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Abstract: High-grade serous ovarian carcinoma (HGSOC) represents the most common form of
epithelial ovarian carcinoma. The absence of specific symptoms leads to late-stage diagnosis, making
HGSOC one of the gynecological cancers with the worst prognosis. The cellular origin of HGSOC
and the role of reproductive hormones, genetic traits (such as alterations in P53 and DNA-repair
mechanisms), chromosomal instability, or dysregulation of crucial signaling pathways have been
considered when evaluating prognosis and response to therapy in HGSOC patients. However, the
detection of HGSOC is still based on traditional methods such as carbohydrate antigen 125 (CA125)
detection and ultrasound, and the combined use of these methods has yet to support significant
reductions in overall mortality rates. The current paradigm for HGSOC management has moved
towards early diagnosis via the non-invasive detection of molecular markers through liquid biopsies.
This review presents an integrated view of the relevant cellular and molecular aspects involved in the
etiopathogenesis of HGSOC and brings together studies that consider new horizons for the possible
early detection of this gynecological cancer.

Keywords: ovarian cancer; high-grade serous ovarian carcinoma; early diagnosis; molecular biomarkers;
liquid biopsy

1. Introduction

Ovarian cancer (OC), situated among the most aggressive and deadly gynecological
malignancies, is the fifth leading cause of cancer-related death in females in developed
countries, with a total of 313,959 new cases diagnosed in 2020 worldwide (66,693 in Eu-
ropean countries) and 12,810 predicted annual deaths and 19,880 predicted diagnoses in
2022 in the US [1–3]. OC refers to a heterogeneous set of neoplasms subdivided according
to genetics, histological evaluations, and tissue of origin [4–6]. The main subtypes include
sex-cord stromal OC, germ-cell OC, and epithelial ovarian carcinoma (EOC) as the most
common subtype, accounting for up to 95% of all cases [7,8]. EOC can be subdivided into
five histological subtypes: mucinous, endometrioid, clear-cell, low-grade (LGSOC), and
high-grade (HGSOC). HGSOC, the most common histological subtype, constitutes 70% of
diagnosed EOC cases [9,10] and is often first diagnosed at advanced stages (III and IV),
where the tumor has spread to the abdomen or outside the abdominal cavity [11,12], due to
the lack of specific symptoms. A late diagnosis dramatically reduces therapeutic responses
and overall survival rates in affected patients [13]; therefore, a strong, urgent rationale
supports the design of early detection strategies, as tumor detection at stage I (i.e., confined
to the ovaries) or II (i.e., confined to the pelvic area) could improve overall five-year survival
rates [4,11,12,14]. On the other hand, the differential diagnosis of ovarian masses represents
a challenge for clinicians [15]. A diagnosis can be made intraoperatively or weeks after
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surgery, which leads to a poor optimization of the hospital’s surgical resources and the
need for re-interventions, with consequent associated costs to the health system [16,17].

Current clinical approaches that guide physicians in managing EOC remain primarily
based on imaging, histological evaluation, serum markers such as CA125, or predictive
models, which do not display sufficient sensitivity and sensibility [18,19]; however, a
growing trend exists in exploring novel/alternative molecular tools [20]. In this review,
we discuss the cellular origin of EOC and the role of hormones, genetic and epigenetic
processes, and disrupted signaling pathways, and explore the diagnosis, prognosis, and
response to therapy of HGSOC. Finally, we summarize current research aims regarding the
identification of new biomarkers based on liquid biopsy and next-generation sequencing
(NGS) to offer an integrated view of the progress made in the last decade toward the early
and non-invasive diagnosis of EOC.

2. Current Molecular Approaches for the Diagnosis and Prognosis of HGSOC

Difficulties in the early detection of HGSOC, before the disease develops to advanced
stages, can be attributed to the lack of specific symptoms, which are usually missed or
attributed to other pathologies [21]. In clinical practice, the diagnosis of EOC is based
on four main techniques: pelvic palpation examination (PPE), imaging (which includes
transvaginal ultrasound or sonography, magnetic resonance imaging, computed tomog-
raphy, and positron-emission computed tomography [22–24]), serum levels of specific
proteins, and surgery (either laparoscopic or laparotomic) [25]; however, there is an urgent
need to develop alternative techniques for early-stage HGSOC identification. Accordingly,
new diagnostic methods based on cellular techniques or molecular approaches—such as
gene expression profiling via NGS—are under development.

2.1. Molecular Markers and Algorithm Decisions for the Diagnosis of HGSOC: Carbohydrate
Antigen 125 (CA125), Alone or in Combination with Other Imaging Techniques or Biomarkers

Initial studies found elevated levels of CA125—a transmembrane cell-surface protein
encoded by the MUC16 gene—in HGSOC compared to healthy ovarian tissue [26,27].
CA125 remains the most-used molecular marker; however, the use of CA125 suffers from
several drawbacks. Elevated CA125 levels occur in only 23–50% of stage I-II cases, and
CA125 cannot be detected in all advanced HGSOC cases [28–32]. Moreover, female patients
who smoke or develop inflammatory processes, as well as those with physiological or benign
conditions (e.g., menstruation, pregnancy, uterine fibroids), might display altered serum
CA125 levels, thereby increasing false positive rates and HGSOC misdiagnoses [33–44]. This
fact highlights the need to conduct further studies to elucidate the relationship between
these variables and CA125 levels. Therefore, CA125 levels alone cannot discriminate early
HGSOC cases with sufficient sensitivity and specificity. To solve this problem, clinical
trials and triage algorithms have explored the power of combining CA125 with imaging
techniques for the early diagnosis of HGSOC. Additionally, distinct predictive indices based
on biomarkers and ultrasound have been developed to differentiate the nature of adnexal
masses, which have the advantage of eliminating inter- and intra-observer variability,
estimating the probability of mass malignancy, and increasing efficacy and efficiency [45].

The Risk of Malignancy Index (RMI) algorithm combines CA125 levels, ultrasound
results, and menopausal status [46]; however, despite the proposal of several combinations
of the formula [47], the RMI possesses lower sensitivity than transvaginal sonography
(TVS) alone [32,48]. For this reason, clinical trials such as the Prostate, Lung, Colorectal,
and Ovarian (PLCO) Cancer Screening Trial evaluated CA125 levels combined with TVS;
however, the results failed to provide evidence of improvements in mortality rates or
early-stage HGSOC detection rates [30,31,49,50].

