) or low-grade serous (LG-

SOC); endometroid; clear cell; and mucinous . While type I tumors, comprising LG-SOC, endometroid, clear cell, and

mucinous carcinoma, as well as nonepithelial tumors, show less malignancy and genome instability, type II tumors

comprise HG-SOC and are highly malignant and genetically unstable ( Table 1 ) . HG-SOC constitutes 75% of total OC

cases and therefore has been extensively studied.

Table 1. Histological, clinical, and molecular features of ovarian cancer subtypes. OS, overall survival; GIN, genetic

instability; HR, homologous recombination.

Histology Epithelial
Subtypes Type Clinical Features Molecular Features Stages at

Detection

5-
Year
OS

Epithelial
(90%)

High-grade
serous (70–80%)

Type
II

High grade, aggressive,
bilateral, disseminated to
omentum and peritoneum

GIN, ubiquitous mutations
in TP53 and frequent in
BRCA1/2, HR deficiency

Stage III–IV

43%
Low-grade

serous
(<5%)

Type
I

Low grade (except clear cell),
indolent, unilateral, restricted

to ovary at diagnosis

No GIN, mutations in
KRAS, BRAF, ERBB2, PI3K,

PTEN, ARID1A, β-catenin

Stage I–II

Endometroid
(10–15%) Stage I–II 82%

Mucinous (3–
4%) Stage I–II 71%

Clear cell (10%) Stage I–II 66%

Sex cord stromal cell (2%)   Indolent   Stage I–II 88%

Germ cell tumors (3%)   Indolent   Stage I–II 94%

Others or unspecified (5%)          
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In the last twenty years, genome-wide technologies have considerably advanced our knowledge about the molecular

features of human cancers, including OC. In particular, the development of next-generation sequencing (NGS) has

revolutionized how we investigate many biological questions. The ability to inspect whole genomes, transcriptomes, or

different aspects of the epigenome in a single experiment has allowed an unprecedented increase in our understanding of

how tumorigenesis works and the mechanisms by which cancer cells proliferate and avoid cellular controls and anticancer

treatments. In this review, we cover recent advances in the molecular biology of OC using genomics, transcriptomics, and

epigenomics ( Figure 1 ), with a focus on its biological features and therapy resistance.

Figure 1. Genomic, transcriptomic, and epigenomic techniques have revolutionized our understanding of OC. The main

approaches to inspect the genomic landscape of OC are whole-genome sequencing (WGS), which consists of

sequencing of both coding and noncoding DNA, and whole-exome sequencing (WES), in which exons are captured and

sequenced at high coverage. Transcriptomic approaches include microarray platforms, which quantify mRNA expression

levels using fluorescent probes, and RNA-seq, which sequences total cDNA from both mRNAs and ncRNAs. Epigenomic

approaches comprise the study of global DNA methylation, using techniques such as bisulfite sequencing, and the

genome-wide enrichment of histone modifications or TF binding by ChIP-seq.

2. Genomics of OC

Several studies have used WES or WGS to identify genomic alterations involved in OC tumorigenesis, including somatic

and germline mutations, copy number alterations (CNAs), and structural variants (SVs). The Cancer Genome Atlas

(TCGA) study involving HG-SOC analyzed 489 patients’ mRNA and miRNA expression, promoter DNA methylation, and

copy number, as well as WES in 316 of them and matched them with normal DNA samples . They found TP53

mutations in virtually all tumors (96%), consistent with previous data , but other mutations were infrequent in HG-SOC.

BRCA1 and BRCA2 showed germline mutations in 8 and 9% of cases, respectively, and somatic mutations in 3% of

cases. Six additional genes showed statistically significant recurrent mutations in 2–6% of cases: RB1, NF1, FAT3,

CSMD3, GABRA6, and CDK12. Finally, they described other rare mutations involving important HG-SOC drivers, such as

BRAF, PIK3CA, KRAS, and NRAS. Furthermore, 113 CNAs were identified, including focal amplifications of CCNE1,

MYC, MECOM, ZMYND8, IRF2BP2, ID4, PAX8, and TERT, as well as focal deletions of tumor suppressor genes such as

PTEN, RB1, and NF1, the latter of which were also significantly mutated . Integrative pathway analyses combining

expression, methylation, and mutation showed altered pathways in HG-SOC, including RB1, PIK3/RAS, NOTCH, and

FOXM1, and homologous recombination (HR) defects were also found for half of the analyzed tumors.

