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Abstract: Epithelial ovarian cancer (EOC) is one of the most aggressive forms of gynaecological
malignancies. Survival rates for women diagnosed with OC remain poor as most patients are
diagnosed with advanced disease. Debulking surgery and platinum-based therapies are the current
mainstay for OC treatment. However, and despite achieving initial remission, a significant portion
of patients will relapse because of innate and acquired resistance, at which point the disease is
considered incurable. In view of this, novel detection strategies and therapeutic approaches are
needed to improve outcomes and survival of OC patients. In this review, we summarize our
current knowledge of the genetic landscape and molecular pathways underpinning OC and its
many subtypes. By examining therapeutic strategies explored in preclinical and clinical settings, we
highlight the importance of decoding how single and convergent genetic alterations co-exist and drive
OC progression and resistance to current treatments. We also propose that core signalling pathways
such as the PI3K and MAPK pathways play critical roles in the origin of diverse OC subtypes and can
become new targets in combination with known DNA damage repair pathways for the development
of tailored and more effective anti-cancer treatments.
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1. Introduction

In 2022 there were ~325,000 new reported cases of ovarian cancer (OC) and ~207,000
OC deaths worldwide [1]. By 2045, the global incidence of OC is expected to increase by
47%, with a projected rise in deaths of 58% [2]. While OC is the 11th most common cancer
among women (2.5% of cancers), it is the 5th leading cause of cancer-related death, with a
relative five-year survival rate of ~50.8% [3].

Only 15% of OC cases are identified during the early and localized stage of the
disease, which is generally associated with better outcomes and a 5-year survival rate of
~90% [4]. However, a large portion of OC, ~60%, are diagnosed when the cancer has already
metastasized to distant sites, a condition that significantly reduces the 5-year survival rate
to ~30% [4]. These numbers highlight the urgent need to identify new OC biomarkers for
earlier detection and more rapid intervention.

Current screening methods for OC detection are based on pelvic examination, includ-
ing transvaginal ultrasound and evaluation of the cancer antigen 125 (CA-125), a peptide
produced by OC cells together with mesothelial cells from multiple tissues such as the
endometrium [4,5]. Once diagnosed, standard first-line treatment for OC includes surgery
followed by platinum-based chemotherapy. Although 75–80% of OC patients respond to
these initial treatments, ~70% will eventually relapse and develop resistance [6]. In an
effort to improve patients survival and overcome resistance to standard therapies, extensive
research is underway to better understand the mechanisms driving OC formation and pro-
gression, with a view to discover and improve efficacy of targeting oncogenic pathways [7].
Currently, OC remains the most lethal cancer among all gynaecological malignancies [7].
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A few OC risk factors have been identified so far and include genetic predispositions
and environmental issues, as well as lifestyle factors such as cigarette smoking, diet, and
hormone replacement therapies [8,9]. Inherited gene mutations in the tumour suppressors
breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) have been strongly associated with
predisposition to OC. Age is also considered an important risk factor, with increased age
and menopause defining a higher risk cohort of patients [8,9]. However, while these factors
play a contributing role, the critical molecular mechanisms underpinning OC development
and heterogeneity are complex and not fully understood.

In this review, we will summarize our current understanding of the mechanisms
causing OC initiation and progression and will highlight important signalling pathways
and gene mutations whose contribution to OC have not been fully explored and that can
inform new and improved treatments.

2. Ovarian Cancer: Pathological Classification, Subtyping and Associated Mutations

The ovary is responsible for producing fully mature and developmentally competent
oocytes for fertilization, and to generate hormones and growth factors that are essential
for ovarian function, pregnancy, and female development [10]. The ovary has two major
compartments which differ in their composition and structure: the outer cortex and the
inner medulla [11]. While the ovarian cortex consists of stiff connective tissue that contains
mostly quiescent ovarian follicles, the medulla is a loose connective tissue with abundant
blood and lymphatic vessels harbouring growing follicles [11] (Figure 1).
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subtype of OC comprises epithelial tumours from the OSE, which accounts for approxi-
mately 90% of cases [12,13]. 

Based on morphological, immunohistochemical, and genetic studies, epithelial ovar-
ian cancer (EOC) can be further divided into two subgroups: (1) type I tumours, which 
include endometrioid, clear cell, mucinous, and low-grade serous carcinoma; and (2) type 
II, including high-grade serous carcinoma, carcinosarcomas, and undifferentiated carci-
nomas [14] (Figure 2). 

Figure 1. Cartoon depicting a cross section of the human ovary. The cortex, the outer part of the
ovary, harbours quiescent primordial follicles that define the ovarian reserve. Beneath the cortex,
the medulla and its connective tissue contain abundant blood and lymphatic vessels plus growing
follicles; primary and secondary follicles are illustrated. OSE: ovarian surface epithelium.

OC can originate from various cell types within the ovary, including cells from the
ovarian surface epithelium (OSE), germ cells, stromal cells such as fibroblasts, and other less
common cell types such as mesothelial–mesenchymal cells [12]. The predominant subtype
of OC comprises epithelial tumours from the OSE, which accounts for approximately 90%
of cases [12,13].

Based on morphological, immunohistochemical, and genetic studies, epithelial ovarian
cancer (EOC) can be further divided into two subgroups: (1) type I tumours, which include
endometrioid, clear cell, mucinous, and low-grade serous carcinoma; and (2) type II, includ-
ing high-grade serous carcinoma, carcinosarcomas, and undifferentiated carcinomas [14]
(Figure 2).
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Figure 2. Epithelial ovarian cancer (EOC) classification. Type I carcinomas comprise: (1) mucinous 
carcinoma (MOC); (2) clear cell carcinoma (CCC); (3) endometrioid ovarian cancer (EnOC); and (4) 
low-grade serous ovarian cancer (LGSOC). Type II carcinomas are largely composed of high-grade 
serous ovarian cancer (HGSOC), carcino-sarcoma and undifferentiated carcinoma. Frequently re-
ported gene mutations and associated signalling pathways are included for each EOC subtype. 
ARID1A: AT-rich interaction domain 1A; BRAF: a serine/threonine-specific kinase; c-Met: c-mesen-
chymal–epithelial transition factor; CTNNB1: β-catenin; ERBB2: estrogen-related receptor β2; 
KRAS and NRAS: members of a specific GTPase superfamily; PI3K: phosphatidylinositol-4,5-
bisphosphate 3-kinase; PTEN: phosphatase and tensin homolog deleted on Chromosome 10; TP53: 
tumour protein p53. 
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Figure 2. Epithelial ovarian cancer (EOC) classification. Type I carcinomas comprise: (1) muci-
nous carcinoma (MOC); (2) clear cell carcinoma (CCC); (3) endometrioid ovarian cancer (EnOC);
and (4) low-grade serous ovarian cancer (LGSOC). Type II carcinomas are largely composed of
high-grade serous ovarian cancer (HGSOC), carcino-sarcoma and undifferentiated carcinoma. Fre-
quently reported gene mutations and associated signalling pathways are included for each EOC
subtype. ARID1A: AT-rich interaction domain 1A; BRAF: a serine/threonine-specific kinase; c-Met:
c-mesenchymal–epithelial transition factor; CTNNB1: β-catenin; ERBB2: estrogen-related receptor
β2; KRAS and NRAS: members of a specific GTPase superfamily; PI3K: phosphatidylinositol-4,5-
bisphosphate 3-kinase; PTEN: phosphatase and tensin homolog deleted on Chromosome 10; TP53:
tumour protein p53.

2.1. Type I EOCs

Type I EOCs account for 28% of OC cases and are typically discovered through pelvic
examination when the tumour is still localized in the ovary, and surgical removal allows
for higher curative rates compared to type II EOCs [15,16]. These tumours tend to be of low
grade, are genetically stable, and rarely acquire mutations in the tumour protein p53 (TP53)
a common genetic event in OC [12]. Despite this, each morphological subtype within this
category is highly heterogeneous and presents a unique molecular profile defined by the
activation of specific cell signalling pathways.

2.1.1. Clear Cell and Endometrioid Ovarian Cancer

Ovarian clear cell carcinoma (CCC) and endometrioid ovarian cancer (EnOC) are
associated with endometriosis and are diagnosed in ~10% of OC cases [17,18]. Despite
being classified as a type I tumour, CCCs acquire mutations and display phenotypes that
position it as an intermediate category between type I and type II tumours [18]. CCCs
exhibit a high prevalence of inactivating mutations in the tumour suppressor and chromatin
remodelling gene AT-rich interaction domain 1A (ARID1A), which occur in approximately
50% of CCCs [19,20]. Activating mutations in the phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic alpha subunit (PIK3CA) encoding PI3Kα, occur in ~40% of CCC cases [20,21].
In addition, amplification of the erb-b2 receptor tyrosine kinase 2 (ERBB2) is observed in 14% of
CCCs [22], while c-mesenchymal–epithelial transition factor (c-Met), encoding a tyrosine kinase
receptor that activates a wide range of different cellular signalling pathways, including the
MAPK and PI3K pathways [23], is amplified in 40% of CCC cases [24].

In EnOC, mutations in the β-catenin gene, CTNNB1, are observed in approximately
20% of cases [25]. Similar to CCC, somatic mutations in PIK3CA and the tumour suppressor
phosphatase and tensin homolog (PTEN) have been reported in 12% and 31% of EnOC, respec-
tively [26], along with inactivating ARID1A mutations [27], demonstrating that CCC and
EnOC share common genetic events. Additionally, the genetic landscape of EnOC reveals
that while less than 7% of cases harbour activating mutations in the proto-oncogene KRAS,
BRAF mutations have been detected in 24% of EnOCs [28].
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Through the generation of genetically engineered mouse models, it was found that
the sole loss of ARID1A or PTEN in the OSE, is not sufficient to initiate ovarian tumour
formation [29]. However, 59.1% of mice with ARID1A and PTEN double knock-out de-
veloped EnOC, underscoring a synergistic tumorigenic effect between these two tumour
suppressors [29]. Surprisingly, concurrent loss of ARID1A with active PI3K in the OSE
induced formation of CCC rather than EnOC [30]. While these findings emphasize the
importance of PI3K pathway activation in the context of CCC and EnOC formation, they
also demonstrate how mutations belonging to the same linear cascade can eventually give
rise to distinct OC subtypes. Thus, a better understanding of the specific genetic events
occurring in OC can lead to more effective therapies tailored to each tumour subtype.

2.1.2. Mucinous Ovarian Cancer

Mucinous ovarian cancer (MOC) is a rare histological subtype of EOC representing
~3% of these malignancies [31]. MOC originates from epithelial cells lining the OSE
producing mucin [32], a class of glycoproteins involved in lubrication as well as renewal
and differentiation of the epithelium [33]. MOCs tend to be asymptomatic, and 80% of
cases present as metastatic disease invading the gastrointestinal tract [31].

The most common genetic alterations found in MOCs occur in the MAPK pathway
and include KRAS mutations (65%) and ERBB2 amplification (18%) [34,35]. PI3K pathway
alterations are less commonly found in MOC than CCC and EnOC (PIK3CA in 14% and
PTEN in 3%) [34,36] but notably, ~60% of MOCs harboured alterations in TP53, even though
these are more typically associate with type II EOCs [34,35].

Aberrant WNT pathway activation through CTNNB1 mutations has been documented
in 5% of MOCs [34]. In addition, inactivating mutations in the RNF43, a zinc finger-
dependent E3 ubiquitin protein ligase that negatively regulates WNT pathway, were
observed in 21% MOC [37]. These findings suggest that RNF43 may act as an important
tumour suppressor in OC and that WNT pathway activation is a central player in ovarian
tumours of mucinous histology.

Mutations in the cyclin dependent kinase inhibitor 2A (CDKN2A) and ARID1A genes were
originally reported in 19% and 9% of MOCs, respectively [34,38]. However, a more recent
study by Cheasley et al. used a larger cohort of primary mucinous ovarian tumours (n = 134)
and reported that CDKN2A alterations occurred in 76% of MOC patients [35]. This significant
difference indicates how additional genetic and molecular screening on larger cohorts of rare
OC subtypes can still reveal important and potentially druggable oncogenic drivers.

2.1.3. Low-Grade Serous Ovarian Cancer

Low-grade serous ovarian cancer (LGSOC) represents <2% of all ovarian cancers [39].
Recent studies have shed new light on the origin of this subtype of OC, showing that
LGSOC is more likely to arise from the fallopian tube epithelium (FTE) rather than from the
OSE, as previously believed [40]. It has been hypothesised that in women of reproductive
age, the FTE can adhere to the surface of the ovary and accumulate mutations leading to
the development of ovarian inclusions, ultimately progressing to LGSOC [40]. LGSOCs
harbour a high rate of activating mutations in the MAPK pathway, predominantly KRAS
(~20%) and BRAF mutations (~10%), which are mutually exclusive [41,42]. NRAS mutations
also occur in ~10% of LGSOCs [41,42].

The insulin-like growth factor 1 (IGF-1) is overexpressed in LGSOC [43]. The binding
of IGF-1 to its receptor IGF-1R triggers downstream effectors such as activation of the PI3K
and MAPK pathways [43]. Consistently, activating mutations in PIK3CA are identified in
11% of LGSOC tumours [44], and inactivating PTEN mutations occur in 20% of cases [45],
suggesting that PI3K pathway inhibition can become a central target in LGSOCs.

In addition, mutations in USP9X have been reported >30% of cases between mutations
and copy number loss [42]. The ubiquitin-specific protease 9X (USP9X) is an X-linked
deubiquitinase involved in multiple biological processes, such as regulation of mitosis and
DNA repair [46]. A recent study showed that mutations in USP9X increase sensitivity to
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mTOR inhibition, suggesting that mTOR inhibitors may represent a therapeutic approach
for tumours harbouring USP9X mutations [46]. Similarly, mutations in the well-established
OC driver gene, ARID1A, were identified in 9.9% of cases [42].

LGSOC exhibits resistance to conventional chemotherapy regimens, including platinum-
based therapies commonly employed in OC treatment [47]. With a response rate to
chemotherapy ranging from 4% to 23% [48,49], it becomes essential to develop new pre-
clinical models to allow testing of new targeted therapies directed at classic oncogenic
signalling pathways frequently active in LGSOC.

2.2. Type II EOCs

Type II EOCs account for 75% of all OC cases [16]. They are characterised by an aggres-
sive nature, high prevalence of TP53 mutations, and late-stage presentation, necessitating
surgical removal plus platinum-based chemotherapy [15]. High-grade serous carcinoma,
carcinosarcomas, and undifferentiated carcinomas are all grouped together as type II EOCs
based on their malignant behaviour, advanced stage of diagnosis, and poor prognosis
compared to type I EOCs [4].

High-Grade Serous Ovarian Cancer

High-grade serous ovarian cancer (HGSOC) is the most frequently diagnosed type II
OC [50]. It typically presents at an advanced disease-stage and despite the early positive
response to treatments, relapse is nearly unavoidable, contributing to the low 5-year
survival rate (30%) [4,50]. HGSOC is generally diagnosed when the tumour has already
spread throughout the peritoneal cavity, making it difficult to identify the site of origin [51];
FTE and OSE have both been implicated in the development of HGSOC [52,53].

In 2011, the Cancer Genome Atlas (TCGA) reported that somatic mutations in TP53
occur in nearly all HGSOC (96%) [54]. Around 80% of TP53 alterations were classified as
missense mutations situated in the DNA binding domain [55,56], likely leading to a loss of
function of p53 transcriptional activity [55].

The TCGA further revealed that the genomic landscape of HGSOC is characterized
by profound genomic instability due to significant deficits in DNA repair pathways [54].
BRCA1 mutations were identified in approximately 11.7% of patients, with 8.5% being
germline mutations and 3.2% being somatic mutations. BRCA1 inactivation also occurred
via promoter hypermethylation in 11.5% of cases. Similarly, BRCA2 mutations were found
in about 9.2% of patients, indicating that ~30% of HGSOC harbour alterations in the BRCA
genes [54]. However, genome instability can also be caused by acquisition of mutations
affecting the double-strand break repair protein RAD50, the recombinase RAD51, and the
DNA damage sensing proteins ataxia telangiectasia mutated (ATM), ataxia telangiecta-
sia, and Rad3-related (ATR), which are all collectively mutated in 4% of HGSOCs [54].
These numbers indicate that one third of HGOSCs present defects in DNA damage repair
(DDR) pathways and hence are predicted to better respond to synthetic lethal therapeutic
approaches based on poly (ADP-ribose) polymerase (PARP) inhibition.

Despite the high degree of genome instability and high level of tumour mutational
burden (TMB) generally predicting sensitivity to immunotherapies, OCs are considered
“cold” tumours and their response to immunotherapies have been disappointing [57].
However, recent work from Marks et al. has highlighted a new and important tumour
suppressive role for interferon-ε (INFε) in HGSOC [58]. The authors found that INFε
is endogenously expressed in the FTE, where HGSOC originates, but generally lost in
tumour cells. Importantly, using preclinical models, they showed that treatments with INFε
effectively suppressed tumour cells growth and reshaped the tumour microenvironment by
favouring recruitment of cytotoxic T cells and suppression of myeloid cells and regulatory
T cells (Tregs) [58]. Collectively, the study proposed INFε as a potent tumour suppressor
with immune properties in HGSOC [58].