Other strategies based on the Risk of Ovarian Cancer Algorithm (ROCA) [51] aimed
to stratify risk according to CA125 levels; however, the use of ROCA in the Normal Risk
Ovarian Screening Study (NROSS) [52] or the United Kingdom Collaborative Trial of
Ovarian Cancer Screening (UKCTOCS) [53] clinical trials failed to suffice for the early
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detection of OC due to a high number of false positives and the associated failure to reduce
HGSOC-associated mortality rates [14,54]. Conversely, a study by Srivastava et al. that
combined CA125 with additional protein biomarkers suggested some clinical impact [20].
The glycoprotein HE4 (human epididymis 4) displays elevated levels in HGSOC and
endometrioid EOCs, presumably at advanced tumor stages [55,56]. Meanwhile, other
biomarkers examined in combination with CA125 and HE4 include mesothelin [57], CEA
and VCAM-1 [58], glycodelin [59], IL-6 and E-cadherin [60], and transthyretin [61]. The As-
sessment of Different Neoplasias in the Adnexa (ADNEX) model represents an alternative
strategy that considers six ultrasound and three clinical predictors (including CA125 levels)
to discriminate between benign, borderline, invasive, and metastatic ovarian tumors [62].

Alternative strategies such as the Risk of Ovarian Malignancy Algorithm (ROMA),
OVA1™, or OVERA™ deserve special consideration given their U.S. Food and Drug
Administration (FDA) approval and their relevance to routine clinical practice. ROMA,
which displays high performance in menopausal patients, evaluates HE4 and CA125 levels
and stratifies patients with adnexal masses into low or high risk of malignancy [63,64].
HE4 levels are not usually modified by benign pathologies or external factors, and they
display greater specificity in differentiating between malignant and benign tumors; further-
more, HE4 combined with CA125 outperforms the specificity and sensitivity in detecting
cases missed when using CA125 alone [32,65–68]. OVA1™ comprises a multivariate index
assay (MIA) test that examines five biomarkers (i.e., transthyretin, apolipoprotein A-1,
2-microglobulin, transferrin, and CA125) and scores the likelihood of malignancy of a pre-
detected adnexal mass prior to surgical intervention [69–71]. OVERA™ examines levels
of CA125, HE4, apolipoprotein A-1, FSH (follicle-stimulating hormone), and transferrin,
achieving a sensitivity of 91% and specificity of 61% for HGSOC screening [72]. Other
recently proposed protein panels have included CA125, vitamin-K-dependent protein
Z, C-reactive protein, and LCAT [73]; CA125, HE4, CA72-4, and MMP-7 [74]; or CA125,
HE4, FOLR1, KLK11, WISP1, MDK, CXCL13, MSLN, and ADAM8 [75]. The most recent
strategies rely on the detection of autoantibody levels in combination with CA125 [76,77]
and involve the detection of anti-TP53 [78], anti-HSF1, or anti-CCDC155 [79].

2.2. Gene Expression Profiling and Gene Panels

While ongoing gene expression profiling studies have suggested that HGSOC repre-
sents a highly heterogeneous pathology [6], expression analyses can differentiate between
HGSCO and other types of EOC. For example, Sallum et al. reported a differential WT1,
TP53, and P16 expression profile that distinguishes HGSCO from LGSOC [80], while Li et al.
found that 11 differentially expressed genes (DEGs) could discriminate between borderline
cases and HGSOC tumors [81].

Different gene expression profiles reported by studies such as the Cancer Genome
Atlas (TCGA) project [82,83] can be associated with pathological outcomes [84]. For in-
stance, high expression of HOX, FAP (myofibroblast markers), and ANGPTL1/2 (markers
of microvascular pericytes) or high expression of HMGA2, SOX11 (transcription factors),
MCM2, and PCNA (proliferation markers) is correlated with worse prognosis [85–87]. Ad-
ditionally, those studies linked improved survival rates and patient prognoses to MUC
gene (MUC16) expression or CXCL11, CXCL10 (chemokine ligands), and CXCR3 (receptor)
expression [85–87].

Gene expression panels such as NR5A1, GATA4, FOXL2, TP53, and BMP7 possess
different profiles when comparing primary OC tumors and their metastases, and could
eventually be used to predict patient survival [88]. Additionally, the expression of homolo-
gous recombination repair (HRR) genes (e.g., BRCA1, ATR, FANCD2, BRIP1, BARD1, and
RAD51) is associated with a better prognosis in HGSOC cases, whereas the expression
of epithelial-to-mesenchymal genes (e.g., GATA4, GATA6, FOXC2, KLF6, and TWIST2) is
associated with a worse prognosis [89].

Studies have also assessed differential gene expression in HGSOC to guide the optimal
therapeutic choice and measure expected responses [84]. A meta-analysis by Matondo et al.
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that included 1020 patients identified a prognostic signature regulated by HIF1α and
TP53 in therapy-unresponsive patients as an indicator of a worse overall prognosis [90].
Lee et al. also identified several DEGs in patients who underwent complete gross resection
or neoadjuvant chemotherapy with either positive or negative responses [91]. Most recently,
Buttarelli et al. identified a 10-gene signature (including genes such as CTNNBL1, CKB,
GNG11, IGFBP7, and PLCG2) for classifying wild-type BRCA HGSOC patients into sensitive-
and resistant-to-therapy groups [92].

Novel bioinformatic approaches are currently attempting to refine gene expression
signatures that predict therapeutic responses [93] and differentiate between HGSOC and
other cancer types [94]. For example, co-expression network analyses have identified
UBE2Q1 as a prognostic biomarker associated with poor relapse-free overall survival in
HGSOC patients [95].

Overall, using DEG analysis in early diagnosis has the potential to improve the
management and survival of HGSOC patients.

