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Advanced epithelial ovarian cancer is the commonest cause of gynaecological
cancer deaths. First-line treatment for advanced disease includes a combination
of platinum-taxane chemotherapy (post-operatively or peri-operatively) and
maximal debulking surgery whenever feasible. Initial response rate to
chemotherapy is high (up to 80%) but most patients will develop recurrence
(approximately 70-90%) and succumb to the disease. Recently, poly-ADP-ribose
polymerase (PARP) inhibition (by drugs such as Olaparib, Niraparib or Rucaparib)
directed synthetic lethality approach in BRCA germline mutant or platinum
sensitive disease has generated real hope for patients. PARP inhibitor (PARPI)
maintenance therapy can prolong survival but therapeutic response is not
sustained due to intrinsic or acquired secondary resistance to PARPi therapy.
Reversion of BRCA1/2 mutation can lead to clinical PARPI resistance in BRCA-
germline mutated ovarian cancer. However, in the more common platinum
sensitive sporadic HGSOC, the clinical mechanisms of development of PARPI
resistance remains to be defined. Here we provide a comprehensive review of
the current status of PARPi and the mechanisms of resistance to therapy.

KEYWORDS

ovarian cancer, DNA repair, PARP, PARP inhibitors, synthetic lethality, resistance,
DDR inhibitors

1 Introduction

The development of poly(ADP-ribose) polymerase (PARP) inhibitors has led to a
paradigm shift in the management of solid tumours which harbour deficiencies within the
homologous recombination repair pathway (HRD), such as those with mutations in the
BRCA1/2 genes (1). By exploiting an overreliance on alternative repair pathways within
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these tumours, PARP inhibitors (PARPi) can specifically target
cancer cells whilst minimising systemic toxicity (2). Successes in
pre-clinical studies and their subsequent clinical approval have
translated into improved patient outcomes for patients established
on PARPI, across solid tumour types (3).

Over 300,000 women worldwide are newly diagnosed with
epithelial ovarian cancer each year; of the five histopathological
groups, the majority are of the high-grade serous histological
subtype (HGSOC) (4). Most patients are diagnosed at an
advanced stage due to the diagnostic challenge posed by its often
vague and ill-defined symptoms (5). The current standard of care
for advanced disease involves primary debulking surgery (where
feasible) followed by adjuvant platinum-based chemotherapy with
the addition of anti-angiogenic agents in some cases. Despite
therapeutic advances, survival of such patients remains poor with
5-year survival rates of 36% and 17% for stage III and IV disease
respectively (6). However, real-world evidence from over 2000
advanced ovarian cancer patients demonstrated that 36% had
mutations in BRCA1/2 or HRD and would thus be amenable to
PARPi therapy (7). The application of this precision oncology
strategy has subsequently improved the outlook for patients with
this devastating disease (8).

However, over 40% of patients with BRCA1/2 deficiency
demonstrate intrinsic resistance to PARP inhibition, manifesting
as a failure to respond to treatment (9). Moreover, the vast majority
of responsive patients eventually develop acquired resistance to
PARPi therapy (10). This creates significant challenges in managing
this ever growing patient cohort in the clinical setting.

Consequently, this review aims to summarise the evidence,
from both ex vivo and in vivo studies, relating to the mechanisms
of PARPI resistance and their influences on tumour biology. The
review will also discuss the management strategies for advanced
ovarian cancer patients with PARPi resistance and explore
emerging treatments for such tumours.

2 DNA damage response
2.1 DNA repair pathways

The success of PARP inhibitors in treating ovarian cancer lies
within the DNA damage response (DDR). DNA is constantly
undergoing damage from endogenous sources, such as reactive
oxygen species or replication errors, and exogenous causes,
including chemotherapeutic agents (11). Broadly, there are six
major DNA repair pathways, each used according to the type of
DNA lesion sustained to maintain genomic integrity. Although
relevant pathways are briefly outlined below, detailed discussion of
each of these processes can be found in (12).

2.1.1 Base excision repair

The majority of DNA lesions occur within one of the two DNA
strands, usually as a result of single-strand breaks (SSBs) in the
phosphate backbone or modification of a nitrogenous base (13).
Such damage is, in most cases, repaired by the base excision repair
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(BER) or nucleotide excision repair (NER) pathways. BER proceeds
as follows: a specific DNA glycosylase excises the base at the
damaged site where AP-endonuclease 1 (APEI) then incises the
phosphodiester backbone. The deoxy-ribose phosphate remnant is
subsequently removed by DNA polymerase-f3 (polB) (short-patch
repair) or flap-endonuclease 1 (FEN1) (long-patch repair) before
the correct base is inserted by DNA polymerases and the strand is
resealed by DNA ligases (14, 15).

PARP1 plays a vital role within SSB repair, often considered a
sub-pathway of BER. SSBs can result from reactive oxygen species
or replication-associated damage; SSBs arising as intermediates
from BER do not require PARP1 for repair (13, 16). PARPI is
responsible for the initial detection of the SSB, binding to the free 5-
end using its zinc finger domain. After binding, PARP catalyses the
addition of poly(ADP-ribose) to itself (autoPARylation) and other
effector proteins whilst also recruiting XRCC1. PARPI
subsequently rapidly dissociates from the site of damage due to
charge repulsion (17). XRCCI then acts as a scaffold for the
remaining enzymes. Finally, gap filling and ligation occur as in
the BER pathway (13).

2.1.2 Nucleotide excision repair

In contrast to BER, nucleotide excision repair (NER) corrects
lesions which cause major distortions in the helical structure of
DNA (18). First the distorting damage is detected by a variety of
sensor proteins, such as XPC, which recruits the transcription factor
ITH (TFIIH). TFIIH utilises its helicases to unwind DNA around the
lesion before dual incisions are made bilaterally by endonucleases.
The resultant oligomer is removed and gap filling and ligation are
performed by polymerases and ligases respectively (19-21).

2.1.3 Mismatch repair

Whilst DNA polymerases possess intrinsic proofreading
activity, replication-associated errors such as mismatched base
pairs and insertion-deletion loops may remain unrepaired. In this
circumstance, the mismatch repair (MMR) pathway is responsible
for correction such lesions through the actions of the MSH2-MSH6/
MSH2-MSH3 and MLHI1-PMS2 heterodimer complexes (22-25).
Germline mutations in MMR genes cause Lynch syndrome, in
which patients carry an 8% lifetime risk of ovarian cancer compared
to just 1.4% in the unaffected population (26).

2.1.4 Non-homologous end joining

Although less common than SSBs, double strand breaks (DSBs) in
DNA carry greater risks to the overall maintenance of genomic
integrity (11). DSBs can result from ionising radiation,
chemotherapeutics or in physiological circumstances such as V(D)]
recombination. Broadly, there are two major repair pathways for DSBs
in humans: non-homologous end joining (NHE]) and homologous
recombination (HR). The former is used more commonly (80% of the
time), the exception being at DNA replication forks and in complex
breaks where HR is preferred (27-29).

NHE] proceeds as follows. The initial DSB is sensed by the
Ku70/80 heterodimer which rapidly binds and recruits numerous
downstream NHE] repair factors, including DNA-dependent
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protein kinase catalytic subunit (DNA-PKcs) to form a DNA-PK
holoenzyme and synaptic complex between the broken ends (30). If
required, further processing of the broken ends is conducted by
damage correction enzymes such as polynucleotide kinase 3’-
phosphate (PNKP) (31), polymerases, and endonucleases such as
Artemis (32). Similarly, in more complex breaks, gap filling by DNA
polymerases A and |l may be necessary prior to ligation; this is
performed after binding to Ku at their C-terminus BRCA1 domains
(BRCT) (33). Finally, rejoining of the broken ends is performed by
DNA ligase IV, stabilised and stimulated by XRCC4 (34, 35).
Notably, NHE] can occur in either a template-dependent or
independent manner with the latter carrying a greater risk of
error (36). However, the flexibility of NHE] pathway factors mean
the process is likely more accurate than previously suspected (37).