The PI3K and RAS pathways are deregulated in 45% of HGSOCs [54] mainly through
copy number alterations of PIK3CA (17%), KRAS (11%), AKT1 and AKT2 (3% and 6%,
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respectively), and PTEN deletion (7%) [54]. Given that the PI3K pathway is activated in
~70% of OC cases, several trials have been initiated targeting core kinases such as PI3K,
AKT, and mTOR in combination with PARP inhibitors (PARPi) and bevacizumab [59].
Although further investigation is needed, preliminary findings suggest synergy between
compounds [60].

Alterations in components of the cell cycle machinery are also frequently reported
in HGSOCs [54]. The retinoblastoma 1 (Rb1) gene is deleted in 8% and mutated in 2% of
HGSOCs, while amplification of the cyclin E1 gene, CCNE1, one of the most common
focal copy number change events in HGSOC, occurs in 20% of tumours [54]. CDKN2A, a
negative regulator of cyclins and cyclin-dependent kinases, is altered in 32% of tumour
cases [54]. Collectively, these alterations have been observed in 67% of HGSOCs, indicating
an important role for the retinoblastoma pathway in HGSOC treatment. Notably, loss of
Rb1 has been showed to cooperate with PTEN loss to initiate retinoblastoma tumours in
mice [61]. This suggests that inhibition of PI3K pathway may represent a therapeutic target
for tumours harbouring Rb1 mutations [62].

NOTCH and forkhead box protein M1 (FOXM1) signalling are also involved in HG-
SOC pathophysiology. The TCGA reported that the NOTCH signalling pathway is dereg-
ulated in 22% of HGSOC cases [54] and elevated neurogenic locus notch homolog protein 1
(Notch3) mRNA levels were observed in 63% of cases relative to benign tumours [63]. High
Notch3 mRNA and protein levels also correlated with chemoresistance and poor overall
survival [63]. The FOXM1 transcription factor network is activated in 84% of HGSOCs [54].
Target genes downstream of FOXM1 include Aurora Kinase B (AURKB), cyclin B1 (CCNB1)
polo-like kinase 1 (PLK1), and target genes involved in DNA repair such as BRCA2 and
RAD51, which are consistently altered in HGSOC [54]. Studies have shown that upon
DNA damage, p53 represses FoxM1 mRNA, decreasing FOXM1 protein levels [64]. This
may suggest that the high frequency of loss-of-function TP53 mutations in HGSOC can
contribute to the upregulation of FOXM1 and its target genes in this subtype of OC [54].

Finally, carcinosarcomas and undifferentiated carcinomas are two type II OC subtypes
which are rarely diagnosed [65]. Given the limited availability of suitable samples, little is
known in terms of underlying oncogenic mutations and histological features characteristic
of this subtype of OC, calling for more resources to study these rare diseases.

3. Treatments
3.1. Primary Treatments

For patients diagnosed with localized, stage I OC, surgery alone is often considered
sufficient to eradicate the disease, and chemotherapy may not be considered necessary [4].
However, for advanced-stage EOCs, surgical removal of the tumour followed by systemic
chemotherapy is the current standard of care [4,50]. Surprisingly, the same chemotherapy
regimens is administered to all OC patients, irrespective of tumour subtype [66].

In the 1970s, alkylating agents such as cyclophosphamide and anthracyclines like dox-
orubicin, were commonly used for the treatment of advanced OC [67]. Platinum compounds
gained prominence in late 1970s, with cisplatin being the first approved drug for OC treatment.
However, cisplatin was associated with significant toxicity [67] and carboplatin, introduced in
the late 1980s, became a more favourable treatment [68,69]. In 1996, a key clinical trial demon-
strated that taxanes like paclitaxel, an inhibitor of tubulin depolymerization [67], in combination
with cisplatin outperformed cisplatin–cyclophosphamide, establishing this as the standard treat-
ment for OC patients for over two decades [70]. Nowadays, standard chemotherapy involves
intravenous (IV) carboplatin and paclitaxel (Figure 3) [71].
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Following consultation, surgeons determine the timing of debulking surgery in relation to chemother-
apy. Standard-of-care treatments for ovarian cancer involves platinum-based chemotherapy with or
without bevacizumab, an angiogenesis inhibitor. Depending on genetic results, maintenance therapy
may include PARP inhibitors (PARPi), bevacizumab, or a combination of both [72]. ACT: adjuvant
chemotherapy; BRCA: breast cancer gene; BRCAm: breast cancer gene mutant; BRCAwt: breast
cancer gene wildtype; Bev: Bevacizumab; DS: debulking surgery; HRD: homologous recombina-
tion deficiency; HRP: homologous recombination proficiency; IV: intravenous; NACT: neoadjuvant
chemotherapy; PARP: poly (ADP-ribose) polymerase; PDS: primary debulking surgery.

In OC, while primary debulking surgery followed by adjuvant chemotherapy is
commonly preferred, neoadjuvant chemotherapy is also possible [73]. The choice between
the two approaches defines a critical decision moment that is tailored to each individual
and is based on factors including the age of the patient, extent of the disease, and existing
comorbidities [74,75]. It is still not known which approach provides more benefits, and the
TRUST clinical trial (NCT02828618) was purposely launched in 2016 to assess and compare
the effectiveness of these two protocols.

Even though surgery and platinum-based treatments generate an initial positive re-
sponse, disease relapse occurs in around 60–70% of cases [76]. Furthermore, nearly 20–30%
of OC patients show overt platinum resistance [77]. The main therapeutic strategy for
platinum-resistant patients with recurrent OC is systemic chemotherapy that includes
PEGylated liposomal doxorubicin (PLD), paclitaxel, gemcitabine, or topotecan [71]. Beva-
cizumab, an angiogenesis inhibitor, can also be included for those receiving PLD, paclitaxel,
or topotecan [71]. The AURELIA study demonstrated a significant 15.5% increase in
response rates when incorporating bevacizumab to previous monotherapy [78].

Given the frequent platinum resistance observed in OC, novel therapeutic strategies
focusing on oncogene-based targeted therapies have also been developed (Figure 4).
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3.2. Signalling Pathways and Targeted therapies in Ovarian Cancer
3.2.1. DNA Damage Repair Pathways

DNA damage repair pathways play a crucial role in maintaining genomic integrity,
and disruptions of these pathways contribute to the development and progression of
OC [79]. Broadly, damage to the DNA occurs through either single-strand (SSB) or double-
strand breaks (DSB). Mammalian cells employ five mechanisms to detect and correct DNA
damage: mismatch repair (MMR), base excision repair (BER), and nucleotide excision repair
(NER) are used to fix single-strand breaks, while homologous recombination (HR) and
non-homologous end joining (NHEJ) are utilized for the repair of double-strand breaks [80].
Importantly, DSB repair-mechanisms, the HR pathway in particular, are altered in up to
51% of all OCs [54] mainly by acquisition of somatic and germline mutations in BRCA1
and BRCA2, which occur in 21% of HGSOCs [54].

In normal cells, the HR and BER pathways control the extent of DNA damage and
compensate for each other deficiencies. In BRCA-deficient cells, the HR pathway becomes
ineffective and DNA damage is repaired mainly through the BER pathway, which is
coordinated by the PARP enzymes [81]. In BRCA-mutated cells treated with PARPi, the
combined inhibition of both HR and BER pathways overwhelms the ability of cells to repair
DNA damage causing synthetic lethality [81]. The use of PARPi has shown encouraging
results in the treatment of OC, especially in patients with mutations in the BRCA1 or
BRCA2 genes, or alterations in other DNA repair–related genes such as partner and localizer
of BRCA2 (PALB2), RAD51, Fanconi anemia complementation group (FANC), ATM, ATR, and
PTEN [81,82].
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Olaparib was the first PARPi to be approved by the U.S. Food and Drug Administration
(FDA) as first-line monotherapy for advanced EOC in patients carrying germline BRCA1 or
BRCA2 mutations who received previous lines of chemotherapy [83,84]. In 2018, the SOLO1
trial found that after a median follow-up of 41 months, the risk of disease progression, or
death, was 70% lower in olaparib-treated versus placebo-treated patients [84]. This study
also highlighted the therapeutic value in using PARPi not only for patients carrying BRCA
mutations, but also for BRCA wildtype patients.

In 2020, the FDA approved a second PARPi, niraparib, for the treatment of patients
who had complete or partial response to platinum-based chemotherapy irrespective of
the HRD status. The NOVA study found that the progression-free survival (PFS) was
significantly longer in the niraparib cohort compared to those receiving placebo, with
or without BRCA mutations [85]. Moreover, rucaparib, a third FDA-approved PARPi,
demonstrated notable advantages in maintenance therapy, following a favourable response
to platinum-based chemotherapy upon recurrence [86] (Figure 3).

Beyond PARPi, possibilities exist for targeting alternative HR proteins including RAD51
and the DNA damage response kinases ATM and ATR [79]. Both ATM and ATR phosphorylate
BRCA1 and p53 in order to transmit damage signals and induce a repair response [79]. Two
potent and selective ATR inhibitors (ATRi), ceralasertib and berzosertib, are currently under-
going clinical evaluation. Berzosertib combined with gemcitabine exhibited extended PFS in
platinum-resistant HGSOC patients compared to gemcitabine alone [87], although no improve-
ments in overall survival (OS) were observed [88]. Ceralasertib plus olaparib did not improve
objective response in a study involving 12 patients with recurrent HGSOC [89], but showed
promising clinical efficacy in patients with relapsed CCC [90]. Therefore, ATR inhibitors may
still represent a promising therapeutic strategy for individuals with HGSOC, and potentially
also for those with less common OC subtypes.

TP53 is a tumour suppressor mutated in nearly all HGSOCs, and in ~60% of MOC
patients [34,35,54]. Loss-of-function p53 mutations result in loss of cell cycle arrest, loss
of apoptosis, and chromosomal instability [91]. Given the high frequency of mutated
p53 in OC, the idea of delivering a wild-type version of p53 in tumour cells with TP53
mutations has always received a lot of interest [91]. An initial gene therapy approach
using replication-deficient adenoviral vectors demonstrated initial response in patients
with recurrent OC with aberrant or mutated p53, but ultimately failed to treat OC [92,93].
A second generation of p53 gene therapies is currently being evaluated. To overcome the
dominant negative inhibition of mutant p53, Lu et al. developed a chimeric p53-Bad gene
fusion combining p53 with the mitochondrial pro-apoptotic factor Bad [94]. The p53-Bad
fusion induced apoptosis in multiple OC cell lines regardless of p53 status [94], indicating
that the development of p53-based gene therapy, coupled with an optimal delivery vehicle
and treatment regimen, remains a potential strategy for OC treatment.

A further way to block HR is to inhibit cyclin-dependent kinase 1 (CDK1), which
is an important cell cycle regulator that participates in the HR by activating BRCA1 [95].
Preclinical studies have shown that targeting CDK1 alone with RO-3306 generates an anti-
proliferative and anti-metastatic effects in multiple OC cells, and in a xenograft model of
HGSOC (i.e., OSE cells) where BRCA1 and TP53 were specifically deleted [96]. Additionally,
combined inhibition of CDK1 and PARPi in BRCA-proficient cells led to synthetic lethal-
ity [97]. Similarly, a combination of PARPi with WEE1 inhibitors has exhibited encouraging
results in a recent phase II study [98]. WEE1 is a kinase that regulates the cell cycle by
inhibiting CDK1 in response to DNA damage, thereby preventing DNA replication [99].
When WEE1 is inhibited, the cell cycle progresses without checkpoints, leading to DNA
damage accumulation and cell death [99]. The WEE1 inhibitor adavosertib was evaluated
alone or in combination with olaparib in 80 patients with PARPi-resistant OC [98]. The
overall response rate (ORR) was 23% for adavosertib alone and 29% for patients receiving
combination therapy, with a clinical benefit rate of 63% and 89%, respectively [98]. The
PFS for the combination treatment was 6.8 months compared to 5.5 months for adavosertib
alone [98]. However, the treatment was poorly tolerated, causing high grade toxicities [98].
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To mitigate this, a recent study employed tumour-targeting nanoparticles to simultane-
ously deliver adavosertib and olaparib in a patient-derived OC xenograft model [100].
The nanoparticles exhibited greater tumour growth inhibition compared to the free drug
combination while minimizing undesired toxic side effects [100].

While extensive research has been conducted on HR in OC, the contribution of NHEJ
to OC remains less understood. McCormick et al. found that NHEJ is defective in 40% of
OC cell lines and primary cell cultures derived from ascites (i.e., pathologic accumulation of
fluid within the peritoneal cavity), regardless of their HR status [101]. Intriguingly, NHEJ-
deficient cell lines displayed resistance to rucaparib, while sensitivity to rucaparib was
specifically observed in NHEJ-competent/HR-defective cultures [101]. This suggests that
NHEJ may have a significant role in determining response to PARPi. Exploring combination
strategies based on PARP and key players in the DDR and cell cycle machineries can have
the potential to overcome some of the resistance to PARP inhibitors.

3.2.2. PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR signal transduction pathway is one of the most frequently acti-
vated cascades in cancer, including OC [59,102,103]. Under physiological conditions, PI3K
is activated by many extracellular stimuli such as growth factors, cytokines, and hormones.
Upon activation, PI3K generates the lipid second messenger phosphatidylinositol-3, 4, 5-
triphosphate (PIP3) and activates downstream effectors such as the protein kinase B (AKT)
and the mechanistic (or mammalian) target of rapamycin (mTOR), initiating a signalling
cascade that promotes growth and proliferation [104]. PTEN is the lipid phosphatase that
dephosphorylates PIP3 and restrains activation of PIP3 targets, like AKT and its effector
proteins [105].

Intrinsic activation of the PI3K pathway through gain-of-function PIK3CA mutations
and/or inactivation of PTEN, is frequently observed in various cancers [106] and in many
OC subtypes [102]. Consistently, PI3KCA and PTEN mutations induce ovarian tumorigene-
sis in mice [107] and inhibition of PI3K and mTOR with PF04691502 was found to delay
tumour growth in preclinical models, even though resistance eventually occurred [107].
These finding highlight the oncogenic role of PI3K pathway activation in OC and its
potential as a promising therapeutic target.

Several PI3K pathway inhibitors are currently undergoing clinical evaluation for OC
treatment. Buparlisib, a pan-PI3K inhibitor, has been tested in conjunction with the MEK1/2
inhibitor trametinib and has shown a promising 29% overall response rate (ORR) in patients
with KRAS-mutant OC [108]. However, as per many other cancers, also for OC the high
incidence and severity of adverse effects impeded further clinical developments of these
therapies [108]. Importantly, the efficacy and tolerability of the PI3Kα inhibitor alpelisib
was recently assessed in a phase I trial in combination with olaparib in platinum-resistant
OC patients [60]. In a BRCA wild-type setting, the ORR of the combinatorial treatment was
33.3% compared to 4–5% of olaparib as monotherapy, and <5% with alpelisib alone [60].
These promising findings suggest that PI3Kα inhibitors may enhance sensitivity to PARPi,
emphasizing the potential of this synergistic combination and prompting the need for
additional clinical studies. Consistently, a phase III study (NCT04729387) investigating
the efficacy and safety of alpelisib in combination with olaparib compared with standard
chemotherapy in patients with platinum-resistant or -refractory HGSOC with no germline
BRCA mutation is currently ongoing [109].

Targeting AKT can provide an alternative therapeutic prospect for OC patients. Initial
testing of the AKT inhibitor capivasertib in patients with PIK3CA-mutant cancers revealed
a robust clinical response and good tolerance [110]. Subsequent phase I studies have
explored the combination of capivasertib with olaparib. In a first trial combining PARP and
AKT inhibitors, 44.6% of patients with advanced solid tumours achieved clinical benefit,
irrespective of the BRCA1/2, DDR, and PI3K pathway status [111]. A second study in
patients with endometrial, ovarian, and breast cancers reported a similar clinical benefit
rate of 41% [112]. Notably, resistance to this combination was associated with elevated
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receptor tyrosine kinase (RTK) activity and mTOR activation [112], providing molecular
insights into future combinatorial treatments for resistant patients.

Finally, mTOR inhibitors have also been tested in OC but only demonstrated limited
efficacy. Among the most extensively investigated mTOR inhibitors are everolimus and
temsirolimus [113]. In a recent phase I trial, the combination of everolimus with the
PARPi niraparib revealed substantial toxicity in advanced OC patients even at low doses,
prompting the discontinuation of the study [114]. Likewise, a separate study exploring
temsirolimus in women with platinum-refractory/resistant OC was terminated due to
unsatisfactory efficacy outcomes [115]. Interestingly, the dual inhibition of PI3K and
mTOR with serabelisib and sapanisertib, respectively, in combination with paclitaxel was
well tolerated in patients with advanced HGSOC and showed sustained clinical benefits
especially in patients with alterations in the PI3K pathway [116]. Thus, in an OC subtype-
specific manner, inhibition of the PI3K pathway in combination therapies may be beneficial.