3. Novel Trends in the Understanding of the Origin of HGSOC
3.1. Cell Origin

Scientists and physicians have attempted to elucidate the possible cellular origin of
HGSOC for over a century; unfortunately, a clear origin has yet to be established, since no
specific precancerous lesion has been recognized, which represents a significant obstacle to
early diagnosis approaches [6,96,97].

The first theory for HGSOC’s cell of origin points to the ovarian surface epithelium
(OSE) (Figure 1). Fathalla (1971) suggested a putative relationship between ovulation and
the development of ovarian neoplasms [98], giving rise to other studies assessing this
link [99–101]. While the pro-inflammatory and pro-oxidative environment generated in the
OSE due to ovulation-induced tissue rupture may result in cell and DNA damage [102,103],
the induction of so-called cortical inclusion cysts (CICs—sections of the OSE that invaginate
and remain trapped beneath the ovarian surface during ovulation cycles [104]) is also
regarded as a potential origin of HGSOC.

The observation of genetically and phenotypically altered cells (i.e., protoneoplastic
lesions) in the ciliated end of the fallopian tube in female patients carrying BRCA1 or
BRCA2 mutations undergoing salpingectomies [105,106] provided support for the fallopian
tube epithelium (FTE) as the principal site for the origin of HGSOC [107–111] (Figure 1).
These lesions were later described as “serous tubular intra-epithelial carcinomas” (STICs)
and might arise due to the influence of the pro-inflammatory and pro-oxidative factors
released during ovulation [102,112,113]. STICs and HGSOC share several features [6,96],
including the presence of BRCA gene mutations [114,115], identical P53 gene mutations,
and a strong correlation in CCNE1 copy number amplification [116,117]. STICs also display
a so-called p53 signature: secretory cells in the distal fallopian tube characterized by intense
TP53 staining (proof of p53-mutated protein), positive γ-H2AX staining (a DNA damage
marker), and the absence of Ki-67 staining (minimal proliferation activity) [116,118,119].
Indeed, a p53 signature may highlight precursor lesions to STICs, as they also display
genomic instability (a genomic feature of HGSOC) [97] and telomere shortage (an early
sign of HGSOC onset) [120,121]; therefore, the p53 signature may be necessary but not
sufficient for the development of HGSOC [122,123]. Lately, a more complex theory has
suggested that secretory epithelial cells from the distal fallopian tube (where STICs are
found) can implant into the OSE, thereby resembling CICs of tubal epithelial origin [124],
which would explain cases where HGSOC does not arise directly on the fallopian tube [13].
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Figure 1. Two main theories of the cellular origin of high-grade serous ovarian carcinoma (HGSOC):
(1) Reactive oxygen species (ROS), inflammatory molecules (IL-6, IL-8, and cytokines), and hormones
(FSH, LH, and estrogens) released during ovulation induce constant tissue damage and repair cycles,
leading to HGSOC in the ovarian epithelial surface (OSE), which might also be triggered by the
formation of cortical inclusion cysts (CICs). (2) Alternatively, malignant transformation triggered
by the pro-inflammatory and pro-oxidative environment generates serous tubular intra-epithelial
carcinoma (STIC) lesions in the fallopian tube epithelium (FTE), which give rise to HGSOC after
migrating and invaginating in the OSE as CICs.

Although recent evidence suggests the likelihood of a tubular origin of HGSOC
precursor lesions, a possible dual origin (OSE or FTE) for this tumor is also currently
accepted [125–128]. Thus, future research efforts may focus on designing novel studies that
establish biomarkers to distinguish between FTE and OSE origin as a potential preliminary
step to achieve differential and early diagnoses.

3.2. Hormones

The heterogeneous expression of estrogen and the estrogen receptor (ER) alters de-
pending on tumor stage and subcellular location and even changes with different prognoses
in HGSOC patients [7,129,130]; however, hormones such as FSH, luteinizing hormone (LH),
androgens, and their respective receptors are associated with disrupted cell prolifera-
tion and serous EOC development [129–133]. Conversely, studies have highlighted the
protective nature of progesterone (P4) [134,135]. In this regard, two theories are considered:

• (a) Gonadotropin hypothesis: The risk of serous EOC increases due to the excessive
ovarian tissue uptake of FSH and LH [136,137]. The FSH-mediated proliferation and
migration of EOC cells via SphK [138] and the FSH-R/LH-R-mediated cell migration
and invasiveness via COX2 [139,140] or ERBB-2 [141] support this theory.

• (b) Androgen/progestin hypothesis: This dual hypothesis acknowledges high andro-
gen levels (usually linked to polycystic ovarian syndrome (PCOS) or obesity) as an
EOC risk factor [142–144] and P4 as a protective factor [132,133]. High expression
of AR [145,146] in HGSOC [147,148] and FTE is associated with the onset of serous
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EOC [149]. Conversely, PR expression is associated with a favorable prognosis and a
reduced metastatic risk [134,150].

In line with these two hypotheses, differing physiological conditions could be consid-
ered to be risk factors (e.g., ovulation and menopause) or protective factors (e.g., pregnancy,
breastfeeding, oral contraceptives). During ovulation and menopause, elevated FSH and
LH flux from the pituitary gland to the ovarian epithelium increases the risk of tumor
development [151]. Indeed, a recent meta-analysis concluded that a higher risk of serous
EOC is associated with more lifetime ovulatory years [152], while another publication
linked the administration of hormone replacement therapy (HRT) to increased risk of
serous EOC during menopause [153]. The link between factors suppressing ovulation and
the putative reduction in an individual′s risk of developing the disease has been evaluated
by several authors [154]. Pregnancy could exert a protective effect against EOC due to the
anovulation period, the strong negative regulation of FSH and LH secretion, and increased
P4 secretion [151]. The association between parity and a trend toward a reduced risk of
serous EOC further supports this protective role [155,156]. Such protection against EOC
has also been attributed to factors such as breastfeeding and the consumption of oral
contraceptive drugs [157]. Breastfeeding is associated with a reduction in the risk of OC,
which may persist for several years depending on the number of breastfeeding episodes
and the age at first feeding [158,159]. The protective role exerted by oral contraceptives has
been found to increase with the length of time they are used [160,161].

Based on this knowledge, strategies that consider the expression of AR, ER, and PR
have been explored to predict survival rates and responses to therapy in HGSOC [148,162].