2.1.5 Homologous recombination

Homologous recombination (HR) repairs DSBs with higher
fidelity than NHE] as its use of a homologous template strand
ensures high accuracy. HR repair proceeds through the following
steps. Initial recognition of the DSB and resection from 5’ to 3’ on
one strand of the DSB ends is conducted by the Mrel1-Rad50-Xrs2
complex resulting in single-stranded DNA (ssDNA) tails (38).
Replication Protein A (RPA) then coats ssDNA before being
replaced by Rad51 in a BRCA2-dependent manner. Rad51
subsequently forms helical filaments on ssDNA to act as a
nucleoprotein scaffold (38). The ssDNA then searches for and
invades the homologous sequence on the sister chromatid
enabling repair synthesis using the template strand by pol 1.
Finally, the repaired strand dissociates from its template before
being ligated to seal the DSB (12). The final stages may occur
through a variety of sub-pathways including synthesis-dependent
strand annealing (SDSA) or creation of Holliday junctions, both of
which are reviewed elsewhere (12, 39).

2.1.6 Interstrand cross-link repair

Interstrand cross-links (ICLs), in which the two DNA strands
become covalently bonded, may result from treatment with
platinum agents, a commonly used chemotherapy agent in
ovarian cancer. Such DNA damage is repaired through a pathway
known as ICL repair. In quiescent cells, ICLs are generally repaired
using NER machinery and translesional synthesis by DNA
polymerases. Whereas in dividing cells, ICL repair is much more
complex, requiring components of the Fanconi Anaemia (FA)
pathway and with significant crossover with HR. This is reviewed
in more detail in (40) and (41).

2.2 DNA repair and cancer

The relationship between DNA repair and cancer is a double-
edged sword which must remain intricately balanced. On one hand,
impairments within the above pathways result in unrepaired DNA
lesions, subsequently leading to DNA mutations, genomic
instability and carcinogenesis (42). DNA repair deficiencies may
therefore manifest through hereditary cancer syndromes (where
germline-mutated) (43), such as in Lynch syndrome, or more
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aggressive tumours carrying a worse prognosis (following
acquired mutations) (44-46).

On the other hand, up-regulation of DNA repair pathways may
contribute to chemotherapeutic and radiotherapeutic resistance.
These agents act through initiating DNA damage with the
ultimate aim of inducing tumour cell apoptosis; promotion of
DNA repair within tumours may therefore limit their
effectiveness (45). For instance, upregulation of ICL repair may
contribute to acquired platinum resistance in ovarian tumours (47).

Nonetheless, whilst ovarian cancers often harbour mutations in
DNA repair pathways, they are often initially sensitive to platinum-
based combination chemotherapy. Over time and following
multiple recurrences, the majority of patients develop acquired
platinum resistance leaving few further treatment options (48).
Evidence from clinical trial data suggests the median time to
radiologic progression following surgery and chemotherapy may
be as short as 12-18 months (49). Moreover, conventional
chemotherapy carries a risk of systemic toxicity and, to a lesser
extent, hypersensitivity reactions (8). Although second-line agents
such as liposomal doxorubicin, gemcitabine, or topotecan may offer
modest improvements in outcomes, the development of platinum
resistance confers a guarded prognosis.

2.3 Synthetic lethality

Synthetic lethality, on the other hand, offers a precision strategy
to improve ovarian cancer outcomes by exploiting the relationship
between tumours and their DNA repair pathways. This is the
situation in which cells can tolerate the loss of either one of two
particular genes, and this may even confer a survival advantage, but
loss of both genes results in cell death. As the aforementioned DNA
repair pathways are often mutated within tumours (42), there is an
overreliance on alternative, functional pathways. By selectively
inhibiting such a pathway, tumour cells will continually accrue
unrepaired DNA damage resulting in extensive loss of genome
integrity and therefore apoptosis. In contrast, the presence of an
intact pathway in normal cells prevents cell death thus ensuring
selective killing of cancer cells (50). The concept of synthetic
lethality is illustrated in Figure 1.

3 Biology of PARP inhibitors

The discovery of a synthetically lethal interaction between PARP1
and BRCA led to the development of PARPi, thereby demonstrating
the clinical viability of this DNA-repair-directed approach for
treating ovarian cancer. The role of PARP enzymes and their
relationship with BRCA is discussed further in this section.

3.1 PARP structure and function

The PARP family of enzymes, consisting of at least 18 proteins,
has diverse cellular functions (51). PARP1 through to PARP3 are
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An outline of synthetic lethality. Loss of function of either gene A or B has no effect on cell survival whilst loss of function of both, either through

mutations or pharmacological inhibition, results in cellular death.

DNA-dependent enzymes (Figure 2) and play a critical role in its
repair as outlined in Figure 3 (52-57).

3.2 PARP1 and DNA repair

PARP1 has wide-ranging roles within the repair of single-strand
and double-strand DNA damage across several pathways. This is
reviewed in more detail in (51) but is outlined below and
in Figure 4.

PARP has an integral role in SSBR, primarily through
recruitment of XRCC1 (58). In contrast, the role of PARP within
BER remains unclear. Evidence suggests that inactive ‘trapped’
PARP may limit BER pathway kinetics although there remains
the possibility of downstream roles (51).

Within NER, PARP1 is responsible for damage sensing in the
global genome (GG-NER) sub-pathway through interaction with
XPC via PAR (59). Moreover, XPC associates with the DNA
damage-binding protein 1 (DDB1)-DDB2 complex; binding of

DDB2 to PARP stimulates chromatin decondensation, further
facilitating repair of bulky DNA lesions (59).

Although predominantly involved in SSBR, PARP1 has further
roles within DSB repair. For instance, PARP1 may facilitate
recruitment of Mrell, which possesses a PAR-binding domain, to
DSBs (60). Similarly, PARP1 may promote NHE] through
stimulation of DNA-PKcs (61) and recruitment of other effector
proteins (62). Within HR, PARP1 may act as a controller through its
interactions with a variety of key proteins. The most important of
these is BRCA1; PARP1 accelerates its recruitment to DSBs although
such recruitment is not always PARylation-dependent (63, 64).

3.3 PARP-BRCA synthetic lethality

The landmark discovery of a synthetically lethal relationship
between PARP1 and BRCA was the first to be successfully exploited
in the clinic, paving the way for further novel therapeutics targeting
this phenomenon. PARPi such as olaparib, niraparib, rucaparib and
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Structural domains of PARP1-3. Structurally, PARP1 is the largest (116kDa) and consists of six domains: an N-terminus with three zinc finger domains
(ZF1-3) and nuclear localisation signal (NLS), an auto-modification domain with a BRCT fold, a tryptophan, glycine, arginine (WGR) motif and, at its
C-terminus, a catalytic domain with its PARP signature (52). On the other hand, PARP2 and PARP3 are much smaller and possess a less complex N-
terminus, lacking zinc finger domains, and no BRCT fold. However, the WGR motif is conserved across all three, highlighting its importance for their
DNA-dependent activity (53).
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PARP activity in DNA repair. Functionally, PARPs 1-3 bind to sites of DNA damage and recruit effector proteins further downstream in the pathway.
PARP1, after rapidly binding to sites of DNA damage through its WGR motif, conducts autoPARylation. This covalent attachment of around 200
repeating ADP-ribose units results in the formation of long PAR chains with branches every 20-50 units (51, 54). Recruitment of effector proteins
occurs through non-covalent binding to PAR via a variety of PAR-binding motifs and domains (55). This negatively charged PAR scaffolding is then
rapidly catabolised by enzymes such as PAR glycohydrolase (PARG), ensuring efficient and controlled DNA repair (51, 54, 56). PARP2 and PARP3
work in a similar manner but are preferentially recruited to DNA breaks with a 5" phosphate where they may activate DNA ligases (57).

talazoparib, suppress the activity of both PARP1 and PARP2 by
competing with NAD™ at the enzymes’ catalytic domain (65). As a
result, PARP is unable to conduct autoPARylation and dissociate
from the site of damage; the ‘trapped’ PARP causes a SSB leading to
replication fork collapse and therefore a DSB (66). Normal cells,
with proficient HR pathways, are able to repair these DSBs.
However, BRCA-mutant tumour cells lack this functionality and
therefore accumulate excessive DNA damage, eventually leading to

genomic instability and apoptosis. Thus, PARPi can selectively kill
tumour cells without affecting the remaining cells in the body.