Given the many crosstalk mechanisms occurring between the PI3K and MAPK path-
ways, the simultaneous targeting of kinases within these cascades has also been tested in
preclinical CCC models [117]. The PI3K inhibitor GDC0941 was tested with the mTOR
inhibitor AZD8055, and the MEK1/2 inhibitor selumetinib, in CCC cell lines and patient-
derived xenograft models [117]. The low-dose, triple combination of inhibitors effectively
reduced kinase activity in both the PI3K and MAPK pathways, inhibited proliferation
in vitro, and significantly reduced tumour growth in vivo, indicating its potential for fur-
ther clinical exploration [117].

3.2.3. The MAPK Pathway

The mitogen activated protein kinase (MAPK) signalling cascade regulates key cellular
processes promoting cell proliferation, cell differentiation, and cell survival [118]. Activa-
tion of the MAPK pathway is triggered by RTKs upon binding to their cognate ligands,
e.g., epidermal growth factor receptor (EGFR) [119]. Dysregulation of Ras/Raf/MEK/ERK
pathway is associated with OC, in particular with MOC, where 65% of cases exhibit muta-
tions in the KRAS Gly-12 residue [34], and LGSOC harbouring KRAS, NRAS, and BRAF
gene mutations [41,120].

A recent meta-analysis found that several MAPK inhibitors (i.e., Ras, Raf, MEK, and
ERK inhibitors) showed 13% response rates in OC patients regardless of their subtype [121].
Additionally, in LGSOC patients with a high frequency of MAPK mutations, response rates
reached 27% [121], indicating a correlation with treatment response.

LGSOC patients with the BRAF V600E mutation exhibited complete clinical response
and maintained positive outcomes across multiple studies when treated with dabrafinib (a
rapidly accelerated fibrosarcoma (Raf) inhibitor) and trametinib (a MEK inhibitor) [122–124].
These findings originated from studies involving a very limited number of OC patients (1–
2 patients/study) but were nevertheless encouraging. Different studies have suggested that
upregulation of MAPK pathway can also lead to resistance to PARPi [125,126]. Sun et al.
demonstrated that RAS-mutant cell lines were resistant to the PARPi talazoparib and that
targeting MEK or ERK could reverse this resistance [125]. It was shown that sensitization of
RAS-mutant cells to PARPi by MEK inhibitors involves downregulation of PARP1, reduction
in DNA damage sensing, and impairment of HR DNA repair capacity, ultimately enhancing
sensitivity to PARP inhibition [125]. Consistent with these findings, PARP and MEK/ERK
inhibitors, but not BRAF inhibitors, demonstrated synergistic activity in vitro and in vivo in
OC with mutant RAS [125]. Results from an ongoing phase I/II study have indicated that a
combination of selumetinib (MEK1/2 inhibitor) and olaparib was feasible and well-tolerated
in patients with RAS alterations and PARP-resistant OC patients [127]. The RAS-mutant OC
patients displayed the best clinical response rate (69%), with 32% of patients achieving partial
response. Also, PARP-resistant OC patients responded to treatment with a clinical benefit rate of
42%, and 17% positive response [127].
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3.2.4. NOTCH Pathway

The NOTCH signalling pathway controls embryonic development and its dysfunc-
tion has also been implicated in many cancers, including OC [128]. Aberrant NOTCH
signalling is frequently observed in HGSOC [54] and elevated NOTCH activity correlates
with poor prognosis, advanced disease stage, and resistance to chemotherapy [63]. In vitro
studies have shown that blocking NOTCH with the γ-secretase inhibitor DAPT effectively
decreased proliferation and metastatic potential of the OVCAR-3 human OC cell line [129].
However, in patients with platinum-resistant OC, the γ-secretase inhibitor RO4929097
exhibited insufficient activity as a single-agent [130]. Given that this signalling cascade
also regulates angiogenesis [131], pharmacological targeting of the NOTCH pathway in
combination with anti-VEGF treatments was considered as a new potential approach. Dual
inhibition of the delta-like ligand 4 (Dll4), one of the Notch ligands, with REGN1035, and
VEGF with aflibercept, showed superior antitumor effects in orthotopic OC mouse models
compared with monotherapy [132], confirming the therapeutic potential of this approach.

3.2.5. FOXM1 Transcription Factor

The TCGA has highlighted how an activated FOXM1 transcriptional network is asso-
ciated with HGSOC [54]. FOXM1 activation demonstrated strong oncogenic properties in
regulating cell proliferation and cell cycle progression, as well as formation of metastasis in
human cancer cells [133]. Therefore, targeting FOXM1 could potentially disrupt multiple
oncogenic pathways simultaneously. Recently, Zhang et al. showed that XST-20 effec-
tively suppressed transcriptional activities of FOXM1, leading to a significant reduction
in colony-forming efficiency, increased cell cycle arrest and apoptosis across multiple OC
cell lines [134]. However, as with other signalling pathways, FOXM1 inhibition also results
in the activation of compensatory signalling pathways, leading to treatment inefficacy
and drug resistance [135]. In order to overcome this adaptive response, a combination of
FOXM1 inhibitors with other therapeutic agents such as tipifarnib (NRAS inhibitor) [135]
and olaparib [136] has been tested and exhibited promising results. However, additional
in vivo studies are necessary for future clinical application.

3.2.6. Angiogenesis

Angiogenesis refers to the formation of new blood vessels from pre-existing vascu-
lature [137]. Angiogenesis is a key hallmark of cancer and plays a pivotal role in OC
progression by promoting tumour growth and metastasis [137]. Vascular endothelial
growth factor (VEGF) is a potent pro-angiogenic growth factor that promotes vascularity
in response to hypoxic conditions, an essential environmental factor influencing correct
ovarian follicle development [137,138]. Notably, high levels of VEGF in ascites significantly
contributes to peritoneal metastases in OC. High VEGF levels in the abdomen are associ-
ated with platinum resistance and poor prognosis [139], indicating that there is value in
targeting VEGF in OC.

Two angiogenesis inhibitors targeting the VEGF receptor, cediranib, and circulating
VEGF, bevacizumab, have demonstrated anti-tumour activity when used individually, with
21% response rates in patients with advanced OC [140,141]. Combining bevacizumab with
chemotherapy, followed by its use as maintenance therapy, has generated improved PFS
for both newly diagnosed and recurrent OC [142–144]. These findings led to the addition of
bevacizumab to paclitaxel and carboplatin every 3 weeks as standard-of-care in advanced
OC patients in multiple countries [145] (Figure 3).

To date, combinations of PARPi with anti-angiogenic therapies stand out as some of the
most extensively studied combinatorial treatments in OC [146]. While the underlying mech-
anisms for the effectiveness of these treatments are not fully understood, previous research
has proposed that hypoxic stress caused by anti-VEGF therapy (i.e., bevacizumab) [139] can
induce suppression of the HR pathway [147] and sensitizes OC cells to PARPi. In line with
this, a combination of niraparib plus bevacizumab significantly improved progression-free
survival compared with niraparib alone (11.9 months vs. 5.5 months), irrespective of the
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HR status [148]. Although combination therapies of PARP inhibition with anti-angiogenic
agents have not been demonstrated to be superior in terms of OS and hazard ratio to
standard-of-care chemotherapy [149], additional research is required to explore molecular
biomarkers that identify patients most likely to benefit from this combination.

3.2.7. Cancer Immunotherapy

Immunotherapies exploit the immune system to identify and attack malignant tu-
mour cells, and have revolutionised our approach to treat cancer, including for OC [150].
Immunotherapy based on immune checkpoint inhibitors (ICIs) targeting cytotoxic T lym-
phocyte antigen 4 (CTLA-4) [151], or the programmed death 1 (PD-1) receptor [152–154],
have been tested alone or in combination with anti-angiogenic agents and PARPi in EOC.
In combination therapies, niraparib plus the anti-PD-1 antibody pembrolizumab has shown
promising efficacy in recurrent platinum-resistant OC, with 36% of patients achieving
partial response and 50% experiencing stable disease [155]. A recent phase II clinical
trial combining bevacizumab, olaparib, and durvalumab (anti-PD-1 therapy) exhibited
an encouraging degree of efficacy in patients with platinum-resistant OC [156]. Further-
more, dual checkpoint inhibition with ipilimumab (anti-CTLA-4 therapy) and nivolumab
(anti-PD-1 therapy) demonstrated increased objective response rate (31.4% vs. 12.2%) and
progression-free survival (3.9 months vs. 2 months) compared with nivolumab alone [157].

The presence of intraepithelial CD8+ cytotoxic tumour-infiltrating lymphocytes (TILs)
has been associated with improved survival in OC and better response to ICIs; however,
OCs tend to show limited TIL infiltration [158]. As an alternative, T-cell transfer therapy
or adoptive T-cell therapy (ACT) has recently garnered considerable attention for OC
treatment. In a case study, Pedersen et al. showed that ACT for metastatic OC was well
tolerated and showed initial clinical activity [159]. However, increased PD-1/PD-L1 and
LAG3/MHCII checkpoint pathways inhibited T cell activation, led to an exhausted T cell
phenotype, and caused transient clinical response [159]. One way to potentiate the clinical
efficacy of TIL therapy in OC could be to combine treatments with checkpoint inhibitors.
In a study led by Kverneland et al., six patients with late-stage metastatic HGSOC received
a combination therapy consisting of ipilimumab and nivolumab [160]. Promising results
were observed, with one patient achieving partial response and five others experiencing
disease stabilization for up to 12 months [160]. Optimization of immunotherapies can also
be tested in immunocompetent murine models based on the epithelial ID8 OC cell line, as
previously reviewed in Rodriguez et al. [161].

3.2.8. Endocrine Therapy

OCs commonly express steroid hormone receptors such as the estrogen receptor (ER),
which is variably expressed in 25–86% of OC cases [162,163]. Hormonal therapies have
been considered as a potential treatment for patients with ER+, advanced OC, given the
high efficacy achieved with ER+ breast cancers. However, not all OC cancers positive for
ER respond to anti-estrogens. In fact, the percentage of ER+ OC cases showing positive
response to anti-estrogen therapy such as tamoxifen is relatively low (10–15%) compared
to the ~ 80% response rates observed in ER+ breast cancer patients [164,165]. What drives
these different outcomes between ovarian and breast cancer patients is not completely
understood. It is possible that the underlying genetic mutations causing OC effectively
overcome the benefits of ER inhibition.

Nevertheless, a meta-analysis of 53 clinical trials involving 2,490 EOC patients revealed a
collective 41% clinical benefit for endocrine regimens with specific rates of 43% for treatments
based on tamoxifen, 39% for aromatase inhibitors, and 37% for progestins [166]. Notably,
endocrine therapies reduced mortality rates [166]. Consistent with this, a retrospective study
by Gershenson et al. showed an improved PFS in LGSOC patients treated with hormonal
maintenance therapy compared to patients with non-hormonal treatment after cytoreductive
surgery and platinum-based chemotherapy (64.9 months vs. 26.4 months) [167].
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Collectively, these results provide a strong rationale for the therapeutic use of en-
docrine therapies for hormone receptor-positive OC, particularly given their tolerability,
low cost, and promising efficacy. A phase III trial is currently underway to also evaluate
the inclusion of aromatase inhibitors such as letrozole to the standard maintenance therapy
for ER+ EOC patients [168].

4. Experimental Models of Ovarian Cancer

Conventional two-dimensional (2D) cell lines derived from OC patients have provided
an invaluable model system to study various aspects of the disease, from its molecular
underpinnings to therapeutic targeting [169]. However, the generation of 2D cell lines
derived from tissue biopsies has been characterized by limited and unpredictable success
rates [170]; in addition, monocultures tend to over-simplify the genetic heterogeneity
exhibited by tumours in vivo (Figure 5) [171].

Biomolecules 2024, 14, x FOR PEER REVIEW 14 of 25 
 

[166]. Notably, endocrine therapies reduced mortality rates [166]. Consistent with this, a 
retrospective study by Gershenson et al. showed an improved PFS in LGSOC patients 
treated with hormonal maintenance therapy compared to patients with non-hormonal 
treatment after cytoreductive surgery and platinum-based chemotherapy (64.9 months vs. 
26.4 months) [167]. 

Collectively, these results provide a strong rationale for the therapeutic use of endo-
crine therapies for hormone receptor-positive OC, particularly given their tolerability, low 
cost, and promising efficacy. A phase III trial is currently underway to also evaluate the 
inclusion of aromatase inhibitors such as letrozole to the standard maintenance therapy 
for ER+ EOC patients [168]. 

4. Experimental Models of Ovarian Cancer 
Conventional two-dimensional (2D) cell lines derived from OC patients have pro-

vided an invaluable model system to study various aspects of the disease, from its molec-
ular underpinnings to therapeutic targeting [169]. However, the generation of 2D cell lines 
derived from tissue biopsies has been characterized by limited and unpredictable success 
rates [170]; in addition, monocultures tend to over-simplify the genetic heterogeneity ex-
hibited by tumours in vivo (Figure 5) [171]. 

 
Figure 5. Experimental models currently used to study and treat ovarian cancer including immor-
talised cell lines, patient-derived organoids (PDOs), and patient-derived xenografts (PDXs). 

Several 2D EOC cell lines commonly used worldwide were established decades ago, 
when cell line validation was not fully implemented. As an example, Domcke et al. found 
that two of the most frequently used OC cell lines, SKOV-3 and A2780 cells, were not 
molecularly representative of HGSOC, despite been initially labelled as such [172]. Simi-
larly, the IGROV-1 cells were classified as EnOC rather than HGSOC, inaccurately labelled 
in the literature [172]. Advances in genome sequencing has enabled a comprehensive anal-
ysis of existing OC cell lines, aiding the detailed characterization of their histological and 
molecular features [173,174]. Improved culture conditions have also allowed for the suc-
cessful creation and maintenance of new OC cell lines, expanding the representation of 
various ovarian tumour subtypes [175]. 

As for many other cancer types [176], the derivation of three-dimensional (3D) or-
ganoid lines from patients’ biopsies has become a common practice also in OC research. 
Organoids are in vitro 3D stem cell-like cultures derived from healthy donors or tumour 
samples [177]. Importantly, a percentage of tumour organoids has been shown to retain 

Figure 5. Experimental models currently used to study and treat ovarian cancer including immor-
talised cell lines, patient-derived organoids (PDOs), and patient-derived xenografts (PDXs).

Several 2D EOC cell lines commonly used worldwide were established decades ago,
when cell line validation was not fully implemented. As an example, Domcke et al. found
that two of the most frequently used OC cell lines, SKOV-3 and A2780 cells, were not
molecularly representative of HGSOC, despite been initially labelled as such [172]. Similarly,
the IGROV-1 cells were classified as EnOC rather than HGSOC, inaccurately labelled
in the literature [172]. Advances in genome sequencing has enabled a comprehensive
analysis of existing OC cell lines, aiding the detailed characterization of their histological
and molecular features [173,174]. Improved culture conditions have also allowed for the
successful creation and maintenance of new OC cell lines, expanding the representation of
various ovarian tumour subtypes [175].

As for many other cancer types [176], the derivation of three-dimensional (3D) organoid
lines from patients’ biopsies has become a common practice also in OC research. Organoids
are in vitro 3D stem cell-like cultures derived from healthy donors or tumour samples [177].
Importantly, a percentage of tumour organoids has been shown to retain most of the genetic
and phenotypic functions of the primary tissues [178], rendering them a promising platform
for screening anticancer drugs.

To establish patient-derived organoids (PDOs) from surgically removed OC biopsies,
purified cells are embedded in a 3D extracellular matrix scaffold, commonly Matrigel, and
cultured in a nutrient-rich medium, supplemented with cocktails of growth factors and
hormones to ensure their long-term maintenance [16]. Numerous protocols have been
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developed to establish OC organoids [178–182]. In 2019, Kopper and colleagues introduced
a robust protocol enabling long-term cultures of organoids derived from MOC, CCC, EnOC,
LGSOC, and HGSOC, with an overall success rate of 65% [179]. These PDOs preserved the
genetic profile, histological characteristics, and heterogeneity of the original tumour, even
after prolonged in vitro passaging [179]. Similarly, Maenhoudt et al. successfully generated
organoids from HGSOC biopsies, which faithfully reproduced the molecular and cellular
phenotype of the primary tumours [183]. Notably, this study identified neuregulin-1 as a
key factor for the development and growth of OC organoids [183]. However, subsequent
research reported that neuregulin-1 could stimulate but also restrict organoid growth,
depending on the sample and its origins [178].

Organoids provide an important ex vivo model to test patient-specific response to
drugs as they often recapitulate characteristics of the primary tumour [178,184,185]. Re-
cently, Senkowski et al. found that response of HGSOC organoid to drug treatments
correlated with clinical outcomes. Importantly, the culture medium influenced the drug
response rates as it was found that supplements of N-acetylcysteine influenced sensitivity
of cancer cells to platinum drugs [178,186]. Nonetheless, tumour organoids remain an
important predictive model for personalized medicine, particularly if grown in co-culture
settings. Malacrida et al. have recently described the generation of tri- and tetra-cultures
involving HGSOC organoids [187]. In this study, omental tissue from patients was col-
lected to extract mesothelial cells, fibroblasts, and adipocytes. These cells were successfully
co-cultured with tumour cells plated within an adipocyte gel medium [187], showing that
the reproduction of complex tumour microenvironment (TME) in vitro is achievable.