3.3. Genetic Traits

The complex genomic landscape of HGSOC, which arises from a combination of
inherited and/or somatic mutations and chromosomal abnormalities, epigenetic alterations,
and signaling pathway dysregulation (Table 1), has been studied in the search for traits
that predict patient prognosis [163] or response to therapy [164]. The location of the most
frequent genetic alterations and an understanding of the contribution of each mutation
to pathology may be significant; however, not all reported mutations affect HGSOC’s
malignant transformation equally [165]. Thus, more in-depth knowledge regarding tumor
mutational burden may contribute to defining biomarkers that support the early diagnosis
of HGSOC.
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Table 1. Genetic and epigenetic traits involved in the etiopathogenesis of HGSOC. Major genetic alterations include inherited mutations, somatic mu-
tations, chromosomal aberrations, and epigenetic alterations, which may be considered for the early diagnosis, prognosis, and follow-up evaluation
of HGSOC.

Inherited Mutations

Mutations Susceptible Loci eQTL Associations

[82,166–169]BRCA1/2, CHEK2, RAD51, MRE11A, BRIP1, RAD50,
PALB2, ATM 3q28, 10q24.33, 4q32.3, 18q11.2, 8q21.11, 22q12 HOXD9, STRCP1, CDC42, CPNE1, CDA8, HEATR3, CCNE1

Somatic Mutations
Universal Mutation Other Mutations

[82,91,170,171]
TP53, in almost all cases PTEN, KRAS, FAT3, CSDM, MLH3, RB1

Chromosomal
Aberrations

Chromosomal Gains Chromosomal Losses Focal Amplification
Areas Focal Deletion Areas CLP

[82,172–174]
Chr 1, 3, 7, 8, 12, 20 Chr 5, 6, 11, 16, 17, 18, 19 CNNE1, MYC, MECOM PTEN, RB1, NF1 MLF1, ARID1A, BRCA1, MYC, CCNE1, PIK3CA, TP53

Epigenetic
Alterations

DNA methylation Histone Modifications miRNAs lncRNAs
[175–182]Hypermethylation: ↓ transcription BRCA1 promoter Methyltransferase overexpression (CARM1) miR-1290, miR27-a-3, miR23a,

miR200 family, miR025 CTBP1-DTHypomethylation: ↑ oncogene transcription Histone deacetylase overexpression

Chr: chromosome; CLP: chromothripsis-like patterns; eQTL: expression quantitative trait locus. (↑) indicates increase in transcription and (↓) indicates decrease in transcription.
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3.3.1. Inherited Mutations

HGSOC possesses a robust heritable component involving germline mutations that
contribute to the development of disease in 25% of cases [183]. Germline mutations in
the BRCA1 and BRCA2 genes, present in 13–22% of HGSOC cases [184–186], are tightly
correlated with the onset of OC, given their detection in patients who developed HG-
SOC from precancerous FTE lesions [97]. Other reported germline mutations include
RAD51, BRIP1, PALB2, CHEK2, MRE11A, RAD50, and ATM, which belong to the Fanconi
anemia–BRCA pathway and play crucial roles in the HRR system for double-stranded
DNA breaks [187–190]. Mutations affecting genes involved in HRR may also trigger HRR
pathway deficiency (HRD), thereby increasing DNA errors, genomic instability, and the risk
of HGSOC [82,191,192]. In this sense, HRD testing provides a new tool for the stratification
of HGSOC that might simplify physicians’ decisions when managing and monitoring
responses to therapy in affected patients [193,194]. New HRD testing approaches have
assessed the performance of biomarkers such as RAD51 [195] or calculated the levels of
genomic instability based on sequence variants in the BRCA genes [196].

Genome-wide association studies (GWASs) have revealed associations between single-
nucleotide polymorphisms (SNPs) and pathogenic phenotypes within the population [197]
or the incidence and survival rates among ethnicities [198]. Studies have reported an
additional percentage of estimated heritability for HGSOC from SNP characterization at
susceptible loci (e.g., 3q28, 4q32.3, 8q21.11, 10q24.33, 18q11.2, and 22q12) [166,199].

As most SNPs occur in non-coding regulatory regions, transcriptome-wide association
studies (TWASs) and expression quantitative trait locus (eQTL) analyses have sought to
overcome this drawback when studying disease predisposition. Lawrenson et al. described
three statistically significant eQTL associations for HOXD9, CDC42, and CDA8 [167], while
Gusev et al. reported an additional 23 candidate genes [168], indicating their putative
role in early-stage HGSOC. A study combining breast and ovarian cancer GWAS datasets
and transcriptomic data reported 11 candidate susceptibility genes, including CCNE1,
CPNE1, HEATR3, and STRCP1 [169]. Novel analyses integrating candidate genes and gene
regulation have encountered additional genes linked to an increased risk of HGSOC [200].
These data emphasize the importance of genome elements in non-coding regions, even
though the precise mechanisms underlying these associations remain unclear.

3.3.2. Somatic Mutations

TP53, the most frequently mutated gene associated with HGSOC, functions as “the
guardian of the genome” by regulating upstream or downstream genes to control tu-
mor suppression and maintain cellular homeostasis [201,202]. The TCGA project and
subsequent studies have reported TP53 mutations in around 93–96% of HGSOC pa-
tients [82,172,201,203]. A study by Cheng et al. that compared early and late HGSOC
mutational landscapes reported TP53 mutation rates of 100% in late-stage cases and 82% in
early-stage cases [170], consistent with previous results showing the very frequent but not
global TP53 mutational load in HGSOC patients [204]. TP53 mutations are mostly missense
(60.52%) but can also be frameshift (15.24%), splice-site (10.53%), nonsense (10.73%), and
in-frame (3.22%) mutations [82]; however, a recent study by Park at al. reported even higher
rates of missense mutations (62.5% and 95.8%, analyzed by NGS and immunohistochem-
istry (IHC), respectively) [205]. R273, R248, R175, and Y220 represent the most reported
mutation hotspots in the DNA-binding domain of the TP53 sequence [205–207] and may
define differential features between early and late stages of HGSOC [170,203,208–212]. HRR
genes such as BRCA1/2 and RAD51D may also undergo somatic mutations [183,213,214].
According to the TCGA project and succeeding studies, other mutated genes with a role in
HGSOC include CSMD3 and FAT3 (tumor-suppressor genes), MLH3 (with known roles in
DNA mismatch repair), and CDK12 (RNA splicing regulation) [82,91,171].