This conventional model has recently been challenged, with
new evidence suggesting that PARPi synthetic lethality in BRCA-
mutant cells instead stems from the accumulation of unresolved
replication gaps (67).

Beyond BRCA-mutated tumours, PARPi have also been shown
to demonstrate synthetic lethality in tumours with defects in other
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FIGURE 4
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The role of PARP1 across DNA repair pathways. (A) PARP1 interacts with XPC and DDB2 in the repair of bulky DNA lesions such as those caused by
UV damage. This is repaired through the global-genome NER pathway (GG-NER). (B) The role of PARP1 in BER is unclear although PARP1 may
become ‘trapped’ at abasic sites, limiting the effectiveness of repair. (C) PARP1 plays critical roles in SSBR through interaction with XRCC1. (D) PARP1
is involved in both NHEJ (by interacting with DNA-PKcs) and HR (through interactions with BRCAL and Mrell).
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components of the HR pathway. Such HR-deficient (HRD) tumours
have mutations in key HR proteins including Ataxia-telangiectasia
mutated (ATM), ataxia telangiectasia and Rad3-related protein
(ATR), CHK1 and CHK2 (68). The lack of functional HR means
such tumours are phenotypically identical to those with BRCA
mutations and thus susceptible to treatment with PARPi through

the same mechanism as above.

4 FDA approved PARPI solid tumours
4.1 Pivotal clinical trials of PARPI

The pre-clinical success observed with PARPi therapy (69, 70)
has translated into improved patient outcomes for ovarian cancer as
evidenced through several large, phase III randomised controlled
trials. Their FDA-approved indications and pivotal phase III trials are
outlined in Tables 1 and 2 respectively and discussed in detail below.

4.1.1 Olaparib

Olaparib is currently FDA-approved for ovarian cancer
treatment in the primary and recurrent maintenance settings. It is
currently indicated as a maintenance treatment following first-line
platinum-based chemotherapy in those with BRCA-mutations or
HRD, either with or without combination bevacizumab. This
approval was based on the results of the SOLO1 (71-73) and
PAOLAI trials (74, 75). SOLO1 demonstrated significant
improvements in median progression-free survival (mPFS) with
olaparib over placebo (56.0 versus 13.8 months). Furthermore, at 7
years, olaparib demonstrated a clinically meaningful improvement
in overall survival (OS) over placebo and was well tolerated with few
severe adverse events (73).

On the other hand, the PAOLA1 trial (74, 75) evaluated the
combination of olaparib and bevacizumab as primary maintenance
for advanced ovarian cancer, regardless of BRCA or HRD status.
This combination sought to exploit the synergism between PARPi

10.3389/fonc.2024.1414112

and antiangiogenic agents (76). Anti-angiogenic agents induce
hypoxia within the tumour microenvironment which in turn
activates the pl130/E2F4 complex; by binding to E2F consensus
sequences in HR promoter genes, the activated complex thus down-
regulates key HR genes such as BRCA1/2 and RAD51 (77). The
combination therapy demonstrated significant improvements in
mPFS as compared to placebo plus bevacizumab but only within the
BRCA-mutant and HRD cohort (mPFS 37.2 vs. 17.7 months; HR
0.33; 95% CI, 0.25-0.45). Consequently, olaparib maintenance
therapy is only indicated following companion diagnostic testing
for BRCA-status (Myriad CDx) or HRD (FoundationOne CDx)
(78). Matured data demonstrated a significant improvement in OS
at 5 years in the HRD cohort only (5-year survival 65.5% vs. 48.4%;
HR 0.62, 95% CI 0.45-0.85) (79).

However, in the recurrent setting, platinum-responsive ovarian
cancer patients are eligible for olaparib maintenance regardless of
BRCA or HRD status, based on results from the SOLO2 (75, 80)
and OReO (81) phase III randomised trials. SOLO2 included BRCA-
mutated patients only and demonstrated significantly improved mPFS
in favour of olaparib (19.1 vs. 5.5 months; HR 0.30; 95% CI, 0.22-0.41)
with an improvement in OS (although not reaching significance) (75,
80). The recently published OReO trial demonstrated the significant
benefits of maintenance olaparib rechallenge over placebo,
independent of BRCA-status. A total of 220 patients with relapsed,
platinum-sensitive ovarian cancer (and had received prior PARPi
therapy) were randomised 2:1 to receive either 300mg olaparib
maintenance or placebo. Both the BRCA-mutated and non-BRCA
mutated subgroups had significant improvements in mPFS with
olaparib rechallenge, which was well tolerated (81).

4.1.2 Rucaparib

In contrast, rucaparib has only received FDA approval for
recurrent maintenance treatment or as third-line treatment for
those with BRCA mutations following the results of the ARIEL3
(82, 83) and ARIEL4 (84, 85) trials respectively. Within ARIEL3, the
significant benefits of rucaparib were not only observed in the HRD

TABLE 1 FDA-approved PARP inhibitors for ovarian cancer, their approved indications and pivotal phase Ill, randomised trials leading to

their approval.

PARP Inhibitor

Specific indication

Date of
FDA approval

Pivotal phase Il randomised trials

for this indication

First-li int for BRCA
irst-line maintenance for m or December 2018 $0LO1
HRD tumours
First-line maintenance for BRCAm or
Ol ib May 2020 PAOLA1
apart HRD tumours (with bevacizumab) &y
Recurrent maintenance therapy (regardless August 2017 SOLO2 and OReO
of BRCA/HRD status)
Recurrent maintenance therapy (regardless
April 2018 ARIEL3
. of BRCA/HRD status) pr
Rucaparib
Third-line treatment of BRCAm tumours December 2016 ARIEL4
First-line maintenance therapy (regardless
April 2020 PRIMA
of BRCA/HRD status) pr
Niraparib
i h f
Recurrent maintenance therapy for March 2017 NOVA
BRCAm tumours

Frontiers in Oncology

frontiersin.org


https://doi.org/10.3389/fonc.2024.1414112
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

AB0oj0oUQ Ul SI213U0I4

L0

610 UISIBIUOLY

TABLE 2 Pivotal phase lll, randomised controlled trials of PARP inhibitors, stratified by each PARPi.