Patient-derived xenografts (PDX) offer a more complete representation of the TME
compared to in vitro co-cultures and can retain the original tumour histology and molecular
profile, along with similar patient’s response to therapy [188,189]. Multiple PDXs models
have been established for different subtypes of EOC [189–192]. Cybula et al. successfully
engrafted 33 primary HGSOC into immunodeficient mice with a 77% engraftment rate [189]
and reported that tumour engraftment was significantly associated with early tumour
recurrence (within 12 months since diagnosis), rather than factors such as patient age,
tumour stage, or response to platinum-based chemotherapy and OS [189]. PDXs have also
been established from MOC, EnOC, and CCC, although with varying engraftment rates:
30%, 60%, and 80%, respectively [192].

Given the ability of PDXs to preserve some of the features of the human TME, PDXs
models of OC have been used for preclinical drug evaluation and biomarker identifica-
tion [193]. As an example, Harris et al. established and characterized a collection of
HER2-positive HGSOC PDXs and found that while HER2-targeted therapy resulted in
modest tumour inhibition, a combination therapy including chemotherapy plus HER2 in-
hibitors improved treatment response [194]. This highlights how, despite the high-costs and
variable engraftments rates [195], PDXs may define some of the most advanced co-clinical
model systems to study OC response to treatments.

5. Conclusions

Ovarian cancer is a lethal gynaecological malignancy that presents with challenges
in detection and resistance to treatments. Our current understanding of the molecular
features characterising ovarian cancer has progressed dramatically in recent years, and
new oncogene-based targeted therapies have been considered as alternative treatments to
standard systemic therapies. However, ovarian cancer comprises a collection of diseases,
and several tumour subtypes such as the mucinous remain poorly characterised. The
increasing appreciation of the contribution of various signalling pathways to OC survival
and growth, such as the PI3K, MAPK, and WNT pathways, is emerging as a new avenue
for the identification of new and more effective combination therapies to overcome chemo-
resistance. Thus, in the era of personalised medicine, treatment models informed by
new biomarkers, and based on combinatorial treatments, can become a vital approach to
undercut the molecular and genetic complexity of ovarian cancer.
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J.; et al. A comprehensive molecular analysis of 113 primary ovarian clear cell carcinomas reveals common therapeutically
significant aberrations. Diagn. Pathol. 2023, 18, 72. [CrossRef]

21. Kuo, K.-T.; Mao, T.-L.; Jones, S.; Veras, E.; Ayhan, A.; Wang, T.-L.; Glas, R.; Slamon, D.; Velculescu, V.E.; Kuman, R.J.; et al.
Frequent Activating Mutations of PIK3CA in Ovarian Clear Cell Carcinoma. Am. J. Pathol. 2009, 174, 1597–1601. [CrossRef]

https://app.biorender.com/biorender-templates
https://gco.iarc.who.int/media/globocan/factsheets/cancers/25-ovary-fact-sheet.pdf
https://gco.iarc.fr/tomorrow/en/dataviz/isotype?types=1&sexes=2&mode=population&group_populations=0&multiple_populations=0&multiple_cancers=0&cancers=25&populations=900&single_unit=10000
https://gco.iarc.fr/tomorrow/en/dataviz/isotype?types=1&sexes=2&mode=population&group_populations=0&multiple_populations=0&multiple_cancers=0&cancers=25&populations=900&single_unit=10000
https://ocrahope.org/get-the-facts/statistics/
https://doi.org/10.3390/cancers12123730
https://doi.org/10.1001/jamaoncol.2023.0197
https://doi.org/10.1038/s41571-023-00819-1
https://www.ncbi.nlm.nih.gov/pubmed/37783747
https://doi.org/10.20892/j.issn.2095-3941.2016.0084
https://www.ncbi.nlm.nih.gov/pubmed/28443200
https://doi.org/10.2147/ijwh.S197604
https://www.ncbi.nlm.nih.gov/pubmed/31118829
https://doi.org/10.1210/er.2009-0012
https://www.ncbi.nlm.nih.gov/pubmed/19776209
https://doi.org/10.1530/rep-19-0501
https://www.ncbi.nlm.nih.gov/pubmed/32716007
https://doi.org/10.3390/reprodmed3020011
https://doi.org/10.1016/s0140-6736(13)62146-7
https://doi.org/10.1016/j.humpath.2011.03.003
https://doi.org/10.21037/cco-20-31
https://www.ncbi.nlm.nih.gov/pubmed/32434347
https://doi.org/10.3389/fcell.2021.701429
https://www.ncbi.nlm.nih.gov/pubmed/34409036
https://doi.org/10.1016/j.fertnstert.2008.08.007
https://www.ncbi.nlm.nih.gov/pubmed/18993168
https://doi.org/10.1155/2014/934261
https://www.ncbi.nlm.nih.gov/pubmed/24868556
https://doi.org/10.1126/science.1196333
https://doi.org/10.1186/s13000-023-01358-0
https://doi.org/10.2353/ajpath.2009.081000


Biomolecules 2024, 14, 585 17 of 24

22. Tan, D.S.; Iravani, M.; McCluggage, W.G.; Lambros, M.B.; Milanezi, F.; Mackay, A.; Gourley, C.; Geyer, F.C.; Vatcheva, R.; Millar, J.;
et al. Genomic analysis reveals the molecular heterogeneity of ovarian clear cell carcinomas. Clin. Cancer Res. 2011, 17, 1521–1534.
[CrossRef]

23. Organ, S.L.; Tsao, M.S. An overview of the c-MET signaling pathway. Ther. Adv. Med. Oncol. 2011, 3, S7–S19. [CrossRef]
24. Yamashita, Y.; Akatsuka, S.; Shinjo, K.; Yatabe, Y.; Kobayashi, H.; Seko, H.; Kajiyama, H.; Kikkawa, F.; Takahashi, T.; Toyokuni, S.

Met is the most frequently amplified gene in endometriosis-associated ovarian clear cell adenocarcinoma and correlates with
worsened prognosis. PLoS ONE 2013, 8, e57724. [CrossRef]

25. Catasús, L.; Bussaglia, E.; Rodrguez, I.; Gallardo, A.; Pons, C.; Irving, J.A.; Prat, J. Molecular genetic alterations in endometrioid
carcinomas of the ovary: Similar frequency of beta-catenin abnormalities but lower rate of microsatellite instability and PTEN
alterations than in uterine endometrioid carcinomas. Hum. Pathol. 2004, 35, 1360–1368. [CrossRef] [PubMed]

26. Willner, J.; Wurz, K.; Allison, K.H.; Galic, V.; Garcia, R.L.; Goff, B.A.; Swisher, E.M. Alternate molecular genetic pathways in
ovarian carcinomas of common histological types. Hum. Pathol. 2007, 38, 607–613. [CrossRef] [PubMed]

27. Wiegand, K.C.; Shah, S.P.; Al-Agha, O.M.; Zhao, Y.; Tse, K.; Zeng, T.; Senz, J.; McConechy, M.K.; Anglesio, M.S.; Kalloger, S.E.;
et al. ARID1A mutations in endometriosis-associated ovarian carcinomas. N. Engl. J. Med. 2010, 363, 1532–1543. [CrossRef]
[PubMed]

28. Singer, G.; Oldt, R., III; Cohen, Y.; Wang, B.G.; Sidransky, D.; Kurman, R.J.; Shih, I.-M. Mutations in BRAF and KRAS Characterize
the Development of Low-Grade Ovarian Serous Carcinoma. JNCI J. Natl. Cancer Inst. 2003, 95, 484–486. [CrossRef]

29. Guan, B.; Rahmanto, Y.S.; Wu, R.C.; Wang, Y.; Wang, Z.; Wang, T.L.; Shih Ie, M. Roles of deletion of Arid1a, a tumor suppressor, in
mouse ovarian tumorigenesis. J. Nat. Cancer Inst. 2014, 106, dju146. [CrossRef] [PubMed]

30. Chandler, R.L.; Damrauer, J.S.; Raab, J.R.; Schisler, J.C.; Wilkerson, M.D.; Didion, J.P.; Starmer, J.; Serber, D.; Yee, D.; Xiong, J.;
et al. Coexistent ARID1A-PIK3CA mutations promote ovarian clear-cell tumorigenesis through pro-tumorigenic inflammatory
cytokine signalling. Nat. Commun. 2015, 6, 6118. [CrossRef]

31. Babaier, A.; Ghatage, P. Mucinous Cancer of the Ovary: Overview and Current Status. Diagnostics 2020, 10, 52. [CrossRef]
32. Wang, Y.; Liu, L.; Yu, Y. Mucins and mucinous ovarian carcinoma: Development, differential diagnosis, and treatment. Heliyon

2023, 9, e19221. [CrossRef] [PubMed]
33. Singh, A.P.; Senapati, S.; Ponnusamy, M.P.; Jain, M.; Lele, S.M.; Davis, J.S.; Remmenga, S.; Batra, S.K. Clinical potential of mucins

in diagnosis, prognosis, and therapy of ovarian cancer. Lancet Oncol. 2008, 9, 1076–1085. [CrossRef]
34. Mackenzie, R.; Kommoss, S.; Winterhoff, B.J.; Kipp, B.R.; Garcia, J.J.; Voss, J.; Halling, K.; Karnezis, A.; Senz, J.; Yang, W.; et al.

Targeted deep sequencing of mucinous ovarian tumors reveals multiple overlapping RAS-pathway activating mutations in
borderline and cancerous neoplasms. BMC Cancer 2015, 15, 415. [CrossRef]

35. Cheasley, D.; Wakefield, M.J.; Ryland, G.L.; Allan, P.E.; Alsop, K.; Amarasinghe, K.C.; Ananda, S.; Anglesio, M.S.; Au-Yeung, G.;
Böhm, M.; et al. The molecular origin and taxonomy of mucinous ovarian carcinoma. Nat. Commun. 2019, 10, 3935. [CrossRef]
[PubMed]

36. Friedlander, M.; Russell, K.; Millis, S.Z.; Gatalica, Z.; Voss, A. Molecular profiling of mucinous epithelial ovarian carcinomas
(mEOC): Opportunities for clinical trials. J. Clin. Oncol. 2015, 33, 5540. [CrossRef]

37. Ryland, G.L.; Hunter, S.M.; Doyle, M.A.; Rowley, S.M.; Christie, M.; Allan, P.E.; Bowtell, D.D.; Australian Ovarian Cancer Study
Group; Gorringe, K.L.; Campbell, I.G. RNF43 is a tumour suppressor gene mutated in mucinous tumours of the ovary. J. Pathol.
2013, 229, 469–476. [CrossRef] [PubMed]

38. Ryland, G.L.; Hunter, S.M.; Doyle, M.A.; Caramia, F.; Li, J.; Rowley, S.M.; Christie, M.; Allan, P.E.; Stephens, A.N.; Bowtell, D.D.;
et al. Mutational landscape of mucinous ovarian carcinoma and its neoplastic precursors. Genome Med. 2015, 7, 87. [CrossRef]
[PubMed]

39. Babaier, A.; Mal, H.; Alselwi, W.; Ghatage, P. Low-Grade Serous Carcinoma of the Ovary: The Current Status. Diagnostics 2022, 12,
458. [CrossRef] [PubMed]

40. Wang, Y.; Hong, S.; Mu, J.; Wang, Y.; Lea, J.; Kong, B.; Zheng, W. Tubal Origin of “Ovarian” Low-Grade Serous Carcinoma: A
Gene Expression Profile Study. J. Oncol. 2019, 2019, 8659754. [CrossRef] [PubMed]

41. Van Nieuwenhuysen, E.; Busschaert, P.; Laenen, A.; Moerman, P.; Han, S.N.; Neven, P.; Lambrechts, D.; Vergote, I. Loss of 1p36.33
Frequent in Low-Grade Serous Ovarian Cancer. Neoplasia 2019, 21, 582–590. [CrossRef] [PubMed]

42. Cheasley, D.; Nigam, A.; Zethoven, M.; Hunter, S.; Etemadmoghadam, D.; Semple, T.; Allan, P.; Carey, M.S.; Fernandez, M.L.;
Dawson, A.; et al. Genomic analysis of low-grade serous ovarian carcinoma to identify key drivers and therapeutic vulnerabilities.
J. Pathol. 2021, 253, 41–54. [CrossRef] [PubMed]

43. King, E.R.; Zu, Z.; Tsang, Y.T.; Deavers, M.T.; Malpica, A.; Mok, S.C.; Gershenson, D.M.; Wong, K.K. The insulin-like growth factor
1 pathway is a potential therapeutic target for low-grade serous ovarian carcinoma. Gynecol. Oncol. 2011, 123, 13–18. [CrossRef]

44. Jones, S.; Wang, T.-L.; Kurman, R.J.; Nakayama, K.; Velculescu, V.E.; Vogelstein, B.; Kinzler, K.W.; Papadopoulos, N.; Shih, I.-M.
Low-grade serous carcinomas of the ovary contain very few point mutations. J. Pathol. 2012, 226, 413–420. [CrossRef]

45. Landen, C.N.; Birrer, M.J.; Sood, A.K. Early Events in the Pathogenesis of Epithelial Ovarian Cancer. J. Clin. Oncol. 2008, 26,
995–1005. [CrossRef] [PubMed]

46. Roldán-Romero, J.M.; Valdivia, C.; Santos, M.; Lanillos, J.; Maroto, P.; Anguera, G.; Calsina, B.; Martinez-Montes, A.; Monteagudo,
M.; Mellid, S.; et al. Deubiquitinase USP9X loss sensitizes renal cancer cells to mTOR inhibition. Int. J. Cancer 2023, 153, 1300–1312.
[CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.Ccr-10-1688
https://doi.org/10.1177/1758834011422556
https://doi.org/10.1371/journal.pone.0057724
https://doi.org/10.1016/j.humpath.2004.07.019
https://www.ncbi.nlm.nih.gov/pubmed/15668893
https://doi.org/10.1016/j.humpath.2006.10.007
https://www.ncbi.nlm.nih.gov/pubmed/17258789
https://doi.org/10.1056/NEJMoa1008433
https://www.ncbi.nlm.nih.gov/pubmed/20942669
https://doi.org/10.1093/jnci/95.6.484
https://doi.org/10.1093/jnci/dju146
https://www.ncbi.nlm.nih.gov/pubmed/24899687
https://doi.org/10.1038/ncomms7118
https://doi.org/10.3390/diagnostics10010052
https://doi.org/10.1016/j.heliyon.2023.e19221
https://www.ncbi.nlm.nih.gov/pubmed/37664708
https://doi.org/10.1016/s1470-2045(08)70277-8
https://doi.org/10.1186/s12885-015-1421-8
https://doi.org/10.1038/s41467-019-11862-x
https://www.ncbi.nlm.nih.gov/pubmed/31477716
https://doi.org/10.1200/jco.2015.33.15_suppl.5540
https://doi.org/10.1002/path.4134
https://www.ncbi.nlm.nih.gov/pubmed/23096461
https://doi.org/10.1186/s13073-015-0210-y
https://www.ncbi.nlm.nih.gov/pubmed/26257827
https://doi.org/10.3390/diagnostics12020458
https://www.ncbi.nlm.nih.gov/pubmed/35204549
https://doi.org/10.1155/2019/8659754
https://www.ncbi.nlm.nih.gov/pubmed/30949203
https://doi.org/10.1016/j.neo.2019.03.014
https://www.ncbi.nlm.nih.gov/pubmed/31054497
https://doi.org/10.1002/path.5545
https://www.ncbi.nlm.nih.gov/pubmed/32901952
https://doi.org/10.1016/j.ygyno.2011.06.016
https://doi.org/10.1002/path.3967
https://doi.org/10.1200/jco.2006.07.9970
https://www.ncbi.nlm.nih.gov/pubmed/18195328
https://doi.org/10.1002/ijc.34575
https://www.ncbi.nlm.nih.gov/pubmed/37260183


Biomolecules 2024, 14, 585 18 of 24

47. Di Lorenzo, P.; Conteduca, V.; Scarpi, E.; Adorni, M.; Multinu, F.; Garbi, A.; Betella, I.; Grassi, T.; Bianchi, T.; Di Martino, G.; et al.
Advanced low grade serous ovarian cancer: A retrospective analysis of surgical and chemotherapeutic management in two high
volume oncological centers. Front. Oncol. 2022, 12, 970918. [CrossRef] [PubMed]

48. Schmeler, K.M.; Sun, C.C.; Bodurka, D.C.; Deavers, M.T.; Malpica, A.; Coleman, R.L.; Ramirez, P.T.; Gershenson, D.M. Neoadju-
vant chemotherapy for low-grade serous carcinoma of the ovary or peritoneum. Gynecol. Oncol. 2008, 108, 510–514. [CrossRef]
[PubMed]

49. Grabowski, J.P.; Harter, P.; Heitz, F.; Pujade-Lauraine, E.; Reuss, A.; Kristensen, G.; Ray-Coquard, I.; Heitz, J.; Traut, A.; Pfisterer, J.;
et al. Operability and chemotherapy responsiveness in advanced low-grade serous ovarian cancer. An analysis of the AGO Study
Group metadatabase. Gynecol. Oncol. 2016, 140, 457–462. [CrossRef] [PubMed]

50. Lheureux, S.; Gourley, C.; Vergote, I.; Oza, A.M. Epithelial ovarian cancer. Lancet 2019, 393, 1240–1253. [CrossRef] [PubMed]
51. Colvin, E.K.; Howell, V.M. Why the dual origins of high grade serous ovarian cancer matter. Nat. Commun. 2020, 11, 1200.