Corona et al. described several point mutations that converge on TEAD4/PAX8-
binding sites during OC’s progression [215], highlighting the role of non-coding elements
in the development of OC. Moreover, Ni et al. reported several mitochondrial genes with
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heteroplasmic somatic DNA mutations that may confer selective advantages to tumor
cells [216]. These data may help to stratify different HGSOC cases—a promising strategy to
consider when seeking early diagnostic tools [217].

3.3.3. Chromosomal Aberrations

Chromosomal instability (CIN) leads to aberrant gene expression patterns and protein
functions related to primary tumor growth/development and metastatic burden in several
cancers [218]. Specifically, gains in chromosomes 1, 3, 7, 8, 12, and 20 and losses in
chromosomes 5, 6, 11, 16, 17, 18, 19, and 22 characterize HGSOC [82,173]. Identifying such
patterns may help to predict tumor behavior and define early diagnostic strategies (as
reported by Drews et al. [219]). Chromosomal aberrations in HGSOC may be solely due
to ubiquitous TP53 mutations [220], cell-cycle imbalances promoted by mutations in HRR
genes, or alterations in regulator proteins such as AURKA or CNNE1 [221]. CIN affects
genes located in focal amplification areas (e.g., CNNE1, MYC, and MECOM) and focal
deletion areas (e.g., PTEN, RB1, and NF1) [82,172]; consequently, patients harboring these
aberrations usually evade therapy and display tumor recurrence, as occurs for CNNE1
amplification [222] or PTEN loss [223]. Interestingly, focal amplifications, deletions, and
copy number signatures display different profiles in early-stage and late-stage HGSOC,
thereby representing a promising option when seeking strategies for early diagnosis [170].

Chromothripsis, a well-reported form of CIN with a critical role in cancer [224], is
correlated with poor responses to therapy in HGSOC [91]. Interestingly, Engqvist et al.
reported 46 chromothripsis-like patterns (CLPs) for HGSOC stages I and II, which affected
cancer-related genes such as MLF1, BRCA1, CCNE1, TP53, ARID1A, MYC, and PIK3CA [174].
Finally, whole-genome duplication (WGD), which leads to CIN, is frequently encountered
in late-stage HGSOC due to a relationship with TP53 mutations, CNNE1 amplification, or
RB1 loss [170,225].

3.4. Epigenetics

Epigenetic mechanisms involving DNA methylation (5-methylcytosine; 5 mC), histone
modifications, or non-coding RNAs (ncRNAs) can regulate gene expression, participate in
the onset of HGSOC, and influence therapeutic outcomes [4,226,227].

DNA methylation is generally associated with decreased gene expression and can
affect the promoters of tumor-suppressor genes. For instance, BRCA1 promoter hyper-
methylation in families affected by HGSOC without BRCA1/2 germline mutations is
correlated with allelic BRCA1 loss [175]. Hypomethylation also generates genomic instabil-
ity through the enhanced transcription of oncogenes [176,177]. Moreover, decreased levels
of 5-hydroxymethylcytosine (5-hmC—an oxidized form of 5 mC) represent a hallmark
indicator of malignancy and tumor progression in HGSOC patients [228].

Histone modifications carried out by methyltransferases (HMTs) or deacetylases
(HDACs) have also been implicated in the development of HGSOC [229]. Specifically, over-
expression of the CARM1 protein arginine methyltransferase (PRMT) occurs in breast can-
cer and HGSOC cases [230], leading to the transcriptional repression of tumor-suppressor
genes such as NOXA [178]. Furthermore, overexpression of HDAC in advanced OC stages
(i.e., III and IV) compared to early stages (i.e., I and II) may represent a predictive factor
and a target to prevent OC progression [179,231].

The expression of ncRNAs—specifically, microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs)—represents an additional epigenetic mechanism with importance in the
pathophysiology of cancer [4,232]. A study including 894 EOC cases found 16 and 19 miR-
NAs to be associated with better and worse prognoses, respectively [233]. Overexpression
of miR-1290 occurs in HGSOC patients compared to healthy controls [180], while miR-
27-a-3p expression in HGSOC patients is correlated with a worse prognosis [181]. Other
ncRNAs—such as miR23a, the miR200 family, and miR205—participate in cell proliferation,
migration, apoptosis, invasion, or metastasis in OC cases [182,234]. Finally, Wang et al.
observed the differential expression of 633 lncRNAs in malignant EOC compared with
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benign and normal conditions [235]. In a specific example, Liu et al. described the upregu-
lation of the CTBP1-DT lncRNA and its link to the malignant behavior of HGSOC cells and
disease progression, suggesting this ncRNA as a possible biomarker for early diagnosis or
a therapeutic target [236].

3.5. Target Signaling Pathways in HGSOC

Relevant signaling pathways involved in HGSOC include RB (67% of cases), PI3K/RAS
(45% of cases), NOTCH (22% of cases), and FOXM1 (85% of cases) [82,172,237] (Figure 2).
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Figure 2. Frequently altered signaling pathways in HGSOC: Different mutations and genomic aberra-
tions affect the PI3K/Akt, Ras/Raf, Rb, FOXM1, and Notch pathways, resulting in the dysregulation
of downstream target gene expression, which can subsequently promote genomic instability, cell-cycle
dysregulation, enhanced cell proliferation, cancer stemness, and tumor progression.

The RB pathway controls the G1-to-S phase transition in mammalian cells [238,239].
Overactivation of the RB pathway prompts the increased activity of the E2F transcription
factor compared to normal tissues, leading to exacerbated cell proliferation due to an un-
controlled cell cycle [240]. Additionally, genomic conditions involving RB1 loss combined
with HRD are associated with unusually long survival rates after chemotherapy, providing
opportunities for more precise stratification of HGSOC [241].