Subsequent studies in HG-SOC confirmed the main results of the TCGA study and identified new alterations. In this

regard, Patch et al. used WGS together with transcriptome and methylome analyses in 92 patients . They confirmed the

prevalence of TP53 mutations in HG-SOC, as well as mutations in HR genes or BRCA1 promoter methylation in half of

the tumors. They also identified gene breakage in tumor suppressor genes such as RB1, NF1, RAD51B, and PTEN, as

well as CCNE1 amplification as the primary SV, consistent with previous results . In addition to primary disease, this

study also analyzed metastases to ascites for tumors sensitive to initial treatment but failing subsequent therapy. No clear

relationship with chemoresistance was evident for the genes specifically mutated in the ascites tumoral cells; however,

particular patients showed either reversions of BRCA1-2 mutations, similar to previous studies , loss of BRCA1

promoter methylation, or promoter fusions overexpressing the ABCB1 gene encoding the drug efflux transporter MDR1,

which mediates rapid efflux of chemotherapeutic agents, including paclitaxel . A larger study used WES with 2051 OC

patients and found four susceptibility genes for OC: MSH6, RAD51C, TP53, and ATM , confirming the alterations in

DNA repair found in OC.
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Shallow whole-genome DNA sequencing was applied to 117 samples to study copy number signatures of HG-SOC .

This report described six copy number signatures underlying mutational processes in ovarian tumors occurring in parallel

after widespread TP53 mutation. These signatures were associated with particular driver mutations and disease

outcomes, including overall survival and tumor relapse after platinum treatment. For instance, copy number signature 3 is

characterized by BRCA1-2-related HR defects and improved overall survival, consistent with previous data , while

copy number signature 1 is characterized by oncogenic RAS signaling (mutations in NF1, KRAS, and NRAS) and predicts

platinum-resistant relapse and poor survival.

Genomic techniques have also been used for studies on tumor evolution and heterogeneity. Several reports have

analyzed the genomic landscape of OC metastases and reached the common conclusion that there is little accumulation

of somatic mutations and CNAs in metastatic versus primary tumor samples. Lee et al. used 11 samples from primary and

metastatic sites in a single HG-SOC patient . By performing WES and sample clustering, they obtained three clusters:

one of metastatic samples and two of primary tumor samples, where the metastatic samples arose from one of the

primary tumor clusters with few additional somatic mutations and CNAs. Moreover, Schwarz et al. quantified the degree of

tumor heterogeneity in 14 HG-SOC patients using WGS . They found that a high degree of clonal expansion was

associated with worse survival and that clonal populations detected at relapse originated in early branching events

followed by divergent clonal evolution, which is consistent with previous observations showing that chemotherapy did not

lead to substantial changes in genetic subclones and that genetically divergent subclones resistant to platinum may exist

in the tumor before treatment .

3. Transcriptomics of OC

Gene expression was initially characterized in OC and other tumors using microarray-based technologies ( Figure 1 ),

leading to the identification of several molecular subtypes. Tothill et al. profiled 285 serous and endometroid ovarian

tumors and identified six clusters of ovarian tumors with distinct molecular features and malignant potential: two clusters

of low-grade and four clusters of high-grade tumors . These tumors included a novel high-grade serous subtype

characterized by a mesenchymal cell state. In the TCGA study, 11,864 genes were analyzed by three different microarray-

based platforms, leading to 1500 variable genes that were used to obtain four clusters: immunoreactive, differentiated,

proliferative, and mesenchymal tumors . Importantly, they identified a transcriptional signature formed by 193 genes,

108 of which were correlated with poor patient survival and 85 with good survival.