[CrossRef] [PubMed]
52. Ducie, J.; Dao, F.; Considine, M.; Olvera, N.; Shaw, P.A.; Kurman, R.J.; Shih, I.M.; Soslow, R.A.; Cope, L.; Levine, D.A. Molecular

analysis of high-grade serous ovarian carcinoma with and without associated serous tubal intra-epithelial carcinoma. Nat.
Commun. 2017, 8, 990. [CrossRef]

53. Lõhmussaar, K.; Kopper, O.; Korving, J.; Begthel, H.; Vreuls, C.P.H.; van Es, J.H.; Clevers, H. Assessing the origin of high-grade
serous ovarian cancer using CRISPR-modification of mouse organoids. Nat. Commun. 2020, 11, 2660. [CrossRef]

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

55. Zhang, Y.; Cao, L.; Nguyen, D.; Lu, H. TP53 mutations in epithelial ovarian cancer. Transl. Cancer Res. 2016, 5, 650–663. [CrossRef]
[PubMed]

56. Leroy, B.; Fournier, J.L.; Ishioka, C.; Monti, P.; Inga, A.; Fronza, G.; Soussi, T. The TP53 website: An integrative resource centre for
the TP53 mutation database and TP53 mutant analysis. Nucleic Acids Res. 2012, 41, D962–D969. [CrossRef]

57. Morand, S.; Devanaboyina, M.; Staats, H.; Stanbery, L.; Nemunaitis, J. Ovarian Cancer Immunotherapy and Personalized
Medicine. Int. J. Mol. Sci. 2021, 22, 6532. [CrossRef] [PubMed]

58. Marks, Z.R.C.; Campbell, N.K.; Mangan, N.E.; Vandenberg, C.J.; Gearing, L.J.; Matthews, A.Y.; Gould, J.A.; Tate, M.D.; Wray-
McCann, G.; Ying, L.; et al. Interferon-ε is a tumour suppressor and restricts ovarian cancer. Nature 2023, 620, 1063–1070.
[CrossRef] [PubMed]

59. Gasparri, M.L.; Bardhi, E.; Ruscito, I.; Papadia, A.; Farooqi, A.A.; Marchetti, C.; Bogani, G.; Ceccacci, I.; Mueller, M.D.; Benedetti
Panici, P. PI3K/AKT/mTOR Pathway in Ovarian Cancer Treatment: Are We on the Right Track? Geburtshilfe Frauenheilkd. 2017,
77, 1095–1103. [CrossRef]

60. Konstantinopoulos, P.A.; Barry, W.T.; Birrer, M.; Westin, S.N.; Cadoo, K.A.; Shapiro, G.I.; Mayer, E.L.; O’Cearbhaill, R.E.; Coleman,
R.L.; Kochupurakkal, B.; et al. Olaparib and α-specific PI3K inhibitor alpelisib for patients with epithelial ovarian cancer: A
dose-escalation and dose-expansion phase 1b trial. Lancet Oncol. 2019, 20, 570–580. [CrossRef] [PubMed]

61. Xie, C.; Lu, H.; Nomura, A.; Hanse, E.A.; Forster, C.L.; Parker, J.B.; Linden, M.A.; Karasch, C.; Hallstrom, T.C. Co-deleting Pten
with Rb in retinal progenitor cells in mice results in fully penetrant bilateral retinoblastomas. Mol. Cancer 2015, 14, 93. [CrossRef]
[PubMed]

62. Xie, C.; Freeman, M.J.; Lu, H.; Wang, X.; Forster, C.L.; Sarver, A.L.; Hallstrom, T.C. Retinoblastoma cells activate the AKT pathway
and are vulnerable to the PI3K/mTOR inhibitor NVP-BEZ235. Oncotarget 2017, 8, 38084–38098. [CrossRef]

63. Jung, S.G.; Kwon, Y.D.; Song, J.A.; Back, M.J.; Lee, S.Y.; Lee, C.; Hwang, Y.Y.; An, H.J. Prognostic significance of Notch 3 gene
expression in ovarian serous carcinoma. Cancer Sci. 2010, 101, 1977–1983. [CrossRef]

64. Barsotti, A.M.; Prives, C. Pro-proliferative FoxM1 is a target of p53-mediated repression. Oncogene 2009, 28, 4295–4305. [CrossRef]
65. Kurman, R.J.; Shih, I.-M. The Dualistic Model of Ovarian Carcinogenesis: Revisited, Revised, and Expanded. Am. J. Pathol. 2016,

186, 733–747. [CrossRef] [PubMed]
66. González-Martín, A.; Sánchez-Lorenzo, L.; Bratos, R.; Márquez, R.; Chiva, L. First-Line and Maintenance Therapy for Ovarian

Cancer: Current Status and Future Directions. Drugs 2014, 74, 879–889. [CrossRef] [PubMed]
67. Markman, M. Optimizing primary chemotherapy in ovarian cancer. Hematol. Oncol. Clin. N. Am. 2003, 17, 957–968, viii.

[CrossRef] [PubMed]
68. Alberts, D.S.; Green, S.; Hannigan, E.V.; O’Toole, R.; Stock-Novack, D.; Anderson, P.; Surwit, E.A.; Malvlya, V.K.; Nahhas, W.A.;

Jolles, C.J. Improved therapeutic index of carboplatin plus cyclophosphamide versus cisplatin plus cyclophosphamide: Final
report by the Southwest Oncology Group of a phase III randomized trial in stages III and IV ovarian cancer. J. Clin. Oncol. 1992,
10, 706–717. [CrossRef] [PubMed]

69. Swenerton, K.; Jeffrey, J.; Stuart, G.; Roy, M.; Krepart, G.; Carmichael, J.; Drouin, P.; Stanimir, R.; O’Connell, G.; MacLean, G.; et al.
Cisplatin-cyclophosphamide versus carboplatin-cyclophosphamide in advanced ovarian cancer: A randomized phase III study
of the National Cancer Institute of Canada Clinical Trials Group. J. Clin. Oncol. 1992, 10, 718–726. [CrossRef] [PubMed]

70. McGuire, W.P.; Hoskins, W.J.; Brady, M.F.; Kucera, P.R.; Partridge, E.E.; Look, K.Y.; Clarke-Pearson, D.L.; Davidson, M. Cyclophos-
phamide and cisplatin compared with paclitaxel and cisplatin in patients with stage III and stage IV ovarian cancer. N. Engl. J.
Med. 1996, 334, 1–6. [CrossRef] [PubMed]

https://doi.org/10.3389/fonc.2022.970918
https://www.ncbi.nlm.nih.gov/pubmed/36237308
https://doi.org/10.1016/j.ygyno.2007.11.013
https://www.ncbi.nlm.nih.gov/pubmed/18155273
https://doi.org/10.1016/j.ygyno.2016.01.022
https://www.ncbi.nlm.nih.gov/pubmed/26807488
https://doi.org/10.1016/s0140-6736(18)32552-2
https://www.ncbi.nlm.nih.gov/pubmed/30910306
https://doi.org/10.1038/s41467-020-15089-z
https://www.ncbi.nlm.nih.gov/pubmed/32139687
https://doi.org/10.1038/s41467-017-01217-9
https://doi.org/10.1038/s41467-020-16432-0
https://doi.org/10.1038/nature10166
https://doi.org/10.21037/tcr.2016.08.40
https://www.ncbi.nlm.nih.gov/pubmed/30613473
https://doi.org/10.1093/nar/gks1033
https://doi.org/10.3390/ijms22126532
https://www.ncbi.nlm.nih.gov/pubmed/34207103
https://doi.org/10.1038/s41586-023-06421-w
https://www.ncbi.nlm.nih.gov/pubmed/37587335
https://doi.org/10.1055/s-0043-118907
https://doi.org/10.1016/s1470-2045(18)30905-7
https://www.ncbi.nlm.nih.gov/pubmed/30880072
https://doi.org/10.1186/s12943-015-0360-y
https://www.ncbi.nlm.nih.gov/pubmed/25907958
https://doi.org/10.18632/oncotarget.16970
https://doi.org/10.1111/j.1349-7006.2010.01641.x
https://doi.org/10.1038/onc.2009.282
https://doi.org/10.1016/j.ajpath.2015.11.011
https://www.ncbi.nlm.nih.gov/pubmed/27012190
https://doi.org/10.1007/s40265-014-0221-9
https://www.ncbi.nlm.nih.gov/pubmed/24848752
https://doi.org/10.1016/s0889-8588(03)00058-3
https://www.ncbi.nlm.nih.gov/pubmed/12959185
https://doi.org/10.1200/jco.1992.10.5.706
https://www.ncbi.nlm.nih.gov/pubmed/1569443
https://doi.org/10.1200/jco.1992.10.5.718
https://www.ncbi.nlm.nih.gov/pubmed/1569444
https://doi.org/10.1056/nejm199601043340101
https://www.ncbi.nlm.nih.gov/pubmed/7494563


Biomolecules 2024, 14, 585 19 of 24

71. Vergote, I.; Gonzalez-Martin, A.; Lorusso, D.; Gourley, C.; Mirza, M.R.; Kurtz, J.-E.; Okamoto, A.; Moore, K.; Kridelka, F.; McNeish,
I.; et al. Clinical research in ovarian cancer: Consensus recommendations from the Gynecologic Cancer InterGroup. Lancet Oncol.
2022, 23, e374–e384. [CrossRef] [PubMed]

72. O’Malley, D.M.; Krivak, T.C.; Kabil, N.; Munley, J.; Moore, K.N. PARP Inhibitors in Ovarian Cancer: A Review. Target. Oncol.
2023, 18, 471–503. [CrossRef] [PubMed]

73. Kurnit, K.C.; Fleming, G.F.; Lengyel, E. Updates and New Options in Advanced Epithelial Ovarian Cancer Treatment. Obstet.
Gynecol. 2021, 137, 108–121. [CrossRef]

74. Rauh-Hain, J.A.; Melamed, A.; Wright, A.; Gockley, A.; Clemmer, J.T.; Schorge, J.O.; Del Carmen, M.G.; Keating, N.L. Overall
Survival Following Neoadjuvant Chemotherapy vs Primary Cytoreductive Surgery in Women with Epithelial Ovarian Cancer:
Analysis of the National Cancer Database. JAMA Oncol. 2017, 3, 76–82. [CrossRef]

75. Wright, A.A.; Bohlke, K.; Armstrong, D.K.; Bookman, M.A.; Cliby, W.A.; Coleman, R.L.; Dizon, D.S.; Kash, J.J.; Meyer, L.A.; Moore,
K.N.; et al. Neoadjuvant chemotherapy for newly diagnosed, advanced ovarian cancer: Society of Gynecologic Oncology and
American Society of Clinical Oncology Clinical Practice Guideline. Gynecol. Oncol. 2016, 143, 3–15. [CrossRef]

76. Arnaoutoglou, C.; Dampala, K.; Anthoulakis, C.; Papanikolaou, E.G.; Tentas, I.; Dragoutsos, G.; Machairiotis, N.; Zarogoulidis, P.;
Ioannidis, A.; Matthaios, D.; et al. Epithelial Ovarian Cancer: A Five Year Review. Medicina 2023, 59, 1183. [CrossRef] [PubMed]

77. Li, Y.; Nie, Y.; Guo, H.; Guo, H.; Ha, C.; Li, Y. Establish of an Initial Platinum-Resistance Predictor in High-Grade Serous Ovarian
Cancer Patients Regardless of Homologous Recombination Deficiency Status. Front. Oncol. 2022, 12, 847085. [CrossRef]

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

79. Mirza-Aghazadeh-Attari, M.; Ostadian, C.; Saei, A.A.; Mihanfar, A.; Darband, S.G.; Sadighparvar, S.; Kaviani, M.; Samadi Kafil,
H.; Yousefi, B.; Majidinia, M. DNA damage response and repair in ovarian cancer: Potential targets for therapeutic strategies.
DNA Repair 2019, 80, 59–84. [CrossRef]

80. Gee, M.E.; Faraahi, Z.; McCormick, A.; Edmondson, R.J. DNA damage repair in ovarian cancer: Unlocking the heterogeneity. J.
Ovarian Res. 2018, 11, 50. [CrossRef]

81. Turk, A.A.; Wisinski, K.B. PARP inhibitors in breast cancer: Bringing synthetic lethality to the bedside. Cancer 2018, 124, 2498–2506.
[CrossRef] [PubMed]

82. Lord, C.J.; Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 2016, 16, 110–120. [CrossRef]
83. Kim, G.; Ison, G.; McKee, A.E.; Zhang, H.; Tang, S.; Gwise, T.; Sridhara, R.; Lee, E.; Tzou, A.; Philip, R.; et al. FDA Approval

Summary: Olaparib Monotherapy in Patients with Deleterious Germline BRCA-Mutated Advanced Ovarian Cancer Treated with
Three or More Lines of Chemotherapy. Clin. Cancer Res. 2015, 21, 4257–4261. [CrossRef]

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

85. Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.; Lorusso, D.; Vergote, I.;
et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian Cancer. N. Engl. J. Med. 2016, 375, 2154–2164.
[CrossRef] [PubMed]

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

87. Konstantinopoulos, P.A.; Cheng, S.C.; Wahner Hendrickson, A.E.; Penson, R.T.; Schumer, S.T.; Doyle, L.A.; Lee, E.K.; Kohn, E.C.;
Duska, L.R.; Crispens, M.A.; et al. Berzosertib plus gemcitabine versus gemcitabine alone in platinum-resistant high-grade serous
ovarian cancer: A multicentre, open-label, randomised, phase 2 trial. Lancet Oncol. 2020, 21, 957–968. [CrossRef] [PubMed]

88. Konstantinopoulos, P.A.; Lee, E.K.; Cheng, S.; Costa, A.A.B.A.D.; Hendrickson, A.E.W.; Gulhan, D.; Kochupurakkal, B.; Kolin, D.;
Kohn, E.C.; Liu, J.F.; et al. Randomized phase 2 study of gemcitabine with or without ATR inhibitor berzosertib in platinum-
resistant ovarian cancer: Final overall survival (OS) and biomarker analyses. J. Clin. Oncol. 2023, 41, 5512. [CrossRef]

89. Shah, P.D.; Wethington, S.L.; Pagan, C.; Latif, N.; Tanyi, J.; Martin, L.P.; Morgan, M.; Burger, R.A.; Haggerty, A.; Zarrin, H.;
et al. Combination ATR and PARP Inhibitor (CAPRI): A phase 2 study of ceralasertib plus olaparib in patients with recurrent,
platinum-resistant epithelial ovarian cancer. Gynecol. Oncol. 2021, 163, 246–253. [CrossRef] [PubMed]

90. Banerjee, S.; Leary, A.; Stewart, J.R.; Dewan, M.; Lheureux, S.; Clamp, A.R.; Ray-Coquard, I.L.; Selle, F.; Gourley, C.; Glasspool,
R.M.; et al. 34O ATR inhibitor alone (ceralasertib) or in combination with olaparib in gynaecological cancers with ARID1A loss or
no loss: Results from the ENGOT/GYN1/NCRI ATARI trial. ESMO Open 2023, 8, 100814. [CrossRef]

91. Wallis, B.; Bowman, K.R.; Lu, P.; Lim, C.S. The Challenges and Prospects of p53-Based Therapies in Ovarian Cancer. Biomolecules
2023, 13, 159. [CrossRef] [PubMed]