Alterations in the PI3K/Akt/mTOR pathway in HGSOC mainly derive from genomic
amplification of PIK3CA (20% of cases) or AKT isoforms (15–20% of cases) [242,243]. None
of the tested inhibitors of this pathway are currently used in clinical practice, due to the
lack of successful results in previous studies [244,245]. Ras/Raf/MEK pathway alterations
observed in HGSOC cases derive from copy number changes such as KRAS oncogene
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amplifications (11% of cases), MAPK amplification (20% of cases), NF1 loss (8% of cases),
and other less frequent changes in NRAS or BRAF [82].

Interestingly, BRCA1/2 promoters represent downstream targets of the RB, PI3K,
and RAS signaling pathways, offering opportunities for therapeutic interventions using
CDK, RTK, and MAPK inhibitors such as cediranib, nindetanib or pazopanib (which
unfortunately have not demonstrated efficacy in terms of improving disease-free interval
or survival [246,247]), or PARP inhibitors such as niraparib (first-line treatment for these
tumors) or olaparib and rucaparib (specifically targeting BRCA-positive tumors) [239,248].
Other drugs currently used for treating HGSOC include bevacizumab, directed against the
vascular endothelial growth factor (VEGF) [249,250].

Different molecular traits, such as E2F copy number gain and amplification or the
overexpression/inactivation of FOXM1 upstream transcription factors such as ERBB2
(tyrosine kinase receptor) or TP53, might cause overexpression of FOXM1 in HGSOC.
Abnormal FOXM1 overactivation, in addition to copy number gains on this gene, coincides
with abnormal cell-cycle processes that promote cell proliferation, cancer stemness, genomic
instability, and poor prognosis [251,252].

Notch family members are transmembrane receptors that, upon binding and cleavage,
migrate to the nucleus and target the promoters of genes such as CCND, p21CIP1, NF-κβ,
and c-MYC [237]. Other factors related to Notch signaling disruption include CXCR4/SDF1α
signaling dysregulation [253] or DK1 overexpression (non-canonical Notch ligand) [254],
with both being related to tumor progression, higher epithelial-to-mesenchymal transition,
and worse prognosis in HGSOC.

4. Ongoing Clinical Trials

The upward trend in the number of clinical trials focused on OC—and on HGSOC
in particular—has translated into an increase in survival and positive outcomes when
comparing the last five years with the early 2000s [255].

Up to 949 clinical trials have been registered in the clinicaltrials.gov portal of the U.S.
National Institutes of Health (NIH) within the last five years [256], with 19 related to early
diagnosis. Most clinical trials involve the detection of different genetic traits in Pap smears
and/or uterine lavage or blood (so-called “liquid biopsies”) that might guide the diagnosis
of HGSOC. The latest advances include the detection of differential DNA methylation levels
by NGS (NCT0362238, NCT04651946), tumor-educated platelets (TEPs) and circulating
tumor DNA (ctDNA) (NCT04022863, NCT04971421), biomolecules via plasma spectroscopy
(NCT04817449), blood proteins (NCT04794322), cell-free DNA (cfDNA) (NCT04261972,
NCT04511988), circulating (ct)RNAs (e.g., miRNAs and lncRNAs) (NCT03738319), and
other tumor-associated changes in circulating glycoproteins (NCT03837327).

It should be noted that while much existing research has focused on early and non-
invasive detection, the need for a very large study population for general screening repre-
sents an obstacle to the design of such studies [257–259].

5. Liquid Biopsy as a Non-Invasive Tool for the Early Diagnosis of HGSOC

Liquid biopsies, based on the non-invasive detection of molecular biomarkers (mainly
through NGS) released from tumor cells into the bloodstream, represent an alternative ap-
proach to the early detection of HGSOC [260]. Here, we review current evidence regarding
the detection of circulating tumor cells (CTCs), ctDNA, ctRNA, and extracellular vesicles
(EVs) [261] (Figure 3).
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of HGSOC.

5.1. Circulating Tumor Cells

CTCs are released from a primary or metastatic tumor and shed into the peripheral
blood, where they can be isolated by size selection [262] or by targeting surface proteins
such as EpCAM, MUC1, or HER2 [263]. Benign masses release lower CTC counts than
EOC tumors [264,265], as corroborated by studies reporting that patients with stage I-II and
stage III-IV are 8.4 and 16.9 times more likely, respectively, to harbor CTCs than patients
with benign adnexal masses [266,267]. Recent bioinformatic approaches have explored
the International Federation of Gynecology and Obstetrics (FIGO) stages of preoperative
EOC patients based on CTCs [268]. Although CTCs possess a greater predictive value than
CA125 for early tumor stages (IA-IB) [263], they display low survival rates in blood circula-
tion, making them more suitable for monitoring disease progression or metastasis [269,270]
than for early detection [271].

5.2. Cell-Free DNA and Circulating DNA

ctDNA is the fraction of total cfDNA released from tumor cells, mainly through
necrosis and/or apoptosis [272]. ctDNA levels in healthy patients or patients with benign
conditions remain low [273–275] but increase proportionally according to tumor burden and
stage (i.e., higher ctDNA levels when advancing from stage III to IV), reaching maximum
levels when metastasis develops [276–278].

Early detection strategies using ctDNA rely on evaluating methylation patterns and
detecting somatic mutations or aberrant fragmentation patterns [260,279,280]. Promoter
hypermethylation patterns in genes such as OPCML, RASSF1A, RUNX3, and APC [281–283],
COL23A1, C2CD4D, and WNT6 [284], or HOXA9 and HIC1 [285] have been detected in
ctDNA from early-stage HGSOC cases. TP53 mutations and other somatic variants have also
been detected in ctDNA from stage I and II HGSOC cases [286–288]. ctDNA analyses in
combination with other markers also deserve consideration [289,290], as evidenced in a study
by Cohen et al. that described a combination of a 61-amplicon panel with serum protein
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biomarkers for the early diagnosis of EOC [291]. Finally, ctDNA fragmentation patterns,
which display irregularity in cancer patients compared to healthy individuals, are currently
regarded as a novel strategy for predicting the risk of OC [280,292].