The origin of ovarian tumors in FTE  has been supported by studies based on RNA-seq. Qiu et al. analyzed gene

expression in 31 tissue samples, including HG-SOC, LG-SOC, FTE, ovarian surface epithelium, and peritoneal

mesothelia. They found that LG-SOC and HG-SOC samples clustered together with FTE and showed consistent

overexpression of markers such as PAX8, CDH1, and FOXA2, suggesting a clonal origin of both HG-SOC and LG-SOC in

FTE . Indeed, a study using 102 human cancer cell lines previously identified PAX8 as differentially expressed in OC

cell lines . PAX8 is amplified in 16% of HG-SOC patients and overexpressed in ovarian tumors, suggesting that PAX8

is a lineage-specific essential gene, at least in a subset of OC cases. More recently, the transcription factor SOX18 has

also been involved in the development of ovarian tumors from FTE .

The only OC biomarker currently approved for clinical use in early detection is circulating cancer antigen 125 (CA125),

although it is common to other tumors, and it is only overexpressed in a subset of early stage tumors . Therefore, there

is a necessity to identify more specific and early expressed biomarkers of OC detection. In this regard, insulin-like growth

factor binding protein 4 (IGFBP-4) was identified as upregulated in serous OC samples using RNA-seq, including early

stage patients in which CA125 levels were normal . Moreover, IGFBP-4 levels were higher in malignant than in benign

disease. Another study analyzed the involvement of the solute carrier (SLC) family in OC patients, identifying SLC7A2 as

downregulated and associated with poor prognosis . Finally, Fei et al. analyzed published OC patient data and found

that KIF11, CDC20, and TOPA were upregulated in ovarian tumors and correlated with worse patient survival .

Other studies have characterized the microenvironment of ovarian tumors, focusing on their degree of infiltration by

immune cells. Olalekan et al. analyzed metastatic OC samples from the omentum of six patients and found cancer,

stromal and immune cell types . Two groups of samples were identified according to their high or low level of T cell

infiltration, and their molecular characterization suggested an antitumor response in the highly infiltrated tumors. A very

recent report characterized 15 ovarian tumors with different levels of immune infiltration that differed in their cell type

composition . They found chemokine receptor-ligand interactions as a potential mechanism driving immune cell

infiltration. Both reports have major implications for immunotherapy in OC. Finally, Nath et al. investigated HG-SOC tumor

evolution during chemotherapy using scRNA-seq and WGS of malignant ascites and pleural effusions . They defined

several transcriptional signatures or archetypes and found one of them characterized by high metabolic activity and
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proliferation, while there were no consistent genomic alterations defining those states. Interestingly, this metabolic and

proliferative archetype was progressively enriched as chemotherapy progressed, and resistance to different lines of

treatments was acquired.

4. Epigenomics of OC

Gene expression is regulated by processes that do not alter the DNA sequence and that are included under the term

epigenetics. Epigenomics, which refers to the epigenetics of the whole genome, comprises reversible modifications such

as DNA methylation or histone modifications (e.g., acetylation, methylation) ( Figure 1 ), as well as regulation by ncRNAs

such as miRNAs. Tumors frequently use epigenetic alterations to proliferate and escape anticancer treatments, and

therefore therapies targeting the epigenome are being increasingly tested . In OC, epigenetic alterations, including

DNA methylation and histone modifications, have been described in recent years as important contributors to

tumorigenesis and chemoresistance  ( Table 2 ).

Table 2. Markers of OC chemoresistance identified by genomic, transcriptomic, and epigenomic techniques.

Marker Approach Alteration Treatment Outcome OC
Subtype Refs.