92. Buller, R.E.; Runnebaum, I.B.; Karlan, B.Y.; Horowitz, J.A.; Shahin, M.; Buekers, T.; Petrauskas, S.; Kreienberg, R.; Slamon, D.;
Pegram, M. A phase I/II trial of rAd/p53 (SCH 58500) gene replacement in recurrent ovarian cancer. Cancer Gene Ther. 2002, 9,
553–566. [CrossRef] [PubMed]

https://doi.org/10.1016/S1470-2045(22)00139-5
https://www.ncbi.nlm.nih.gov/pubmed/35901833
https://doi.org/10.1007/s11523-023-00970-w
https://www.ncbi.nlm.nih.gov/pubmed/37268756
https://doi.org/10.1097/aog.0000000000004173
https://doi.org/10.1001/jamaoncol.2016.4411
https://doi.org/10.1016/j.ygyno.2016.05.022
https://doi.org/10.3390/medicina59071183
https://www.ncbi.nlm.nih.gov/pubmed/37511995
https://doi.org/10.3389/fonc.2022.847085
https://doi.org/10.1200/jco.2013.51.4489
https://www.ncbi.nlm.nih.gov/pubmed/24637997
https://doi.org/10.1016/j.dnarep.2019.06.005
https://doi.org/10.1186/s13048-018-0424-x
https://doi.org/10.1002/cncr.31307
https://www.ncbi.nlm.nih.gov/pubmed/29660759
https://doi.org/10.1038/nrc.2015.21
https://doi.org/10.1158/1078-0432.Ccr-15-0887
https://doi.org/10.1056/NEJMoa1810858
https://doi.org/10.1056/NEJMoa1611310
https://www.ncbi.nlm.nih.gov/pubmed/27717299
https://doi.org/10.1016/s0140-6736(17)32440-6
https://www.ncbi.nlm.nih.gov/pubmed/28916367
https://doi.org/10.1016/s1470-2045(20)30180-7
https://www.ncbi.nlm.nih.gov/pubmed/32553118
https://doi.org/10.1200/JCO.2023.41.16_suppl.5512
https://doi.org/10.1016/j.ygyno.2021.08.024
https://www.ncbi.nlm.nih.gov/pubmed/34620496
https://doi.org/10.1016/j.esmoop.2023.100814
https://doi.org/10.3390/biom13010159
https://www.ncbi.nlm.nih.gov/pubmed/36671544
https://doi.org/10.1038/sj.cgt.7700472
https://www.ncbi.nlm.nih.gov/pubmed/12082455


Biomolecules 2024, 14, 585 20 of 24

93. Buller, R.E.; Shahin, M.S.; Horowitz, J.A.; Runnebaum, I.B.; Mahavni, V.; Petrauskas, S.; Kreienberg, R.; Karlan, B.; Slamon, D.;
Pegram, M. Long term follow-up of patients with recurrent ovarian cancer after Ad p53 gene replacement with SCH 58500. Cancer
Gene Ther. 2002, 9, 567–572. [CrossRef]

94. Lu, P.; Redd Bowman, K.E.; Brown, S.M.; Joklik-Mcleod, M.; Vander Mause, E.R.; Nguyen, H.T.N.; Lim, C.S. p53-Bad: A Novel
Tumor Suppressor/Proapoptotic Factor Hybrid Directed to the Mitochondria for Ovarian Cancer Gene Therapy. Mol. Pharm.
2019, 16, 3386–3398. [CrossRef]

95. Sunada, S.; Saito, H.; Zhang, D.; Xu, Z.; Miki, Y. CDK1 inhibitor controls G2/M phase transition and reverses DNA damage
sensitivity. Biochem. Biophys. Res. Commun. 2021, 550, 56–61. [CrossRef] [PubMed]

96. Huang, Y.; Fan, Y.; Zhao, Z.; Zhang, X.; Tucker, K.; Staley, A.; Suo, H.; Sun, W.; Shen, X.; Deng, B.; et al. Inhibition of CDK1 by
RO-3306 Exhibits Anti-Tumorigenic Effects in Ovarian Cancer Cells and a Transgenic Mouse Model of Ovarian Cancer. Int. J. Mol.
Sci. 2023, 24, 12375. [CrossRef] [PubMed]

97. Johnson, N.; Li, Y.-C.; Walton, Z.E.; Cheng, K.A.; Li, D.; Rodig, S.J.; Moreau, L.A.; Unitt, C.; Bronson, R.T.; Thomas, H.D.; et al.
Compromised CDK1 activity sensitizes BRCA-proficient cancers to PARP inhibition. Nat. Med. 2011, 17, 875–882. [CrossRef]
[PubMed]

98. Westin, S.N.; Coleman, R.L.; Fellman, B.M.; Yuan, Y.; Sood, A.K.; Soliman, P.T.; Wright, A.A.; Horowitz, N.S.; Campos, S.M.;
Konstantinopoulos, P.A.; et al. EFFORT: EFFicacy Of adavosertib in parp ResisTance: A randomized two-arm non-comparative
phase II study of adavosertib with or without olaparib in women with PARP-resistant ovarian cancer. J. Clin. Oncol. 2021, 39,
5505. [CrossRef]

99. Ghelli Luserna di Rorà, A.; Cerchione, C.; Martinelli, G.; Simonetti, G. A WEE1 family business: Regulation of mitosis, cancer
progression, and therapeutic target. J. Hematol. Oncol. 2020, 13, 126. [CrossRef] [PubMed]

100. Wang, W.; Xiong, Y.; Hu, X.; Lu, F.; Qin, T.; Zhang, L.; Guo, E.; Yang, B.; Fu, Y.; Hu, D.; et al. Codelivery of adavosertib and olaparib
by tumor-targeting nanoparticles for augmented efficacy and reduced toxicity. Acta Biomater. 2023, 157, 428–441. [CrossRef]
[PubMed]

101. McCormick, A.; Donoghue, P.; Dixon, M.; O’Sullivan, R.; O’Donnell, R.L.; Murray, J.; Kaufmann, A.; Curtin, N.J.; Edmondson, R.J.
Ovarian Cancers Harbor Defects in Nonhomologous End Joining Resulting in Resistance to Rucaparib. Clin. Cancer Res. 2017, 23,
2050–2060. [CrossRef] [PubMed]

102. Cheaib, B.; Auguste, A.; Leary, A. The PI3K/Akt/mTOR pathway in ovarian cancer: Therapeutic opportunities and challenges.
Chin. J Cancer 2015, 34, 4–16. [CrossRef] [PubMed]

103. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in Human Disease. Cell
2017, 170, 605–635. [CrossRef] [PubMed]

104. Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381–405. [CrossRef]
105. Papa, A.; Pandolfi, P.P. The PTEN-PI3K Axis in Cancer. Biomolecules 2019, 9, 153. [CrossRef] [PubMed]
106. Yip, H.Y.K.; Chee, A.; Ang, C.S.; Shin, S.Y.; Ooms, L.M.; Mohammadi, Z.; Phillips, W.A.; Daly, R.J.; Cole, T.J.; Bronson, R.T.; et al.

Control of Glucocorticoid Receptor Levels by PTEN Establishes a Failsafe Mechanism for Tumor Suppression. Mol. Cell 2020, 80,
279–295.e278. [CrossRef] [PubMed]

107. Kinross, K.M.; Montgomery, K.G.; Kleinschmidt, M.; Waring, P.; Ivetac, I.; Tikoo, A.; Saad, M.; Hare, L.; Roh, V.; Mantamadiotis, T.;
et al. An activating Pik3ca mutation coupled with Pten loss is sufficient to initiate ovarian tumorigenesis in mice. J. Clin. Investig.
2012, 122, 553–557. [CrossRef] [PubMed]

108. Bedard, P.L.; Tabernero, J.; Janku, F.; Wainberg, Z.A.; Paz-Ares, L.; Vansteenkiste, J.; Van Cutsem, E.; Pérez-García, J.; Stathis, A.;
Britten, C.D.; et al. A phase Ib dose-escalation study of the oral pan-PI3K inhibitor buparlisib (BKM120) in combination with
the oral MEK1/2 inhibitor trametinib (GSK1120212) in patients with selected advanced solid tumors. Clin. Cancer Res. 2015, 21,
730–738. [CrossRef] [PubMed]

109. Konstantinopoulos, P.A.; Gonzalez-Martin, A.; Cruz, F.M.; Friedlander, M.; Glasspool, R.; Lorusso, D.; Marth, C.; Monk, B.J.; Kim,
J.W.; Hinson, P.; et al. EPIK-O/ENGOT-OV61: Alpelisib plus olaparib vs cytotoxic chemotherapy in high-grade serous ovarian
cancer (phase III study). Future Oncol. 2022, 18, 3481–3492. [CrossRef] [PubMed]

110. Banerji, U.; Dean, E.J.; Pérez-Fidalgo, J.A.; Batist, G.; Bedard, P.L.; You, B.; Westin, S.N.; Kabos, P.; Garrett, M.D.; Tall, M.; et al. A
Phase I Open-Label Study to Identify a Dosing Regimen of the Pan-AKT Inhibitor AZD5363 for Evaluation in Solid Tumors and
in PIK3CA-Mutated Breast and Gynecologic Cancers. Clin. Cancer Res. 2018, 24, 2050–2059. [CrossRef] [PubMed]

111. Yap, T.A.; Kristeleit, R.; Michalarea, V.; Pettitt, S.J.; Lim, J.S.J.; Carreira, S.; Roda, D.; Miller, R.; Riisnaes, R.; Miranda, S.; et al. Phase
I Trial of the PARP Inhibitor Olaparib and AKT Inhibitor Capivasertib in Patients with BRCA1/2- and Non-BRCA1/2-Mutant
Cancers. Cancer Discov. 2020, 10, 1528–1543. [CrossRef]

112. Westin, S.N.; Labrie, M.; Litton, J.K.; Blucher, A.; Fang, Y.; Vellano, C.P.; Marszalek, J.R.; Feng, N.; Ma, X.; Creason, A.; et al.
Phase Ib Dose Expansion and Translational Analyses of Olaparib in Combination with Capivasertib in Recurrent Endometrial,
Triple-Negative Breast, and Ovarian Cancer. Clin. Cancer Res. 2021, 27, 6354–6365. [CrossRef]

113. Natasha, R.; Elizabeth, L.C.; Anastasia, A.; Chun Hei, K.; Nikita, D.; Caroline, L.; Catherine, T.-S.; Christina, F.; Paula, C. Targeting
the PI3K/AKT/mTOR pathway in epithelial ovarian cancer, therapeutic treatment options for platinum-resistant ovarian cancer.
Cancer Drug Resist. 2021, 4, 573–595. [CrossRef]

https://doi.org/10.1038/sj.cgt.7700473
https://doi.org/10.1021/acs.molpharmaceut.9b00136
https://doi.org/10.1016/j.bbrc.2021.02.117
https://www.ncbi.nlm.nih.gov/pubmed/33684621
https://doi.org/10.3390/ijms241512375
https://www.ncbi.nlm.nih.gov/pubmed/37569750
https://doi.org/10.1038/nm.2377
https://www.ncbi.nlm.nih.gov/pubmed/21706030
https://doi.org/10.1200/JCO.2021.39.15_suppl.5505
https://doi.org/10.1186/s13045-020-00959-2
https://www.ncbi.nlm.nih.gov/pubmed/32958072
https://doi.org/10.1016/j.actbio.2022.12.021
https://www.ncbi.nlm.nih.gov/pubmed/36549633
https://doi.org/10.1158/1078-0432.Ccr-16-0564
https://www.ncbi.nlm.nih.gov/pubmed/27702817
https://doi.org/10.5732/cjc.014.10289
https://www.ncbi.nlm.nih.gov/pubmed/25556614
https://doi.org/10.1016/j.cell.2017.07.029
https://www.ncbi.nlm.nih.gov/pubmed/28802037
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.3390/biom9040153
https://www.ncbi.nlm.nih.gov/pubmed/30999672
https://doi.org/10.1016/j.molcel.2020.09.027
https://www.ncbi.nlm.nih.gov/pubmed/33065020
https://doi.org/10.1172/jci59309
https://www.ncbi.nlm.nih.gov/pubmed/22214849
https://doi.org/10.1158/1078-0432.Ccr-14-1814
https://www.ncbi.nlm.nih.gov/pubmed/25500057
https://doi.org/10.2217/fon-2022-0666
https://www.ncbi.nlm.nih.gov/pubmed/36066851
https://doi.org/10.1158/1078-0432.Ccr-17-2260
https://www.ncbi.nlm.nih.gov/pubmed/29066505
https://doi.org/10.1158/2159-8290.Cd-20-0163
https://doi.org/10.1158/1078-0432.Ccr-21-1656
https://doi.org/10.20517/cdr.2021.05


Biomolecules 2024, 14, 585 21 of 24

114. Starks, D.; Rojas-Espaillat, L.; Meissner, T.; Elsey, R.; Xu, B.; Koenen, M.; Feng, S.; VanOosbree, A.; Slunecka, J.; Lee, J.; et al. A
phase 1 evaluation of the safety and tolerability of niraparib in combination with everolimus in advanced ovarian and breast
cancers. Cancer Med. 2023, 12, 18654–18665. [CrossRef]

115. Emons, G.; Kurzeder, C.; Schmalfeldt, B.; Neuser, P.; de Gregorio, N.; Pfisterer, J.; Park-Simon, T.W.; Mahner, S.; Schröder, W.;
Lück, H.J.; et al. Temsirolimus in women with platinum-refractory/resistant ovarian cancer or advanced/recurrent endometrial
carcinoma. A phase II study of the AGO-study group (AGO-GYN8). Gynecol. Oncol. 2016, 140, 450–456. [CrossRef] [PubMed]

116. Starks, D.C.; Rojas-Espaillat, L.; Meissner, T.; Williams, C.B. Phase I dose escalation study of dual PI3K/mTOR inhibition by
Sapanisertib and Serabelisib in combination with paclitaxel in patients with advanced solid tumors. Gynecol. Oncol. 2022, 166,
403–409. [CrossRef] [PubMed]

117. Caumanns, J.J.; van Wijngaarden, A.; Kol, A.; Meersma, G.J.; Jalving, M.; Bernards, R.; van der Zee, A.G.J.; Wisman, G.B.A.; de
Jong, S. Low-dose triple drug combination targeting the PI3K/AKT/mTOR pathway and the MAPK pathway is an effective
approach in ovarian clear cell carcinoma. Cancer Lett. 2019, 461, 102–111. [CrossRef] [PubMed]

118. Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9–18.
[CrossRef] [PubMed]

119. Bahar, M.E.; Kim, H.J.; Kim, D.R. Targeting the RAS/RAF/MAPK pathway for cancer therapy: From mechanism to clinical
studies. Signal Transduct. Target. Ther. 2023, 8, 455. [CrossRef] [PubMed]

120. Hunter, S.M.; Anglesio, M.S.; Ryland, G.L.; Sharma, R.; Chiew, Y.E.; Rowley, S.M.; Doyle, M.A.; Li, J.; Gilks, C.B.; Moss, P.; et al.
Molecular profiling of low grade serous ovarian tumours identifies novel candidate driver genes. Oncotarget 2015, 6, 37663–37677.
[CrossRef] [PubMed]

121. Hendrikse, C.S.E.; Theelen, P.M.M.; van der Ploeg, P.; Westgeest, H.M.; Boere, I.A.; Thijs, A.M.J.; Ottevanger, P.B.; van de Stolpe,
A.; Lambrechts, S.; Bekkers, R.L.M.; et al. The potential of RAS/RAF/MEK/ERK (MAPK) signaling pathway inhibitors in ovarian
cancer: A systematic review and meta-analysis. Gynecol. Oncol. 2023, 171, 83–94. [CrossRef] [PubMed]

122. Mendivil, A.A.; Tung, P.K.; Bohart, R.; Bechtol, K.; Goldstein, B.H. Dramatic clinical response following dabrafenib and trametinib
therapy in a heavily pretreated low grade serous ovarian carcinoma patient with a BRAF V600E mutation. Gynecol. Oncol. Rep.
2018, 26, 41–44. [CrossRef]

123. Tholander, B.; Koliadi, A.; Botling, J.; Dahlstrand, H.; Von Heideman, A.; Ahlström, H.; Öberg, K.; Ullenhag, G.J. Complete
response with combined BRAF and MEK inhibition in BRAF mutated advanced low-grade serous ovarian carcinoma. Ups. J. Med.
Sci. 2020, 125, 325–329. [CrossRef]

124. Lima, B.; Abreu, M.H.; Sousa, S.; Bartosch, C.; Pereira, D. Impressive and durable clinical responses obtained with dabrafenib
and trametinib in low-grade serous ovarian cancer harbouring a BRAF V600E mutation. Gynecol. Oncol. Rep. 2022, 40, 100942.
[CrossRef]

125. Sun, C.; Fang, Y.; Yin, J.; Chen, J.; Ju, Z.; Zhang, D.; Chen, X.; Vellano, C.P.; Jeong, K.J.; Ng, P.K.; et al. Rational combination
therapy with PARP and MEK inhibitors capitalizes on therapeutic liabilities in RAS mutant cancers. Sci. Transl. Med. 2017, 9,
eaal5148. [CrossRef]

126. Vena, F.; Jia, R.; Esfandiari, A.; Garcia-Gomez, J.J.; Rodriguez-Justo, M.; Ma, J.; Syed, S.; Crowley, L.; Elenbaas, B.; Goodstal, S.;
et al. MEK inhibition leads to BRCA2 downregulation and sensitization to DNA damaging agents in pancreas and ovarian cancer
models. Oncotarget 2018, 9, 11592–11603. [CrossRef]

127. Westin, S.; Kurnit, K.; Fellman, B.; Bhosale, P.; Hong, D.; Karp, D.; Naing, A.; Pant, S.; Piha-Paul, S.; Fu, S.; et al. SOLAR: Phase
Ib Dose Expansion of Selumetinib (MEK Inhibitor) and OLAparib (PARP Inhibitor) Combination in Solid Tumors with RAS
Pathway Alterations and in PARP Inhibitor-Resistant Ovarian Cancer (LBA 9). Gynecol. Oncol. 2023, 176, S33. [CrossRef]