Yel?srhzl(‘jb' BRCA-mutated MPFS for PARPi vs. Median OS for LR for median 05
(most or HRD Setting Comparator comparator HR for mPFS (95% ClI) PARPi (95% CI)
tumours only (months) Vs comparator -
recent)
OLAPARIB
SOLO1 2023 Yes First-line maintenance Placebo 391 56.0 vs. 13.8 0.33 (0.25-0.43) Not reached 0.55 (0.40-0.76)
vs. 75.2
PAOLA1 2023 No First-line maintenance (in Placebo 806 All: 22.1 vs. 16.6 All: 0.33 (0.25-0.45) All: 56.5 vs. 51.6 All: 0.92 (0.76-1.12)
combination with bevacizumab) (plus bevacizumab) HRD: 28.1 vs. 16.6 HRD: 0.43 (0.28-0.66) HRD: 75.2 vs. 57.3 HRD: 0.62 (0.45-0.85)
SOLO2 2021 Yes Recurrent maintenance Placebo 295 19.1 vs. 5.5 0.30 (0.22-0.41) 51.7 vs. 38.8 0.74 (0.54-1.00)
(platinum-sensitive)
OReO 2023 No Recurrent maintenance (after Placebo 220 BRCAm: 4.3 vs 2.8 BRCAm: 0.57 (0.37-0.87) BRCAm (at 54% 0.88 (0.52-1.53)
prior PARPi) non-BRCAm: 5.3 non-BRCAm: 0.43 maturity): 20.1
vs 2.8 (0.26-0.71) vs. 20.9
RUCAPARIB
ARIEL3 2022 No Recurrent maintenance Placebo 564 All:10.8 vs. 5.4 0.36 (0.30-0.45) 45.9 vs. 47.8 0.83 (0.58-1.19)
(platinum-sensitive) BRCAm:16.6 vs. 5.4
HRD: 13.6 vs. 5.4
ARIEL4 2022 Yes Third-line monotherapy for Chemotherapy 349 7.4 vs. 5.7 0.67 (0.52-0.86) 19.4 vs. 25.4 1.31 (1.00-1.73)
relapsed disease
NIRAPARIB
PRIMA 2023 No First-line maintenance Placebo 733 All: 13.8 vs. 8.2 All: 0.62 (0.50-0.76) NA NA
HRD: 21.9 vs. 10.4 HRD: 0.43 (0.31-0.59)
NOvVA 2023 No Recurrent maintenance Placebo 553 gBRCA: 21.0 vs. 5.5 gBRCA: 0.27 (0.17-0.41) gBRCA: 40.9 vs. gBRCA: 0.85 (0.61-1.20)
(platinum-sensitive) non-gBRCA: 9.3 vs. non-gBRCA: 0.45 (0.34- 38.1 non-gBRCA: 1.06 (0.81-
3.9 0.61) non-gBRCA: 31.0 1.37)
HRD: 12.9 vs. 3.8 HRD: 0.38 (0.24-0.59) vs. 34.8 HRD: 1.29 (0.85-1.95)
HRD: 35.6 vs. 41.4
VELIPARIB
VELIA 2019 No First-line combination (with Chemotherapy plus 1140 All: 23.5 vs. 17.3 All: 0.68 (0.56-0.83) NA NA
chemotherapy) and first- placebo, chemotherapy gBRCA: 34.7 vs. 22.0 ~ gBRCA: 0.44 (0.28-0.68)
line maintenance plus veliparib followed by HRD: 31.9 vs. 20.5 HRD: 0.57 (0.43-0.76)
placebo maintenance
FUZULOPARIB
FZOCUS-2 2022 No Recurrent maintenance Placebo 252 All: 129 vs. 5.5 All: 0.25 (0.17-0.36) NA NA
(platinum-sensitive) gBRCA: NA gBRCA: 0.14 (0.07-0.28)
non-gBRCA: NA non-gBRCA: 0.46
(0.29-0.74)

NA, not applicable.
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and BRCA-mutated group but also in the intention-to-treat
population, highlighting the benefits of PARPi therapy beyond
those with known DNA repair defects (82). Nevertheless, there
was no significant improvement in OS across any subgroup. The
ARIEL4 trial demonstrated less encouraging results for rucaparib as
a third-line treatment for BRCA-mutated advanced ovarian cancer
as compared to chemotherapy (dependent on platinum-sensitivity).
The study found overall survival to be better in the chemotherapy
arm, resulting in its withdrawal as third-line treatment in the UK.
However, these results may be affected by the high rate of crossover
between arms (84, 85).

4.1.3 Niraparib

Niraparib is only FDA-approved as a primary maintenance
therapy or as recurrent maintenance treatment for BRCA-mutated
ovarian cancers. The former approval was based on the findings of
the PRIMA phase III trial of genomically unstratified, platinum-
sensitive ovarian cancer patients (86, 87). The data again
demonstrated the benefits of PARPi even in patients without
BRCA mutations or HRD status (mPFS 13.8 vs. 8.2 months; HR
0.62; 95% CI 0.50 to 0.76), resulting in its FDA approval for use
without the need for companion diagnostic testing (86, 87).

In the recurrent maintenance setting, the NOVA trial initially
demonstrated positive results for mPFS as compared to placebo for
relapsed ovarian cancer patients regardless of germline BRCA
mutation (gBRCAm) or HRD status (88). However, mature OS
data showed no evidence of an improvement with niraparib over
placebo, regardless of BRCA or HRD status. However, the trial was
underpowered to detect differences in OS and, as such, further data
is necessary to corroborate these findings (89).

4.1.4 Talazoparib

Talazoparib is approved for the treatment of breast and prostate
cancers but there is limited evidence supporting its use in ovarian
cancer patients. In comparison to other PARPi, talazoparib
possesses far greater potency by virtue of its superior PARP
trapping ability (90) although this may explain its higher risk of
myelosuppression (91). Whilst there have been encouraging results
in single agent (92) and combination phase I clinical trials (93), later
phase trials are lacking (94).

4.1.5 Veliparib

Similarly, veliparib remains under investigation as a therapeutic
agent for ovarian cancer and has not, as yet, received FDA approval.
The phase III, placebo-controlled VELIA trial of 1140 patients with
ovarian cancer demonstrated significant improvements in mPFS
when veliparib was used in combination with chemotherapy
followed by maintenance monotherapy as compared to
chemotherapy alone (23.5 vs. 17.3 months) (95). This approach
highlights the potential benefits of PARPi-chemotherapy
combinations; PARPi therapy can potentiate chemotherapy-
induced damage leading to greater tumour cell death. However,
as discussed further below, such combinations may be limited by
their toxicity profile. Benefits were observed regardless of HRD/
BRCA status and the treatment was generally well tolerated (96).
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However, there was no clear benefit of veliparib in the combination
phase alone as compared to placebo (95).

4.1.6 Fuzuloparib

Fuzuloparib is a novel PARPi developed and approved in China
for gBRCAm ovarian cancer following second-line or greater
chemotherapy and for recurrent maintenance therapy (97).
However, it has not, as yet, received FDA approval. It has been
suggested that differences in its chemical structure compared to
other PARPi may contribute to better stability and reduced inter-
individual variability (98). The open-label, single-arm, phase II
FZOCUS-3 trial (99) included 113 patients with platinum-
sensitive recurrent gBRCAm ovarian cancer treated with
fuzuloparib. The results demonstrated the promising efficacy of
the novel PARPiI in the recurrent setting; the ORR was 69.9% (95%
CI: 60.6-78.2%) and mPFS was 12.0 months (95% CI: 9.3-
13.9 months).

Furthermore, the double-blind, placebo-controlled phase III
FZOCUS-2 trial demonstrated fuzuloparib’s benefits in the
recurrent maintenance setting for platinum-sensitive ovarian
cancer. In total, 252 patients who had received at least two lines
of platinum-based chemotherapy were enrolled regardless of
BRCA/HRD status and randomly allocated in a 2:1 manner to
either fuzuloparib or placebo. The drug significantly improved
mPFS across the whole study population (12.9 vs. 5.5 months;
HR 0.25; 95% CI 0.17 to 0.36), regardless of BRCA status, and was
generally well tolerated.

4.1.7 Pamiparib

Pamiparib is also a novel PARPi developed in China and has
similarly demonstrated promising antitumour activity against
ovarian cancers in phase I and II trials (100). In particular, a
recent open-label phase II trial of 113 patients with recurrent
ovarian cancer showed encouraging evidence of efficacy. Of the
90 patients with platinum-sensitive disease, ORR was 64.6% (95%
CI: 53.3-74.9%) whilst in the 23 with platinum-resistance, the ORR
was 31.6% (95% CI: 12.6-56.6%) (101).

4.1.8 PARPi in combination therapies

As reviewed in greater detail in (8) and briefly outlined above,
PARPi have demonstrated synergism with several other therapeutic
agents. Currently within the FDA-approved setting, such
combination approaches remain limited to chemotherapy and
anti-angiogenic agents based on the rationale and trial data
discussed above.