BRCA1, BRCA2 WGS Mutation reversion Platinum Resistance HG-SOC

ADAMTS
Family WES Mutation Platinum Sensitivity HG-SOC

TMEM205,
POLR2A WES Mutation Paclitaxel +

Carboplatin Resistance HG-SOC

PDL-L1 WES Structural variant Pembrolizumab Sensitivity HG-SOC

KRAS WES, WGS Mutation MEK inhibitors Sensitivity LG-SOC

MDR1 RNA-seq Up-regulated expression Platinum Resistance HG-SOC

SAP25
HLA-DPA1

AKT3
PIK3R5

RNA-seq Differential expression Paclitaxel +
Carboplatin Resistance HG-SOC

IRF1 RNA-seq Up-regulated expression Platinum Sensitivity HG-SOC

DUOXA1 RNA-seq Up-regulated expression Platinum Resistance Ovarian
cell line

miR-137 RNA-seq Down-regulated
expression Cisplatin Resistance Ovarian

cell line

HIF1A-AS2 Bru-seq Up-regulated expression
Olaparid +

carboplatin +
cisplatin

Sensitivity Ovarian
cell line

BRCA1 Bisulfite
chip

Loss of promoter
methylation Platinum Resistance HG-SOC

H3K27me3/H3K4me3 ChIP-seq,
RNA-seq

Down-regulated
expression Platinum Resistance HG-SOC

H3K79me ChIP-seq Increased deposition Platinum Resistance Ovarian
cell line

SOX9 ChIP-seq
RNA-seq

Up-regulated expression
by superenhancers Cisplatin Resistance Ovarian

cell line

ISL1 ChIP-seq
RNA-seq

Down-regulated
expression by

superenhancers
Cisplatin resistance Ovarian

cell line

DNA methylation at carbon 5 of cytosines (5-methylcytosine, 5mC) is an important player in the regulation of gene

expression that typically occurs at CpG dinucleotides of gene promoters  ( Figure 1 ). Promoter DNA methylation is

associated with gene repression and is regulated by DNA methyltransferases (DNMTs), which mediate de novo or

maintenance methylation, and ten-eleven translocation (TET) proteins, which convert 5mC to 5-hydroxymethylcytosine

(5hmC). In OC, as well as other types of tumors, two main methylation patterns have been found: hypermethylation of the

promoters of tumor suppressor genes and hypomethylation of repeated sequences .
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Finally, global loss of 5hmC levels has been associated with resistance to platinum-based therapy and worse patient

survival . Both overexpression of TET2 and treatment with the DNMT inhibitor 5-azacytidine, which in turn enhances

TET gene expression, increase global 5hmC levels and restore platinum chemosensitivity, suggesting the use of DNMT

inhibitors in ovarian tumors with low 5hmC levels. Another DNMT inhibitor, guadecitabine, was used in combination with

carboplatin in OC patients, showing a higher sensitivity to chemotherapy than carboplatin alone and better patient survival

. Although drugs targeting DNA methylation represent a promising strategy to sensitize ovarian tumors to

chemotherapy, the broad effect of these compounds represents a challenge that requires precise approaches to avoid

undesirable effects. On the other hand, loss of methylation specifically at RAD51C promoter, whose methylation and

subsequent silencing is related to HR defects, has been recently shown to cause resistance to PARP inhibitor treatment in

HG-SOC PDX models .

Another layer of gene regulation is provided by cis-regulatory elements (CREs), which are DNA sequences harboring

transcription factor (TF) binding sites that control the expression of target genes . CREs are basically composed of

promoters and enhancers that act at long distances over target promoters, likely by a looping mechanism. Histone

modifications at these CREs define their activation status and accessibility, which is due to the binding of TFs. The most

commonly used ‘omics’ approach to inspect either histone modifications or TF binding genome wide is chromatin

immunoprecipitation coupled to sequencing (ChIP-seq), which employs specific antibodies to isolate and sequence the

DNA associated with these proteins ( Figure 1 ).

5. Concluding Remarks

The development of NGS-based omics techniques has revolutionized the study of cancer molecular biology and

chemoresistance. Genomic, transcriptomic, and epigenomic approaches allow the identification of the genomic

landscape, gene expression, and chromatin-mediated regulation of multiple tumors, including OC. Although the common

resistance to chemotherapy of ovarian tumors and the late detection of the disease are still challenges for future

investigation, the major limitation of the new discoveries by NGS in OC is the translation to clinical practice. Further efforts

must be made to test new stratifications of patients based on their genomic, transcriptomic, or epigenomic features in

clinical trials. This would allow us in future to apply a personalized medicine strategy in which the best available treatment

option is given to the patients based on the determination of the BRCA mutational status. In any case, these exceptional

tools will be very useful for future research and are essential to understanding unknown aspects of OC biology.
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