128. Bray, S.J. Notch signalling: A simple pathway becomes complex. Nat. Rev. Mol. Cell Biol. 2006, 7, 678–689. [CrossRef]
129. Akbarzadeh, M.; Majidinia, M.; Fekri Aval, S.; Mahbub, S.; Zarghami, N. Molecular Targeting of Notch Signaling Pathway by

DAPT in Human Ovarian Cancer: Possible Anti Metastatic Effects. Asian Pac. J. Cancer Prev. 2018, 19, 3473–3477. [CrossRef]
[PubMed]

130. Diaz-Padilla, I.; Wilson, M.K.; Clarke, B.A.; Hirte, H.W.; Welch, S.A.; Mackay, H.J.; Biagi, J.J.; Reedijk, M.; Weberpals, J.I.; Fleming,
G.F.; et al. A phase II study of single-agent RO4929097, a gamma-secretase inhibitor of Notch signaling, in patients with recurrent
platinum-resistant epithelial ovarian cancer: A study of the Princess Margaret, Chicago and California phase II consortia. Gynecol.
Oncol. 2015, 137, 216–222. [CrossRef] [PubMed]

131. Hu, W.; Lu, C.; Dong, H.H.; Huang, J.; Shen, D.Y.; Stone, R.L.; Nick, A.M.; Shahzad, M.M.; Mora, E.; Jennings, N.B.; et al.
Biological roles of the Delta family Notch ligand Dll4 in tumor and endothelial cells in ovarian cancer. Cancer Res. 2011, 71,
6030–6039. [CrossRef] [PubMed]

132. Huang, J.; Hu, W.; Hu, L.; Previs, R.A.; Dalton, H.J.; Yang, X.Y.; Sun, Y.; McGuire, M.; Rupaimoole, R.; Nagaraja, A.S.; et al. Dll4
Inhibition plus Aflibercept Markedly Reduces Ovarian Tumor Growth. Mol. Cancer Ther. 2016, 15, 1344–1352. [CrossRef]

133. Raychaudhuri, P.; Park, H.J. FoxM1: A master regulator of tumor metastasis. Cancer Res. 2011, 71, 4329–4333. [CrossRef]
134. Zhang, Z.; Xue, S.-t.; Gao, Y.; Li, Y.; Zhou, Z.; Wang, J.; Li, Z.; Liu, Z. Small molecule targeting FOXM1 DNA binding domain

exhibits anti-tumor activity in ovarian cancer. Cell Death Discov. 2022, 8, 280. [CrossRef]
135. Lee, D.W.; Lee, W.; Kwon, M.; Lee, H.N. Dual inhibition of FOXM1 and its compensatory signaling pathway decreased the

survival of ovarian cancer cells. Oncol. Rep. 2021, 45, 390–400. [CrossRef] [PubMed]

https://doi.org/10.1002/cam4.6475
https://doi.org/10.1016/j.ygyno.2015.12.025
https://www.ncbi.nlm.nih.gov/pubmed/26731724
https://doi.org/10.1016/j.ygyno.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/35843739
https://doi.org/10.1016/j.canlet.2019.07.004
https://www.ncbi.nlm.nih.gov/pubmed/31319139
https://doi.org/10.1038/sj.cr.7290105
https://www.ncbi.nlm.nih.gov/pubmed/11942415
https://doi.org/10.1038/s41392-023-01705-z
https://www.ncbi.nlm.nih.gov/pubmed/38105263
https://doi.org/10.18632/oncotarget.5438
https://www.ncbi.nlm.nih.gov/pubmed/26506417
https://doi.org/10.1016/j.ygyno.2023.01.038
https://www.ncbi.nlm.nih.gov/pubmed/36841040
https://doi.org/10.1016/j.gore.2018.09.002
https://doi.org/10.1080/03009734.2020.1826612
https://doi.org/10.1016/j.gore.2022.100942
https://doi.org/10.1126/scitranslmed.aal5148
https://doi.org/10.18632/oncotarget.24294
https://doi.org/10.1016/j.ygyno.2023.06.511
https://doi.org/10.1038/nrm2009
https://doi.org/10.31557/apjcp.2018.19.12.3473
https://www.ncbi.nlm.nih.gov/pubmed/30583672
https://doi.org/10.1016/j.ygyno.2015.03.005
https://www.ncbi.nlm.nih.gov/pubmed/25769658
https://doi.org/10.1158/0008-5472.Can-10-2719
https://www.ncbi.nlm.nih.gov/pubmed/21795478
https://doi.org/10.1158/1535-7163.Mct-15-0144
https://doi.org/10.1158/0008-5472.Can-11-0640
https://doi.org/10.1038/s41420-022-01070-w
https://doi.org/10.3892/or.2020.7845
https://www.ncbi.nlm.nih.gov/pubmed/33200225


Biomolecules 2024, 14, 585 22 of 24

136. Brückner, L.; Reinshagen, A.; Hoang, N.A.; Höhn, A.K.; Lordick, F.; Bechmann, I.; Aktas, B.; Nel, I.; Kallendrusch, S. FOXM1
Inhibition in Ovarian Cancer Tissue Cultures Affects Individual Treatment Susceptibility Ex Vivo. Cancers 2021, 13, 956. [CrossRef]
[PubMed]

137. Heredia-Soto, V.; López-Guerrero, J.A.; Redondo, A.; Mendiola, M. The hallmarks of ovarian cancer: Focus on angiogenesis and
micro-environment and new models for their characterisation. EJC Suppl. 2020, 15, 49–55. [CrossRef] [PubMed]

138. Lim, M.; Thompson, J.G.; Dunning, K.R. Hypoxia and Reproductive Health: Hypoxia and ovarian function: Follicle development,
ovulation, oocyte maturation. Reproduction 2021, 161, F33–F40. [CrossRef] [PubMed]

139. Bamias, A.; Koutsoukou, V.; Terpos, E.; Tsiatas, M.L.; Liakos, C.; Tsitsilonis, O.; Rodolakis, A.; Voulgaris, Z.; Vlahos, G.;
Papageorgiou, T.; et al. Correlation of NK T-like CD3+CD56+ cells and CD4+CD25+(hi) regulatory T cells with VEGF and
TNFalpha in ascites from advanced ovarian cancer: Association with platinum resistance and prognosis in patients receiving
first-line, platinum-based chemotherapy. Gynecol. Oncol. 2008, 108, 421–427. [CrossRef] [PubMed]

140. Burger, R.A.; Sill, M.W.; Monk, B.J.; Greer, B.E.; Sorosky, J.I. Phase II trial of bevacizumab in persistent or recurrent epithelial
ovarian cancer or primary peritoneal cancer: A Gynecologic Oncology Group Study. J. Clin. Oncol. 2007, 25, 5165–5171. [CrossRef]
[PubMed]

141. Matulonis, U.A.; Berlin, S.; Ivy, P.; Tyburski, K.; Krasner, C.; Zarwan, C.; Berkenblit, A.; Campos, S.; Horowitz, N.; Cannistra, S.A.;
et al. Cediranib, an oral inhibitor of vascular endothelial growth factor receptor kinases, is an active drug in recurrent epithelial
ovarian, fallopian tube, and peritoneal cancer. J. Clin. Oncol. 2009, 27, 5601–5606. [CrossRef]

142. Burger, R.A.; Brady, M.F.; Bookman, M.A.; Fleming, G.F.; Monk, B.J.; Huang, H.; Mannel, R.S.; Homesley, H.D.; Fowler, J.; Greer,
B.E.; et al. Incorporation of bevacizumab in the primary treatment of ovarian cancer. N. Engl. J. Med. 2011, 365, 2473–2483.
[CrossRef] [PubMed]

143. Perren, T.J.; Swart, A.M.; Pfisterer, J.; Ledermann, J.A.; Pujade-Lauraine, E.; Kristensen, G.; Carey, M.S.; Beale, P.; Cervantes, A.;
Kurzeder, C.; et al. A phase 3 trial of bevacizumab in ovarian cancer. N. Engl. J. Med. 2011, 365, 2484–2496. [CrossRef]

144. Coleman, R.L.; Brady, M.F.; Herzog, T.J.; Sabbatini, P.; Armstrong, D.K.; Walker, J.L.; Kim, B.G.; Fujiwara, K.; Tewari, K.S.; O’Malley,
D.M.; et al. Bevacizumab and paclitaxel-carboplatin chemotherapy and secondary cytoreduction in recurrent, platinum-sensitive
ovarian cancer (NRG Oncology/Gynecologic Oncology Group study GOG-0213): A multicentre, open-label, randomised, phase 3
trial. Lancet Oncol. 2017, 18, 779–791. [CrossRef]

145. Marchetti, C.; Muzii, L.; Romito, A.; Benedetti Panici, P. First-line treatment of women with advanced ovarian cancer: Focus on
bevacizumab. Onco Targets Ther. 2019, 12, 1095–1103. [CrossRef] [PubMed]

146. Miller, R.E.; El-Shakankery, K.H.; Lee, J.Y. PARP inhibitors in ovarian cancer: Overcoming resistance with combination strategies.
J. Gynecol. Oncol. 2022, 33, e44. [CrossRef] [PubMed]

147. Bindra, R.S.; Schaffer, P.J.; Meng, A.; Woo, J.; Måseide, K.; Roth, M.E.; Lizardi, P.; Hedley, D.W.; Bristow, R.G.; Glazer, P.M.
Down-regulation of Rad51 and decreased homologous recombination in hypoxic cancer cells. Mol. Cell Biol. 2004, 24, 8504–8518.
[CrossRef] [PubMed]

148. Mirza, M.R.; Åvall Lundqvist, E.; Birrer, M.J.; dePont Christensen, R.; Nyvang, G.B.; Malander, S.; Anttila, M.; Werner, T.L.;
Lund, B.; Lindahl, G.; et al. Niraparib plus bevacizumab versus niraparib alone for platinum-sensitive recurrent ovarian cancer
(NSGO-AVANOVA2/ENGOT-ov24): A randomised, phase 2, superiority trial. Lancet Oncol. 2019, 20, 1409–1419. [CrossRef]
[PubMed]

149. Liu, J.F.; Brady, M.; Matulonis, U.A.; Miller, A.; Kohn, E.C.; Swisher, E.; Tew, W.; Cloven, N.; Muller, C.; Bender, D.; et al. LBA45
Overall survival (OS) outcomes from NRG-GY004, a phase III study comparing single-agent olaparib or combination cediranib
and olaparib to platinum (Plat) based chemotherapy in recurrent plat sensitive ovarian cancer (OvCa). Ann. Oncol. 2023, 34,
S1285. [CrossRef]

150. Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat.
Rev. Immunol. 2020, 20, 651–668. [CrossRef]

151. NIH. Phase II Study of Ipilimumab Monotherapy in Recurrent Platinum-Sensitive Ovarian Cancer. Available online: https:
//classic.clinicaltrials.gov/ct2/show/results/NCT01611558 (accessed on 25 April 2024).

152. Hamanishi, J.; Mandai, M.; Ikeda, T.; Minami, M.; Kawaguchi, A.; Murayama, T.; Kanai, M.; Mori, Y.; Matsumoto, S.; Chikuma, S.;
et al. Safety and Antitumor Activity of Anti-PD-1 Antibody, Nivolumab, in Patients with Platinum-Resistant Ovarian Cancer. J.
Clin. Oncol. 2015, 33, 4015–4022. [CrossRef] [PubMed]

153. Matulonis, U.A.; Shapira-Frommer, R.; Santin, A.D.; Lisyanskaya, A.S.; Pignata, S.; Vergote, I.; Raspagliesi, F.; Sonke, G.S.; Birrer,
M.; Provencher, D.M.; et al. Antitumor activity and safety of pembrolizumab in patients with advanced recurrent ovarian cancer:
Results from the phase II KEYNOTE-100 study. Ann. Oncol. 2019, 30, 1080–1087. [CrossRef] [PubMed]

154. Sia, T.Y.; Manning-Geist, B.; Gordhandas, S.; Murali, R.; Marra, A.; Liu, Y.L.; Friedman, C.F.; Hollmann, T.J.; Zivanovic, O.; Chi,
D.S.; et al. Treatment of ovarian clear cell carcinoma with immune checkpoint blockade: A case series. Int. J. Gynecol. Cancer 2022,
32, 1017–1024. [CrossRef]

155. Konstantinopoulos, P.A.; Waggoner, S.; Vidal, G.A.; Mita, M.; Moroney, J.W.; Holloway, R.; Van Le, L.; Sachdev, J.C.; Chapman-
Davis, E.; Colon-Otero, G.; et al. Single-Arm Phases 1 and 2 Trial of Niraparib in Combination with Pembrolizumab in Patients
With Recurrent Platinum-Resistant Ovarian Carcinoma. JAMA Oncol. 2019, 5, 1141–1149. [CrossRef]

https://doi.org/10.3390/cancers13050956
https://www.ncbi.nlm.nih.gov/pubmed/33668819
https://doi.org/10.1016/j.ejcsup.2019.11.003
https://www.ncbi.nlm.nih.gov/pubmed/33240442
https://doi.org/10.1530/rep-20-0509
https://www.ncbi.nlm.nih.gov/pubmed/33361508
https://doi.org/10.1016/j.ygyno.2007.10.018
https://www.ncbi.nlm.nih.gov/pubmed/18036640
https://doi.org/10.1200/jco.2007.11.5345
https://www.ncbi.nlm.nih.gov/pubmed/18024863
https://doi.org/10.1200/jco.2009.23.2777
https://doi.org/10.1056/NEJMoa1104390
https://www.ncbi.nlm.nih.gov/pubmed/22204724
https://doi.org/10.1056/NEJMoa1103799
https://doi.org/10.1016/s1470-2045(17)30279-6
https://doi.org/10.2147/ott.S155425
https://www.ncbi.nlm.nih.gov/pubmed/30799939
https://doi.org/10.3802/jgo.2022.33.e44
https://www.ncbi.nlm.nih.gov/pubmed/35320891
https://doi.org/10.1128/mcb.24.19.8504-8518.2004
https://www.ncbi.nlm.nih.gov/pubmed/15367671
https://doi.org/10.1016/s1470-2045(19)30515-7
https://www.ncbi.nlm.nih.gov/pubmed/31474354
https://doi.org/10.1016/j.annonc.2023.10.039
https://doi.org/10.1038/s41577-020-0306-5
https://classic.clinicaltrials.gov/ct2/show/results/NCT01611558
https://classic.clinicaltrials.gov/ct2/show/results/NCT01611558
https://doi.org/10.1200/jco.2015.62.3397
https://www.ncbi.nlm.nih.gov/pubmed/26351349
https://doi.org/10.1093/annonc/mdz135
https://www.ncbi.nlm.nih.gov/pubmed/31046082
https://doi.org/10.1136/ijgc-2022-003430
https://doi.org/10.1001/jamaoncol.2019.1048


Biomolecules 2024, 14, 585 23 of 24

156. Freyer, G.; Floquet, A.; Tredan, O.; Carrot, A.; Langlois-Jacques, C.; Lopez, J.; Selle, F.; Abdeddaim, C.; Leary, A.; Dubot-Poitelon,
C.; et al. Bevacizumab, olaparib, and durvalumab in patients with relapsed ovarian cancer: A phase II clinical trial from the
GINECO group. Nat. Commun. 2024, 15, 1985. [CrossRef] [PubMed]

157. Zamarin, D.; Burger, R.A.; Sill, M.W.; Powell, D.J., Jr.; Lankes, H.A.; Feldman, M.D.; Zivanovic, O.; Gunderson, C.; Ko, E.;
Mathews, C.; et al. Randomized Phase II Trial of Nivolumab Versus Nivolumab and Ipilimumab for Recurrent or Persistent
Ovarian Cancer: An NRG Oncology Study. J. Clin. Oncol. 2020, 38, 1814–1823. [CrossRef] [PubMed]

158. Sato, E.; Olson, S.H.; Ahn, J.; Bundy, B.; Nishikawa, H.; Qian, F.; Jungbluth, A.A.; Frosina, D.; Gnjatic, S.; Ambrosone, C.; et al.
Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable
prognosis in ovarian cancer. Proc. Natl. Acad. Sci. USA 2005, 102, 18538–18543. [CrossRef] [PubMed]

159. Pedersen, M.; Westergaard, M.C.W.; Milne, K.; Nielsen, M.; Borch, T.H.; Poulsen, L.G.; Hendel, H.W.; Kennedy, M.; Briggs, G.;
Ledoux, S.; et al. Adoptive cell therapy with tumor-infiltrating lymphocytes in patients with metastatic ovarian cancer: A pilot
study. Oncoimmunology 2018, 7, e1502905. [CrossRef] [PubMed]

160. Kverneland, A.H.; Pedersen, M.; Westergaard, M.C.W.; Nielsen, M.; Borch, T.H.; Olsen, L.R.; Aasbjerg, G.; Santegoets, S.J.; van der
Burg, S.H.; Milne, K.; et al. Adoptive cell therapy in combination with checkpoint inhibitors in ovarian cancer. Oncotarget 2020, 11,
2092–2105. [CrossRef] [PubMed]