5.3. Cell-Free RNA and Circulating RNA

Detection of ctRNA, as a fraction of the total cfRNA released from tumor cells, rep-
resents a promising approach in liquid biopsies, since this strategy offers a snapshot of
the transcriptional landscape and mirrors potential pathogenic processes [293]. ctRNA has
mostly been reported as a prognostic maker but has been explored in detecting lung or
breast cancers [294,295], suggesting that early diagnosis of HGSOC could take advantage
of ctRNA levels. Currently, the few diagnostic markers contemplated for early diagnosis
are miRNAs (e.g., miR-1246, miR-595, and miR-2278) [296,297] overexpressed in HGSOC
tumors [298] or lncRNAs (e.g., MIR4435-2HG [299] and CASC11 [300]) upregulated in OC.
It should be noted that further research will need to determine the diagnostic sensitivity
and specificity of ctRNA for early tumor detection and standardize protocols for isolation
and analysis [301].

5.4. Exosomes

Exosomes are a subtype of EVs that are released from tumors and extravasate into the
bloodstream, where they can avoid the immune system [302], promote metastasis in sites
distant from the primary tumor [260,303], and promote the development of chemotherapy
resistance [304]. Several components of the exosomal “cargo” can be isolated when seek-
ing tumor-specific features [305]. A panel of eight miRNAs (miR-141, miR-21, miR-200a,
miR-200b, miR-200c, miR-214, miR-205, and miR-203) [306], miR-200c, miR-93, and miR-
145 [307], and miR-34-a [308] have shown potential as diagnostic biomarkers for early OC
detection. Furthermore, proteins such as LBP, GSN, GFA, and FGG have also been consid-
ered as potential biomarkers [309]. The latest research evaluating exosomal proteomes from
FIGO stage I and II HGSOC cases confirms the potential of proteins enclosed in exosomes
in early-stage OC screening [310].

6. Conclusions

Ranked as one of the most aggressive and deadly forms of gynecological cancer,
HGSOC is currently considered to be a public healthcare issue that significantly impacts
female patients’ quality of life. Current challenges arise from the difficulty in establishing an
early and effective diagnosis in patients with adnexal masses. HGSOC is mostly diagnosed
in advanced FIGO stages (III-IV) due to the lack of symptoms and the use of traditional
diagnostic methods. The performance of CA125—the only available molecular serum
biomarker—alone or in combination with other biomarkers or TVS, has yet to support
significant reductions in mortality rates.

Other strategies have focused on the possible dual origin of HGSOC (the FTE or OSE)
and the influence of hormones in promoting or protecting against the development of
disease. Furthermore, HGSOC is characterized by extensive genomic instability, promoted
by almost universal mutations in the TP53 gene, genes belonging to the HRR system, and
CIN. Furthermore, alterations in multiple signaling pathways and epigenomic mechanisms
have also been described.

Research in this field is rapidly moving forward, allowing the molecular manage-
ment of HGSOC by encompassing multiple disease-associated features in high-throughput,
personalized approaches. Proof of such advances includes the putative gene panels and ex-
pression analyses intended for the stratification of HGSOC, the establishment of treatment-
guided decisions, and the monitoring of disease progression, which can be extended to
early detection.

Most recently, liquid biopsies have gained momentum as an emerging strategy in
the field of gynecological oncology, providing a non-invasive approach with promising
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applications from several clinical standpoints, including early diagnosis of adnexal masses
or monitoring of HGSOC patients’ prognosis and treatment effectiveness.

This review sought to provide an update of those studies concerning the molecular
and cellular characterization of HGSOC tumors, which may serve as a starting point for
the design of new strategies aimed at improving management of this subtype of cancer.
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Abbreviation Whole Name
5-hmc 5-Hydroxymethylcytosine
5-mc 5-Methylcytosine
ADNEX Assessment of Different Neoplasias in the Adnexa
AUC Area under the curve
CA125 Carbohydrate antigen 125
CICs Cortical inclusion cysts
CIN Chromosomal instability
CLP Chromothripsis-like pattern
CTCs Circulating tumor cells
ctDNA Circulating tumor DNA
ctRNA Circulating tumor RNA
EOC Epithelial ovarian carcinoma
eQTL Expression quantitative trait locus
EVs Extracellular vesicles
FDA Food and Drug Administration
FIGO International Federation of Gynecology and Obstetrics
FTE Fallopian tube epithelium
FSH Follicle-stimulating hormone
GWASs Genome-wide association studies
HDACs Deacetylases
HGSOC High-grade serous ovarian carcinoma
HMTs Histone methyl transferases
HPO Hypothalamic–pituitary–ovarian
HRD HRR pathway deficiency
HRR Homologous recombination repair
IHC Immunohistochemistry
LGSOC Low-grade serous ovarian carcinoma
LH Luteinizing hormone
lncRNAs Long non-coding RNAs
MIA Multivariate index assay
miRNAs MicroRNAs
NACT Neoadjuvant chemotherapy
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ncRNAs Non-coding RNAs
NGS Next-generation sequencing
NIH National Institutes of Health
NROSS Normal Risk Ovarian Screening Study
OC Ovarian cancer
OSE Ovarian surface epithelium
P4 Progesterone
PCOS Polycystic ovarian syndrome
PLCO Prostate, Lung, Ovarian, Colorectal
PPE Pelvic palpation examination
PRMT Protein arginine methyltransferase
ROCA Risk of Ovarian Cancer Algorithm
ROMA Risk of Ovarian Malignancy Algorithm
ROS Reactive oxygen species
RMI Risk of Malignancy Index
SNPs Single-nucleotide polymorphisms
STICs Serous tubular intra-epithelial carcinomas
TCGA The Cancer Genome Atlas
TEPs Tumor-educated platelets
TVS Transvaginal ultrasound/transvaginal sonography
TWAS Transcriptome-wide association studies
UKCTOCS United Kingdom Collaborative Trial of Ovarian Cancer Screening
WGD Whole-genome duplication