4.2 Adverse effects and toxicity profile of
PARP inhibitors

Across clinical trials and from real-world data, common adverse
class effects of PARPi include haematological toxicity, fatigue, and
nausea (102, 103). In particular, anaemia is the most commonly
encountered haematological toxicity, affecting approximately 40%
of patients (102, 103). This may be the result of an on-target adverse
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effect relating to the role of PARP2 in erythropoiesis (104).
Moreover, PARPI carry a risk of neutropenia (seen in 18-30% of
patients) and thrombocytopenia (seen in 8-46% of patients) (103).
Notably, niraparib appears to carry the highest risk of
haematological toxicity, in particular grade 3 and 4 adverse events
(102). These risks appear to be heightened when PARPi are used in
combination with chemotherapy agents (105).

Nausea was commonly reported within clinical trials, affecting
over 70% of patients across all PARPi. However, gastrointestinal
symptoms were mild overall, rarely resulting in grade 3 or 4 toxicity
(102). Similarly, fatigue is a common class effect of PARP}, affecting
around one-third of patients, but again rarely leads to grade 3 or 4
toxicity (103).

Toxicity generally occurs early in the treatment course, typically
within the first 4-8 weeks, with approximately 7-20% of patients
discontinuing the therapy. In the longer term, PARPi may carry a
small risk of secondary haematological malignancies (0.5-1.4%)
such as acute myeloid leukaemia and myelodysplastic syndrome,
perhaps stemming from their effects on the DNA damage response
(102). The development of interstitial lung disease is another long-
term complication which warrants monitoring with olaparib
therapy (106).

It is worthwhile noting that observed differences in their efficacy
and side effect profiles may partly relate to differential ‘trapping’
ability and potency in inhibiting PARP1 catalytic activity (107).
Veliparib, on the other hand, acts through inhibition of
autoPARylation, highlighting the heterogeneity in PARPi’s (108,
109). Evidence from a recent network meta-analysis further
supports this; olaparib demonstrated the best overall safety
profile, followed by talazoparib and rucaparib with niraparib
having the worst overall safety profile (91). Moreover, despite
being a targeted therapy, only olaparib had a better safety profile
than conventional chemotherapy, whilst PARPi in combination
with an angiogenesis inhibitor had a worse overall safety profile
than any PARPi monotherapy.

5 Mechanisms of resistance to
PARP inhibitors

5.1 PARPI in clinical practice

Following the encouraging results from these large-scale trials
(Table 2), PARPi are now standard practice in the management of
ovarian cancer. PARPi have been shown to have significant benefits
in the real-world setting over active surveillance (110, 111).

Despite these benefits, trial and real-world data show that most
patients have progressive disease despite PARPi therapy. Across the
discussed phase IIT trials, whilst most found significant benefits in
PFS, many failed to show improvements in OS. This finding is likely
explained by the development of resistance following prolonged
PARPi therapy with real-word evidence suggesting a median time
to progression between 10 and 16 months (112, 113). Evidence
suggests approximately 40% of patients fail to respond to PARPi
due to intrinsic resistance whilst development of acquired resistance
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is almost ubiquitous with prolonged therapy (9, 10). Developing our
understanding of the mechanisms of PARPi resistance is critical in
formulating appropriate treatment strategies for this ever-growing
patient cohort.

5.2 Mechanisms of PARPI resistance

Evidence from both in vitro and in vivo studies have highlighted
several potential mechanisms through which tumour cells may
acquire resistance to PARPi. This section discusses these specific
mechanisms of resistance to PARPI, including restored HR
functionality, activation of other DNA repair pathways,
alterations in the DNA damage response and mutations or
depletion of PARP and PARG. These mechanisms are also
summarised in Figure 5.

5.2.1 Restoration of functional HR repair

Results from the EVOLVE trial demonstrated that reversion
mutations in BRCA1, BRCA2 and RAD51B were the most common
acquired genomic alterations amongst PARPi-resistant patients
(19%) (114). Similarly, a meta-analysis of 269 patients with
progressive solid tumours found that 26% had BRCA reversion
mutations (115). Such mutations, including the c.6174delT
frameshift mutation, restore the open reading frame (ORF) of
BRCA resulting in functional HR repair of DSBs, thus preventing
synthetic lethality with PARPI. In vitro studies have demonstrated
that exposure to PARPi results in Darwinian selection for such
mutant cells, the extent of which is governed by the frequency of
drug administration (116).

Epigenetic changes may also be responsible for restoring BRCA,
and therefore HR, functionality (117). In particular, reduced
methylation of the BRCA1 promoter region may lead to HR
recovery and resistance as evidenced by a study with patient
derived xenografts (PDX) (118). Furthermore, resistance is
evident in tumours with heterozygous methylation of BRCAI
whilst homozygosity or hemizygosity is predictive of PARPi
response in PDX models and tumour samples (119). However,
accurate assessment of BRCA methylation zygosity in patient
samples is challenging and further larger scale research is
necessary to corroborate these findings.

Beyond BRCA, increased expression and secondary mutations
of other HR pathway components may confer resistance to PARPi
(120). RADS51 is an important example of this; as outlined above,
RAD51 coats ssDNA and acts as a nucleoprotein scaffold within the
HR pathway (38). Importantly, RAD51 protects nascent DNA from
nuclease degradation and is thus critical in preventing the
accumulation of gaps at replication forks (121). Considering the
new mechanistic model suggesting PARPi’s synthetic lethality
occurs due to the accumulation of such gaps, it is therefore
unsurprising that higher expression of RAD51 negatively
correlates with PARPi responsiveness (122-124). Increased foci of
RADS5I1 and its association with PARPi resistance is notably
independent of BRCA status (124). In a similar manner to BRCA,
secondary mutations in RAD51 may restore its ORF (125) whilst
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Mechanisms of PARPI resistance.

hypomethylation may confer PARPI resistance (126). RAD51 may
therefore be a promising biomarker for predicting PARPi resistance
although currently available tests are unable to detect epigenetic
changes (127).

5.2.2 Alterations in NHEJ

As discussed above, NHE] is responsible for the repair of DSBs,
especially so in cells lacking a functional HR pathway (HRD or
BRCA-mutated). The overreliance on this more error-prone
pathway contributes to genomic instability within tumours and
can be exploited through synthetic lethality (2). However,
mutations within key NHE] effector proteins may lead to a
reactivation of HR and thus acquired resistance to PARPi (117).

Key examples of this include TP53-binding protein (53BP1)
and REV7. 53BP1 acts to inhibit HR by binding to terminal DNA
and preventing excision. Normally, 53BP1 is removed by BRCA1 to
facilitate HR repair. REV7 acts in a similar manner, inhibiting HR
and promoting NHE]J. Consequently, loss or reduced levels of
53BP1 or REV7 promote HR repair and therefore confer PARPi
resistance (128, 129). This has been demonstrated in ovarian cancer
cells lines with BRCA1 mutations (130) although 53BP1 does not
mediate resistance in BRCA2 mutated cells (131). Furthermore,
REV7 acts as part of the shieldin complex, consisting of itself,
SHLD1, SHLD2 and SHLD3. Similarly, loss of SHLD1 or SHLD2
can result in acquired resistance, highlighting the complex interplay
and variety of potential mutations leading to the same overarching
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mechanism of resistance (132, 133). Overall, the combination of
53BP1 and BRCA status may act as a useful biomarker for PARPi
resistance, although consideration must be given to the frequency
and impact of downstream mutations such as within the shieldin
complex (134).

In a similar manner, it has been shown in ovarian cancers that
amplifications within the CCNEI gene (encoding cyclin E1)
demonstrate poor responsiveness to PARPi. This genomic alteration
was observed in 16% of resistant patients within a recent clinical trial
(114). The mechanism likely stems from the mutual exclusivity of
CCNEI amplification and HRD, enabling cells to repair DSBs (135).