161. Rodriguez, G.M.; Galpin, K.J.C.; Cook, D.P.; Yakubovich, E.; Maranda, V.; Macdonald, E.A.; Wilson-Sanchez, J.; Thomas, A.L.;
Burdette, J.E.; Vanderhyden, B.C. The Tumor Immune Profile of Murine Ovarian Cancer Models: An Essential Tool for Ovarian
Cancer Immunotherapy Research. Cancer Res. Commun. 2022, 2, 417–433. [CrossRef] [PubMed]

162. Issa, R.M.; Lebeau, A.; Grob, T.; Holst, F.; Moch, H.; Terracciano, L.; Choschzick, M.; Sauter, G.; Simon, R. Estrogen receptor gene
amplification occurs rarely in ovarian cancer. Mod. Pathol. 2009, 22, 191–196. [CrossRef] [PubMed]

163. Høgdall, E.V.; Christensen, L.; Høgdall, C.K.; Blaakaer, J.; Gayther, S.; Jacobs, I.J.; Christensen, I.J.; Kjaer, S.K. Prognostic value of
estrogen receptor and progesterone receptor tumor expression in Danish ovarian cancer patients: From the ‘MALOVA’ ovarian
cancer study. Oncol. Rep. 2007, 18, 1051–1059. [PubMed]

164. Perez-Gracia, J.L.; Carrasco, E.M. Tamoxifen therapy for ovarian cancer in the adjuvant and advanced settings: Systematic review
of the literature and implications for future research. Gynecol. Oncol. 2002, 84, 201–209. [CrossRef]

165. Ng, C.W.; Wong, K.-K. Impact of estrogen receptor expression on prognosis of ovarian cancer according to antibody clone used
for immunohistochemistry: A meta-analysis. J. Ovarian Res. 2022, 15, 63. [CrossRef]

166. Paleari, L.; Gandini, S.; Provinciali, N.; Puntoni, M.; Colombo, N.; DeCensi, A. Clinical benefit and risk of death with endocrine
therapy in ovarian cancer: A comprehensive review and meta-analysis. Gynecol. Oncol. 2017, 146, 504–513. [CrossRef] [PubMed]

167. Gershenson, D.M.; Bodurka, D.C.; Coleman, R.L.; Lu, K.H.; Malpica, A.; Sun, C.C. Hormonal Maintenance Therapy for Women
With Low-Grade Serous Cancer of the Ovary or Peritoneum. J. Clin. Oncol. 2017, 35, 1103–1111. [CrossRef] [PubMed]

168. McLaughlin, P.M.J.; Klar, M.; Zwimpfer, T.A.; Dutilh, G.; Vetter, M.; Marth, C.; du Bois, A.; Schade-Brittinger, C.; Reuss, A.;
Bommer, C.; et al. Maintenance Therapy with Aromatase Inhibitor in epithelial Ovarian Cancer (MATAO): Study protocol of a
randomized double-blinded placebo-controlled multi-center phase III Trial. BMC Cancer 2022, 22, 508. [CrossRef] [PubMed]

169. Lohmussaar, K.; Boretto, M.; Clevers, H. Human-Derived Model Systems in Gynecological Cancer Research. Trends Cancer 2020,
6, 1031–1043. [CrossRef] [PubMed]

170. Verschraegen, C.F.; Hu, W.; Du, Y.; Mendoza, J.; Early, J.; Deavers, M.; Freedman, R.S.; Bast, R.C., Jr.; Kudelka, A.P.; Kavanagh, J.J.;
et al. Establishment and characterization of cancer cell cultures and xenografts derived from primary or metastatic Mullerian
cancers. Clin. Cancer Res. 2003, 9, 845–852. [PubMed]

171. Kerslake, R.; Belay, B.; Panfilov, S.; Hall, M.; Kyrou, I.; Randeva, H.S.; Hyttinen, J.; Karteris, E.; Sisu, C. Transcriptional Landscape
of 3D vs. 2D Ovarian Cancer Cell Models. Cancers 2023, 15, 3350. [CrossRef] [PubMed]

172. Domcke, S.; Sinha, R.; Levine, D.A.; Sander, C.; Schultz, N. Evaluating cell lines as tumour models by comparison of genomic
profiles. Nat. Commun. 2013, 4, 2126. [CrossRef]

173. Papp, E.; Hallberg, D.; Konecny, G.E.; Bruhm, D.C.; Adleff, V.; Noë, M.; Kagiampakis, I.; Palsgrove, D.; Conklin, D.; Kinose, Y.;
et al. Integrated Genomic, Epigenomic, and Expression Analyses of Ovarian Cancer Cell Lines. Cell Rep. 2018, 25, 2617–2633.
[CrossRef]

174. Barnes, B.M.; Nelson, L.; Tighe, A.; Morgan, R.D.; McGrail, J.; Taylor, S.S. Classification of ovarian cancer cell lines using
transcriptional profiles defines the five major pathological subtypes. bioRxiv 2020. [CrossRef]

175. Nelson, L.; Tighe, A.; Golder, A.; Littler, S.; Bakker, B.; Moralli, D.; Murtuza Baker, S.; Donaldson, I.J.; Spierings, D.C.J.; Wardenaar,
R.; et al. A living biobank of ovarian cancer ex vivo models reveals profound mitotic heterogeneity. Nat. Commun. 2020, 11, 822.
[CrossRef]

176. Yip, H.Y.K.; Papa, A. Generation and functional characterization of murine mammary organoids. STAR Protoc. 2021, 2, 100765.
[CrossRef] [PubMed]

177. Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586–1597. [CrossRef] [PubMed]
178. Senkowski, W.; Gall-Mas, L.; Falco, M.M.; Li, Y.; Lavikka, K.; Kriegbaum, M.C.; Oikkonen, J.; Bulanova, D.; Pietras, E.J.; Voßgröne,

K.; et al. A platform for efficient establishment and drug-response profiling of high-grade serous ovarian cancer organoids. Dev.
Cell 2023, 58, 1106–1121.e1107. [CrossRef] [PubMed]

https://doi.org/10.1038/s41467-024-45974-w
https://www.ncbi.nlm.nih.gov/pubmed/38443333
https://doi.org/10.1200/jco.19.02059
https://www.ncbi.nlm.nih.gov/pubmed/32275468
https://doi.org/10.1073/pnas.0509182102
https://www.ncbi.nlm.nih.gov/pubmed/16344461
https://doi.org/10.1080/2162402x.2018.1502905
https://www.ncbi.nlm.nih.gov/pubmed/30524900
https://doi.org/10.18632/oncotarget.27604
https://www.ncbi.nlm.nih.gov/pubmed/32547707
https://doi.org/10.1158/2767-9764.crc-22-0017
https://www.ncbi.nlm.nih.gov/pubmed/36311166
https://doi.org/10.1038/modpathol.2008.130
https://www.ncbi.nlm.nih.gov/pubmed/18690166
https://www.ncbi.nlm.nih.gov/pubmed/17914554
https://doi.org/10.1006/gyno.2001.6489
https://doi.org/10.1186/s13048-022-01001-4
https://doi.org/10.1016/j.ygyno.2017.06.036
https://www.ncbi.nlm.nih.gov/pubmed/28705409
https://doi.org/10.1200/jco.2016.71.0632
https://www.ncbi.nlm.nih.gov/pubmed/28221866
https://doi.org/10.1186/s12885-022-09555-8
https://www.ncbi.nlm.nih.gov/pubmed/35524184
https://doi.org/10.1016/j.trecan.2020.07.007
https://www.ncbi.nlm.nih.gov/pubmed/32855097
https://www.ncbi.nlm.nih.gov/pubmed/12576458
https://doi.org/10.3390/cancers15133350
https://www.ncbi.nlm.nih.gov/pubmed/37444459
https://doi.org/10.1038/ncomms3126
https://doi.org/10.1016/j.celrep.2018.10.096
https://doi.org/10.1101/2020.07.14.202457
https://doi.org/10.1038/s41467-020-14551-2
https://doi.org/10.1016/j.xpro.2021.100765
https://www.ncbi.nlm.nih.gov/pubmed/34485937
https://doi.org/10.1016/j.cell.2016.05.082
https://www.ncbi.nlm.nih.gov/pubmed/27315476
https://doi.org/10.1016/j.devcel.2023.04.012
https://www.ncbi.nlm.nih.gov/pubmed/37148882


Biomolecules 2024, 14, 585 24 of 24

179. Kopper, O.; de Witte, C.J.; Lõhmussaar, K.; Valle-Inclan, J.E.; Hami, N.; Kester, L.; Balgobind, A.V.; Korving, J.; Proost, N.; Begthel,
H.; et al. An organoid platform for ovarian cancer captures intra- and interpatient heterogeneity. Nat. Med. 2019, 25, 838–849.
[CrossRef] [PubMed]

180. Nanki, Y.; Chiyoda, T.; Hirasawa, A.; Ookubo, A.; Itoh, M.; Ueno, M.; Akahane, T.; Kameyama, K.; Yamagami, W.; Kataoka, F.;
et al. Patient-derived ovarian cancer organoids capture the genomic profiles of primary tumours applicable for drug sensitivity
and resistance testing. Sci. Rep. 2020, 10, 12581. [CrossRef] [PubMed]

181. Hoffmann, K.; Berger, H.; Kulbe, H.; Thillainadarasan, S.; Mollenkopf, H.J.; Zemojtel, T.; Taube, E.; Darb-Esfahani, S.; Mangler, M.;
Sehouli, J.; et al. Stable expansion of high-grade serous ovarian cancer organoids requires a low-Wnt environment. EMBO J. 2020,
39, e104013. [CrossRef] [PubMed]

182. Maenhoudt, N.; Vankelecom, H. Protocol for establishing organoids from human ovarian cancer biopsies. STAR Protoc. 2021, 2,
100429. [CrossRef]

183. Maenhoudt, N.; Defraye, C.; Boretto, M.; Jan, Z.; Heremans, R.; Boeckx, B.; Hermans, F.; Arijs, I.; Cox, B.; Van Nieuwenhuysen,
E.; et al. Developing Organoids from Ovarian Cancer as Experimental and Preclinical Models. Stem Cell Rep. 2020, 14, 717–729.
[CrossRef] [PubMed]

184. Phan, N.; Hong, J.J.; Tofig, B.; Mapua, M.; Elashoff, D.; Moatamed, N.A.; Huang, J.; Memarzadeh, S.; Damoiseaux, R.; Soragni, A.
A simple high-throughput approach identifies actionable drug sensitivities in patient-derived tumor organoids. Commun. Biol.
2019, 2, 78. [CrossRef] [PubMed]

185. de Witte, C.J.; Espejo Valle-Inclan, J.; Hami, N.; Lõhmussaar, K.; Kopper, O.; Vreuls, C.P.H.; Jonges, G.N.; van Diest, P.; Nguyen, L.;
Clevers, H.; et al. Patient-Derived Ovarian Cancer Organoids Mimic Clinical Response and Exhibit Heterogeneous Inter- and
Intrapatient Drug Responses. Cell Rep. 2020, 31, 107762. [CrossRef]

186. Mistry, P.; Kelland, L.R.; Abel, G.; Sidhar, S.; Harrap, K.R. The relationships between glutathione, glutathione-S-transferase
and cytotoxicity of platinum drugs and melphalan in eight human ovarian carcinoma cell lines. Br. J. Cancer 1991, 64, 215–220.
[CrossRef] [PubMed]

187. Malacrida, B.; Pearce, O.M.T.; Balkwill, F.R. Building invitro 3D human multicellular models of high-grade serous ovarian cancer.
STAR Protoc. 2022, 3, 101086. [CrossRef] [PubMed]

188. Liu, J.F.; Palakurthi, S.; Zeng, Q.; Zhou, S.; Ivanova, E.; Huang, W.; Zervantonakis, I.K.; Selfors, L.M.; Shen, Y.; Pritchard, C.C.;
et al. Establishment of Patient-Derived Tumor Xenograft Models of Epithelial Ovarian Cancer for Preclinical Evaluation of Novel
Therapeutics. Clin. Cancer Res. 2017, 23, 1263–1273. [CrossRef] [PubMed]

189. Cybula, M.; Wang, L.; Wang, L.; Drumond-Bock, A.L.; Moxley, K.M.; Benbrook, D.M.; Gunderson-Jackson, C.; Ruiz-Echevarria,
M.J.; Bhattacharya, R.; Mukherjee, P.; et al. Patient-Derived Xenografts of High-Grade Serous Ovarian Cancer Subtype as a
Powerful Tool in Pre-Clinical Research. Cancers 2021, 13, 6288. [CrossRef] [PubMed]

190. De Thaye, E.; Van de Vijver, K.; Van der Meulen, J.; Taminau, J.; Wagemans, G.; Denys, H.; Van Dorpe, J.; Berx, G.; Ceelen, W.; Van
Bocxlaer, J.; et al. Establishment and characterization of a cell line and patient-derived xenograft (PDX) from peritoneal metastasis
of low-grade serous ovarian carcinoma. Sci. Rep. 2020, 10, 6688. [CrossRef] [PubMed]

191. Ricci, F.; Guffanti, F.; Affatato, R.; Brunelli, L.; Roberta, P.; Fruscio, R.; Perego, P.; Bani, M.R.; Chiorino, G.; Rinaldi, A.; et al.
Establishment of patient-derived tumor xenograft models of mucinous ovarian cancer. Am. J. Cancer Res. 2020, 10, 572–580.
[PubMed]

192. Weroha, S.J.; Becker, M.A.; Enderica-Gonzalez, S.; Harrington, S.C.; Oberg, A.L.; Maurer, M.J.; Perkins, S.E.; AlHilli, M.; Butler,
K.A.; McKinstry, S.; et al. Tumorgrafts as in vivo surrogates for women with ovarian cancer. Clin. Cancer Res. 2014, 20, 1288–1297.
[CrossRef] [PubMed]

193. Cybula, M.; Bieniasz, M. Patient-derived tumor models are attractive tools to repurpose drugs for ovarian cancer treatment:
Pre-clinical updates. Oncotarget 2022, 13, 553–575. [CrossRef] [PubMed]

194. Harris, F.R.; Zhang, P.; Yang, L.; Hou, X.; Leventakos, K.; Weroha, S.J.; Vasmatzis, G.; Kovtun, I.V. Targeting HER2 in patient-
derived xenograft ovarian cancer models sensitizes tumors to chemotherapy. Mol. Oncol. 2019, 13, 132–152. [CrossRef]

195. Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinská, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Mælandsmo,
G.M.; et al. Patient-derived xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4,
998–1013. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41591-019-0422-6
https://www.ncbi.nlm.nih.gov/pubmed/31011202
https://doi.org/10.1038/s41598-020-69488-9
https://www.ncbi.nlm.nih.gov/pubmed/32724113
https://doi.org/10.15252/embj.2019104013
https://www.ncbi.nlm.nih.gov/pubmed/32009247
https://doi.org/10.1016/j.xpro.2021.100429
https://doi.org/10.1016/j.stemcr.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32243841
https://doi.org/10.1038/s42003-019-0305-x
https://www.ncbi.nlm.nih.gov/pubmed/30820473
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1038/bjc.1991.279
https://www.ncbi.nlm.nih.gov/pubmed/1892748
https://doi.org/10.1016/j.xpro.2021.101086
https://www.ncbi.nlm.nih.gov/pubmed/35072115
https://doi.org/10.1158/1078-0432.Ccr-16-1237
https://www.ncbi.nlm.nih.gov/pubmed/27573169
https://doi.org/10.3390/cancers13246288
https://www.ncbi.nlm.nih.gov/pubmed/34944908
https://doi.org/10.1038/s41598-020-63738-6
https://www.ncbi.nlm.nih.gov/pubmed/32317693
https://www.ncbi.nlm.nih.gov/pubmed/32195028
https://doi.org/10.1158/1078-0432.Ccr-13-2611
https://www.ncbi.nlm.nih.gov/pubmed/24398046
https://doi.org/10.18632/oncotarget.28220
https://www.ncbi.nlm.nih.gov/pubmed/35359749
https://doi.org/10.1002/1878-0261.12414
https://doi.org/10.1158/2159-8290.Cd-14-0001

	Introduction 
	Ovarian Cancer: Pathological Classification, Subtyping and Associated Mutations 
	Type I EOCs 
	Clear Cell and Endometrioid Ovarian Cancer 
	Mucinous Ovarian Cancer 
	Low-Grade Serous Ovarian Cancer 

	Type II EOCs 

	Treatments 
	Primary Treatments 
	Signalling Pathways and Targeted therapies in Ovarian Cancer 
	DNA Damage Repair Pathways 
	PI3K/AKT/mTOR Pathway 
	The MAPK Pathway 
	NOTCH Pathway 
	FOXM1 Transcription Factor 
	Angiogenesis 
	Cancer Immunotherapy 
	Endocrine Therapy 


	Experimental Models of Ovarian Cancer 
	Conclusions 
	References