Gene Symbol Gene Name
ANGPTL1/2 Angiopoietin Like 1/2
APC APC regulator of WNT signaling pathway
ARID1A AT-rich interaction domain 1A
ATM ATM serine/threonine kinase
ATR ATR serine/threonine kinase
BARD1 BRCA1-associated RING domain 1
BMP7 Bone morphogenetic protein 7
BRAF B-Raf proto-oncogene, serine/threonine kinase
BRCA1/2 BRCA1/2 DNA-repair-associated
BRIP1 BRCA1-interacting helicase 1
C2CD4D C2 calcium-dependent domain containing 4D
CASC11 Cancer susceptibility 11
CCNE1 Cyclin E1
CDK12 Cyclin-dependent kinase 12
CHEK2 Checkpoint kinase 2
CKB Creatine kinase B
COL23A1 Collagen type XXIII alpha 1 chain
CPNE1 Copine 1
CSMD3 CUB and Sushi multiple domains 3
CTBP1-DT C-terminal binding protein 1-divergent transcript
CTNNBL1 Catenin beta-like 1
CXCL10 C-X-C motif chemokine ligand 10
CXCL11 C-X-C motif chemokine ligand 11
CXCR3 C-X-C motif chemokine receptor 3
CCND Cyclin D
FANCD2 FA complementation group D2
FAP Fibroblast activation protein alpha
FAT3 FAT atypical cadherin 3
FOXC2 Forkhead box C2
FOXL2 Forkhead box L2
FOXM1 Forkhead box M1
GATA4 GATA-binding protein 4
GATA6 GATA-binding protein 6
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GNG11 G protein subunit gamma 11
HEATR3 HEAT repeat-containing 3
HIC1 HIC ZBTB transcriptional repressor 1
HIF1α Hypoxia-inducible factor 1 subunit alpha
HMGA2 High mobility group AT-hook 2
HOX Homeobox family
HOXA9 Homeobox A9
IGFBP7 Insulin-like growth-factor-binding protein 7
KLF6 Kruppel-like factor 6
KRAS KRAS proto-oncogene, GTPase
MCM2 Minichromosome maintenance complex component 2
MECOM MDS1 and EVI1 complex locus
miR-1246 MicroRNA 1246
miR-1290 MicroRNA 1290
miR-141 MicroRNA 141
miR-145 MicroRNA 145
miR-200 MicroRNA 200
miR-200a/b/c MicroRNA 200a/b/c
miR-203 MicroRNA 203
miR-205 MicroRNA 205
miR-21 MicroRNA 21
miR-214 MicroRNA 214
miR-2278 MicroRNA 2278
miR-23a MicroRNA 23a
miR-27-a-3p MicroRNA 27-a-3p
miR-34-a MicroRNA 34-a
MIR4435-2HG MIR4435-2 Host Gene
miR-595 MicroRNA 595
miR-93 MicroRNA 93
MLF1 Myeloid leukemia factor 1
MLH3 MutL homolog 3
MRE11A MRE11 homolog, double-strand break repair nuclease
MUC16 Mucin 16, cell-surface-associated
MYC MYC proto-oncogene, bHLH transcription factor
NF1 Neurofibromin 1
NF-κβ Nuclear factor kappa B
NOXA Phorbol-12-myristate-13-acetate-induced protein 1
NR5A1 Nuclear receptor subfamily 5 group A member 1
OPCML Opioid-binding protein/cell adhesion molecule-like
P16 (CCDKN2A) Cyclin-dependent kinase inhibitor 2A
P21cip1 (CCDKN1A) Cyclin-dependent kinase inhibitor 1A
PALB2 Partner and localizer of BRCA2
PCNA Proliferating cell nuclear antigen
PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
PLCG2 Phospholipase C gamma 2
PTEN Phosphatase and tensin homolog
RAD50 RAD50 double-strand break repair protein
RAD51 RAD51 recombinase
RAD51D RAD51 paralog D
RASSF1A Ras association domain family member 1
RB1 RB transcriptional corepressor 1
RUNX3 RUNX family transcription factor 3
SOX11 SRY-box transcription factor 11
STRCP1 Stereocilin pseudogene 1
TP53 Tumor protein p53
TWIST2 Twist family bHLH transcription factor 2
UBE2Q1 Ubiquitin-conjugating enzyme E2 Q1
WNT6 Wnt family member 6
WT1 WT1 transcription factor
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Protein Symbol Protein Name
ADAM8 ADAM metallopeptidase domain 8
anti-HSF1 Anti-heat-shock transcription factor 1
AR Androgen receptor
AURKA Aurora kinase A
CA125 Carbohydrate antigen 125
CA72-4 Cancer antigen 72-4
CARM1 Coactivator-associated arginine methyltransferase 1
CCDC155 KASH domain-containing 5 (KASH5)
CDKs Cyclin-dependent kinases
CEA Carcinoembryonic antigen
CNNE1 G1/S-specific cyclin-E1
COX2 Cytochrome c oxidase subunit 2
CXCL13 C-X-C motif chemokine ligand 13
E2F E2F transcription factor family
ER Estrogen receptor
ERBB2 Receptor tyrosine-protein kinase erbB-2
EZH2 Enhancer of zeste 2 polycomb repressive complex 2 subunit
FGG Fibrinogen gamma chain
FOLR1 Folate receptor alpha
FSH-R Follicle-stimulating hormone receptor
GFA Glutamine–fructose-6-phosphate transaminase 1 (GFPT1)
GPCR G-protein-coupled receptor
GSN Gelsolin
HE4 Human epididymis 4
IL-6 Interleukin-6
KLK11 Kallikrein-related peptidase 11
LBP Lipopolysaccharide-binding protein
LCAT Lecithin cholesterol acyltransferase
LH-R Luteinizing hormone receptor
MAPKs Mitogen-activated protein kinases
MDK Midkine
MMP-7 Matrilysin
MSLN Mesothelin
P53 Cellular tumor antigen p53
PARP Poly [ADP-ribose] polymerase
PR Progesterone receptor
RAF RAF proto-oncogene serine/threonine-protein kinase
RAS RAS protein
RB Retinoblastoma-associated protein
RTKs Receptor tyrosine kinases
SphK Sphingosine kinase
TKR Tyrosine kinase receptor
VCAM-1 Vascular cell adhesion protein 1
VEGF Vascular endothelial growth factor
WISP1 Cellular communication network factor 4 (CCN4)
γ-H2AX γ-Histone H2AX
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