5.2.3 Increased activation of the ATR/CHK1/
WEE1 pathway

The ataxia telangiectasia and Rad3-related (ATR)-checkpoint
kinase 1 (CHK1) pathway plays vital roles within the DNA damage
response. Following end resection of DSBs and at stalled replication
forks, ssDNA-bound RPA recruits ATR and ATR interacting protein
(ATRIP) which in turn activates CHK1. CHK1 then inhibits CDK2
during S-phase through degradation of CDC25A. This results in
activation of the intra-S and G2/M phase cell-cycle checkpoints,
allowing initiation of DSB repair (136). WEEI additionally plays a
role at the G2/M checkpoint by inhibiting CDK1/cyclin complexes
through phosphorylation, thus preventing progression to mitosis
(137). PARP inhibition results in cellular replication stress and
therefore activation of ATR/CHKI and WEEL; resistant cells rely
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heavily on this signalling for survival (138). This is further evidenced
by ATR inhibition re-sensitising these resistant cell lines (139).

5.2.4 Down-regulation of SLFN11

As confirmed in patients in the EVOLVE trial, down-regulation
of Schlafen 11 (SFLN11) was observed in 7% of PARPI resistant
patients (114). SFLNI11 is a DNA/RNA helicase which acts at
stressed replication forks to trigger replication blocks and cell
death (140). Down-regulation of this protein therefore enables
efficient DNA repair and therefore cell survival, even in the
presence of PARPi. This has been validated through several pre-
clinical studies across tumour types (141-145), demonstrating its
potential as a predictive biomarker (140). Early results from a recent
biomarker-selected trial for patients with SLFNI11-positive end-
stage small-cell lung cancer have shown the benefits of PARPi
combination therapy in this particular cohort and the feasibility of
SLFN11 stratification (146). However, it is unclear the extent to
which this may be applied to ovarian cancer patients, particularly
those with acquired PARPI resistance.

5.2.5 Pol6-driven resistance

Pol6 (POLQ) is responsible for conducting theta-mediated end-
joining (TME]J), also known as microhomology mediated end
joining (MME]J), which is an uncommonly used and error-prone
process by which cells can repair DSBs (147). In HRD tumours, and
particularly those with deficiencies in NHE] as described above,
repair of DSBs is heavily reliant on this pathway. This in turn
contributes to PARPi resistance. Evidence from a cell line study of
PARPi-resistant cells due to 53BP1/Shieldin defects supports this;
pharmacological inhibition of pol® overcame this resistance and
resulted in synthetic lethality in these cells (147).

5.2.6 PARG depletion or mutations

As previously described, PARG is responsible for reversing
PARylation and, as do PARPi themselves, acts to prevent the
accumulation of PAR at sites of DNA damage. Loss of PARG has
been shown to reduce PARP trapping, restore PAR accumulation
and subsequent downstream signalling of PARP1 (148). PARG-
depleted cells demonstrate an overreliance on the ATR/CHK1/
WEE1 damage response pathway, highlighting a potential
therapeutic target for such tumours (149, 150).

5.2.7 PARP1 mutations

Point mutations in PARP1 have been shown to lead to resistance
in in vitro studies. For instance, mutations in the zinc finger domain
of PARPI reduces binding to sites of DNA damage and therefore
cytotoxic trapping (128). Moreover, point mutations outside of the
zinc finger domain are though to contribute to PARPi resistance. An
ovarian cancer patient with de novo resistance to olaparib was found
to harbour a p.R591C mutation affecting the WGR domain of
PARPI. It is thought that such a mutation will limit inter-domain
communication within PARP1, allowing DNA binding but limiting
trapping. This therefore provides some degree of clinical validation of
this resistance mechanism, although widespread screening for point
mutations is inherently challenging (151).
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5.2.8 PARPi efflux

Increased expression of the drug transporter ABCBI (also
known as MDRI1) has been shown to increase efflux of PARPis
and thus contribute to resistance. ABCB1 upregulation was
demonstrated in 15% of PARPi-resistant patients in the EVOLVE
trial (114). ABCBI is part of the wider ATP-binding cassette (ABC)
transporter superfamily and its wide range of potential substrates
mean it is responsible for the efflux of many chemotherapeutic
drugs (152). It is unsurprising therefore, that high expression of the
transporter has been reported in drug-resistant breast and ovarian
cancer (153). Within ovarian cancer cell lines, resistance to olaparib
and rucaparib was positively correlated with ABCB1 expression
although there was no relation with veliparib exposure (154). It has
been postulated that exposure to chemotherapeutics, such as taxane
agents, may upregulate ABCB1 and thus contribute to later
development of PARPI resistance (155). Use of alternative PARPi
which are not ABCBI substrates, such as pamiparib, may offer a
means of overcoming this resistance mechanism (156).
Alternatively, use of ABCBI/MDRI inhibitors can offer another
means although pre-clinical evidence suggests this compound
lacked synergy with PARPi (157).

5.2.9 Restored replication fork stability

As discussed above, PARP{’s toxicity may stem from lagging
strand gaps and defective processing of Okazaki fragments at
replication forks (67). DNA damage impedes the replication
process resulting in replication stress and slowing, or stalling, of
the replication fork. Both PARP and BRCA are vital in protecting
and stabilising the fork during replication stress. The latter prevents
Mrell-mediated degradation of nascent DNA and therefore
maintains genomic integrity. Conversely, PARP inhibition results
in acceleration of the replication fork and the resultant gaps due to
exhaustion of RPA pools are likely responsible for cellular toxicity
(67, 128). Numerous pre-clinical studies have demonstrated that
loss of key proteins, such as PTIP, SMARCAL-1 and RADX, can
lead to replication fork stabilisation and therefore PARPI resistance
(158-160). For instance, PTIP deficiency inhibits the recruitment of
Mrell to stalled forks, thereby protecting degradation of nascent
DNA (158). Furthermore, reduced expression of these key genes has
been associated with inferior outcomes in ovarian and pancreatic
cancer, further underlining their importance (128).

5.2.10 Future directions

However, evidence from a study of 26 HGSOC patient samples
following PARPi therapy demonstrated that small scale mutations
within DDR-related genes, including BRCA reversion mutations
and mutations in RAD51, SHLD2 and 53BP1, were uncommon
definitive mechanisms of resistance (161). Whilst in vitro validation
of the alternative mechanisms described are necessary, exploring
the role of larger scale genomic changes such as copy number
variation and alterations at the transcriptional level are important
next steps. Equally, further consideration of the importance of
epigenetic changes, immune responses and the tumour
microenvironment are necessary. Evidence from the EVOLVE
study suggests that multiple resistance mechanisms may co-exist
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and act in parallel to confer PARPi resistance; ascertaining the
extent to which each contributes (if at all) poses an additional
challenge (114).

6 Management of PARP inhibitor
resistance in the clinic

At present, there is a dearth of evidence regarding the best
approach to managing patients with intrinsic or acquired PARPi
resistance. There is a pressing need, therefore, for clinical trials in
the post-PARPi setting. Moreover, such trials must be rationalised
by pre-clinical studies which can identify actionable alterations in
tumour biology following the development of PARPI resistance.

6.1 Current treatment approaches for
PARPI resistant patients

6.1.1 Platinum sensitivity and eligibility

The current clinical approach to managing PARPi-resistant
patients is governed by platinum sensitivity. In general, patients
are considered to be platinum sensitive where the platinum-free
interval (PFI) is greater than 6 months whilst those with a PFI
greater than this are labelled as platinum resistant (162).
Nevertheless, the appropriateness of this temporal cut-off point
has been questioned (163, 164). Progression during platinum
therapy is the sole definitive marker for platinum resistance; early
relapse (PFI <6 months) merely raises the likelihood. Likewise, late
relapse (PFI >6 months) increases the chances of, but importantly
does not guarantee, platinum sensitivity (165). Therefore, it may be
more appropriate to classify patients with relapse as either
‘platinum-eligible’ or ‘platinum-ineligible’.

6.1.2 Cross-resistance between PARPi and
chemotherapy agents

Moving forward, further elucidating the relationship between
resistance to PARPi and resistance to platinum agents and other
chemotherapeutics may help in guiding management. Platinum
agents induce significant DNA damage in the form of intrastrand
adducts and interstrand crosslinks (ICLs); these are repaired by a
variety of pathways as described above, including NER, MMR, NHE],
HR and ICL repair (166). It therefore follows that BRCA-deficiency
or HRD is associated with greater platinum sensitivity, whilst
reversion mutations confer resistance to both platinum agents and
PARPi (167-169). Furthermore, increased expression of the ABCB1
transporter is associated with platinum and taxane resistance, thus
highlighting the significant crossover in mechanisms of cross-
resistance between PARPi and chemotherapy agents (170, 171).

These findings have been corroborated in clinical trials and real-
world data. Post-hoc analyses of the SOLO2 trial included 147
ovarian cancer patients who progressed either on olaparib or
placebo and were subsequently treated with either platinum-based
or non-platinum-based chemotherapy. The findings demonstrated
a significantly longer time to second progression amongst those

Frontiers in Oncology

12

10.3389/fonc.2024.1414112

who had received placebo than those who had progressed on
olaparib (12.1 vs. 6.9 months). However, this only remained
significant within the platinum-based chemotherapy group (14.3
vs. 7.0 months) in contrast to the non-platinum-based
chemotherapy (8.3 vs. 6.0 months) (172). This may reflect the
greater crossover in resistance mechanisms between platinum
agents and PARPi compared to other agents. Real-world data
further support these findings (165, 173, 174). However, one
study demonstrated that patients without BRCA mutations who
progressed on PARPi derived significantly greater benefit from
subsequent platinum therapy than those harbouring BRCA
mutations (mPFS 7.5 vs. 3.5 months) (174). This finding may be
explained by the development of differing PARPi resistance
mechanisms between the two groups with varying degrees of
cross-resistance to platinum agents. Intriguingly, 13 patients with
platinum-resistant disease (PFI <6 months) following progression
on PARPiI received subsequent platinum-based chemotherapy; this
group had an encouraging ORR of 46.2% and mPFS of 4.7 months.
Overall, this body of evidence further draws into question the role of
the PFI in determining platinum eligibility, particularly so in the
PARPi-resistant setting, and warrants further research.

The current treatment algorithm for advanced ovarian cancer
patients with progression on PARPi is outlined in Figure 6,
according to platinum-eligibility.

6.1.3 Current management of platinum eligible
patients (PFl >6 months)

Beyond rechallenge with platinum-based doublet therapy (165,
175), platinum-eligible patients may also benefit from the addition
of anti-angiogenic therapy such as bevacizumab as evidenced across
several randomised trials in this setting (176-179). Its benefits in
combination with platinum agents may be further realised in
PARPi-resistant patients, given its potential to overcome cross-
resistance, and warrants further research.

As raised by Caruso et al., further consideration should be given
to the potential benefits of non-platinum chemotherapy in those
with a PFI of 6-12 months in the post-PARPi setting (165). Despite
being labelled as platinum-eligible, interposing non-platinum
therapies may overcome cross-resistance but also improve
response to later lines of platinum-based therapy. Although this
strategy did not improve overall survival in the MITO-8 trial
(including patients with a PFI of 6-12 months), it is unclear
whether this will hold true following PARPi therapy (180).

6.1.4 Current management of platinum ineligible
patients (PFl >6 months)

Typical response rates to non-platinum monotherapy in platinum
ineligible patients range from 10-15% (181). In contrast, platinum
rechallenge in PARPi-resistant patients with PFI <6 months yielded an
ORR of over 40% (174). Therefore, consideration should be given to
trialling platinum rechallenge more formally in this specific patient
group. Bevacizumab provides additional benefits to progression free
survival and is therefore now the standard of care in this group. This
was based on the AURELIA trial although bevacizumab appeared to
also potentiate chemotherapy toxicity (182).
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6.2 Predictive biomarkers of PARPI
sensitivity and acquired resistance

PARPi resistance can be classified into intrinsic, wherein
progression occurs during PARPi maintenance therapy, or
acquired in which relapse occurs following completion of PARPi
therapy. Clinicopathological factors associated with failure of
PARPi therapy include: high pre-treatment serum Ca-125 levels,
use of neoadjuvant chemotherapy, non-high grade serous histology
and the absence of BRCA mutations (183).

6.2.1 Existing predictors of PARPI sensitivity

As outlined above, the overlapping impacts of platinum agents
and PARPi leads to multiple mechanisms of cross-resistance.
Consequently, platinum sensitivity may be a proxy marker of
PARPi sensitivity. Whilst there is an association regardless of
BRCA status, platinum sensitivity holds greater predictive value
in non-BRCA mutated tumours as demonstrated across several
clinical trials (184, 185). Nonetheless, platinum sensitivity is an
unreliable predictor overall; partially restored functionality of the
HR pathway may confer PARPi resistance whilst retaining
vulnerability to ICLs and other platinum-induced DNA
damage (186).

In current clinical practice, PARPi sensitivity is best predicted
by identification of pathological BRCA mutations or HRD.
Commercially available tests, such as the BRACAnalysis CDx
(Myriad Genetics) and FoundationFocus CDxBRCA (Foundation
Medicine), utilise next generation sequencing to identify single
nucleotide variants or short indels in the BRCA genes. However,
larger scale structural variants may also disrupt BRCA1/2 function
thereby conferring HRD (187); detection of such changes using
whole genome or long read sequencing can improve accuracy in
predicting PARPI sensitivity (188).

Pathological detection of HRD can be achieved in three main
ways: (1) Next Generation Sequencing of germline mutations in
blood lymphocytes, (2) testing for somatic mutations in tumour
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samples and (3) assessing for genomic instability or mutational
scars caused by HRD. The latter results from an over-reliance on
more error-prone pathways which manifests as instability signature
profiles. These signatures encompass genomic patterns of Loss of
Heterozygosity (gLOH), telomeric imbalances, and large-scale
transitions which are combined to form a validated HRD score
predictive of PARPI sensitivity (189). However, these commercially
available tests, such as MyChoice HRD (Myriad Genetics) and
FoundationFocus CDxBRCA LOH (Foundation Medicine), cannot
identify evidence of restored HR. The inability to detect reversion
mutations and epigenetic modifications means these tests are
unsuitable for confirming the development of acquired resistance
(187). Moreover, whilst PARPi are more effective in BRCA-mutated
or HRD tumours, they still demonstrated significant efficacy in HR-
proficient tumours across numerous clinical trials (190). There are
several potential reasons for this finding. Firstly, current tests may
fail to accurately detect the presence of HRD based on the current
panel of HR genes tested and mutational scar signatures. Further
evaluation of other potential HR-related genes and the role of larger
scale structural variants and genomic changes as candidate
biomarkers for PARPi sensitivity is necessary. Secondly, PARPi
may have wider mechanisms of action beyond BRCA/HRD-related
synthetic lethality. Their effects on replication fork stability (67),
ribosome biogenesis, transcription of genes (191) and interactions
with the immune system (192) warrant further exploration.

6.2.2 Novel predictors of acquired
PARPi resistance

Identifying actionable biomarkers of acquired resistance to
PARPi is an important next frontier in personalised ovarian
cancer therapeutics. Progress has been made in this area however.
Firstly, BRCA reversion mutations (as described above) can be
detected using next generation sequencing of circulating cell-free
DNA (cfDNA) (188). From data in the ARIEL2 trial, pre-treatment
reversion mutations in BRCA1/2 (identified using cfDNA) were
associated with significantly reduced progression free survival as
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compared to those without (mPFS 1.8 vs. 9.0 months) (193). This
suggests a role for ¢fDNA in stratifying patients particularly in
future clinical trials in the post-PARPi setting. Moreover, the study
identified eight patients who acquired BRCA reversion mutations
using cfDNA. These patients still derived initial benefit from PARPi
therapy although the temporality of reversion mutation acquisition
varied. In half of the cases, mutations were detected prior to
progression (ranging from 0.7 to 8.3 months prior) whilst in the
remainder, mutations were only identified at the time of
progression (193). Further data from the EVOLVE trial
demonstrated a sensitivity of 74.4% for cfDNA testing as
compared to sequencing of tumour tissue. In addition, the
fragmentation profile of circulating tumour DNA at baseline was
associated with PFS, suggesting a wider prognostic benefit of this
tool (194).

As reviewed by Funingana et al. (188), advancements in cfDNA
testing such as targeted sequence approaches, capture
hybridisation-based methods and shallow whole genome
sequencing have markedly improved its sensitivity. Interestingly,
the latter has been used to sequence cfDNA from dried blood spots
thus demonstrating potential to be developed into finger prick tests
for longitudinal monitoring of patients (195, 196). However,
questions remain over the availability of ¢fDNA within ascitic
and pleural samples as well as the sensitivity for reversion
mutations (188). The findings from ongoing observational studies
and incorporation in the next generation of clinical trials (188) are
essential for validation and will help to define the clinical utility of
cfDNA testing for reversions.

Furthermore, the clinical utility of testing for the various
mechanisms of acquired PARPi resistance remains unclear. For
instance, evaluation of SLFN11 expression by immunohistochemistry
is now clinically feasible and may be used to identify acquired resistance
(140). Similarly, novel functional assays of HRD may also offer a means
of better predicting PARPI sensitivity as reviewed in detail by Arcieri et
al. (197) Immunofluorescence testing to measure RAD51 foci
formation has been validated as a PARPi biomarker in pre-clinical
studies (122, 198), although the predictive value of assessing epigenetic
modifications remains unclear (199). Finally, a novel approach of using
PET imaging to quantify regional expression of PARP1 has shown to
potential to act as a non-invasive biomarker of PARP; resistance (200).

The extent to which these assays can guide future treatment
decisions relies heavily on gathering further evidence from post-
PARPi trials. Moreover, it should be acknowledged that intra-
tumoral heterogeneity, subclonality and the multifactorial nature
of resistance mechanisms to PARPi will hinder efforts to identify
novel biomarkers and potential targets.

7 Strategies to bypass
PARPI resistance

Following progression on or after PARPi therapy, employing
alternative therapeutic strategies to bypass resistance mechanisms
must be explored, either as monotherapy or in combination with
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PARPi. These include immunotherapeutics, antibody drug
conjugates (ADCs) and modulation of glucocorticoid and
receptor tyrosine kinase signalling.

7.1 Immunotherapy

Ovarian cancer can be considered an immunogenic pathology;
antitumour immune responses have been detected as well as a specific
immunoreactive molecular subtype associated with longer overall
survival (201). In particular, the presence of CD8+ and CD20+
tumour infiltrating lymphocytes (TILs) have been shown to confer a
better prognosis in ovarian cancer (202). Nevertheless, ovarian cancers
demonstrate an immunosuppressive tumour microenvironment as a
result of regulatory T (Treg) cells, tumour associated macrophages,
myeloid-derived suppressor cells, cancer-associated fibroblasts and
adipocytes. The formation of immunosuppressive networks results in
suppression of CD8+ TILs by Treg cells and increased expression of
inhibitory receptors such as programmed cell death protein 1 (PD-1)
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (203,
204). This poses a significant challenge to the efficacy of
immunotherapeutic strategies.

7.1.1 Immune checkpoint inhibitors

Monoclonal antibodies which block immune checkpoints
expressed on T cells, such as PD-1 and CTLA-4, or tumour cells,
such as programmed death ligand 1 (PD-L1), have demonstrated
effectiveness across a wide range of solid tumours (204). However,
their effectiveness in ovarian cancer has been limited for the reasons
outlined above. The Javelin Ovarian 100 (205) and 200 (206) trials
examined the effectiveness of avelumab (PD-L1 antibody) in
combination with chemotherapy in the first-line and recurrent
setting. Neither study demonstrated significant improvements in
PFES. Likewise, negligible benefits in PFS have been observed with
atezolizumab (PD-L1 antibody). In a phase III, placebo-controlled
randomised trial (IMagyn050), immune checkpoint inhibition
improved mPFS by 1 month over placebo in the overall
population (19.5 vs. 18.4 months) and 2 months in the PD-L1-
positive subgroup (20.8 vs. 18.5 months) (207). Similar results were
observed in the platinum-sensitive recurrent setting in the
ATLANTE trial comparing atezolizumab to placebo with
chemotherapy and bevacizumab (overall population mPFS: 13.5
vs 11.2 months; PD-L1-positive group: 15.2 vs. 13.1 months) (208).

On the other hand, combinations of immune checkpoint
inhibitors with PARPi have demonstrated synergism and clear
clinical benefit. PARP inhibition may carry wide ranging
immunostimulatory effects. The propagation of DNA damage
causes the release of cytosolic DNA which in turn activates the
cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) pathway. This not only occurs within the tumour cells but,
following exocystosis of cytosolic DNA, also results in activation of
the pathway in neighbouring dendritic cells in a paracrine fashion.
Consequently, STING pathway activation culminates in a type 1
interferon response and enhanced antigen presenting ability.
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Moreover, PARPI increases the susceptibility of tumour cells to
natural killer (NK) cell mediated apoptosis, encourages pro-
inflammatory differentiation of T cells and down-regulation of
immune checkpoint receptors such as PD-1. However, PARP
inhibition also results in up-regulation of PD-L1 expression and
therefore immunosuppression. These interactions between PARP
inhibition and the immune system are reviewed in detail in (192).
This pre-clinical basis has rationalised several phase I and II trials of
immune checkpoint and PARP inhibitors which have demonstrated
encouraging success (209-211).

Concerns have been raised however, regarding whether the
immunogenic effects of PARP inhibition, such as STING activation,
are reliant on the presence of HRD (152). If this is the case, then
such combinations are unlikely to be successful in the context of
restored HR proficiency and PARPi resistance. Encouragingly
however, evidence from early phase trials suggest patients may
still derive similar benefits regardless of HRD status (210, 212).
Most recently, data from the phase III, randomised, placebo-
controlled DUO-O trial demonstrated the significant benefits of
durvalumab in combination with chemotherapy and bevacizumab
and followed by maintenance durvalumab, bevacizumab and
olaparib (213). This treatment approach significantly improved
mPFS as compared to placebo (37.3 vs. 23.0 months), notably
across both the HRD and HR proficient subgroups. Trials of
immunotherapy approaches in the PARPi-resistant setting, as
both monotherapy and in combinations, are essential
moving forward.

7.1.2 Novel immunotherapeutic agents

Other novel immunotherapy strategies in ovarian cancer
include the use of engineered cytokines, such as nemvaleukin alfa
which binds to the intermediate affinity interleukin-2 (IL-2)
receptor. This preferentially activates CD8+ T and NK cells over
Treg cells and minimises adverse effects by not binding to the high
affinity receptors (203). The ARTISTRY-1 trial, which tested the
drug in combination with pembrolizumab, demonstrated durable
antitumour activity across solid tumours, including platinum-
resistant ovarian cancer (214). Other novel therapies in the early
stages of development include bispecific antibodies, such as
ubamatamab which targets MUC16/CD3 to promote T cell
cytotoxicity (215), and T cell activating vaccines such as
maveropepimut-S (216).

7.1.3 Chimeric antigen receptor T cell therapy
Allogeneic CAR-T cells are produced by genetic modification of
autologous T cells ensuring the expression of a tumour antigen-
specific CAR. The cell population is expanded ex vivo prior to
reinfusion into the patient (217). The CAR-T cell itself is produced
through combining the single-chain variable region (scFv) of the
monoclonal antibody and the T-cell coreceptors signalling region.
The scFv within the CAR directly activates the T cell after binding to
its complementary tumour-specific antigen (TSA) leading to cell
death, independent of MHC expression (218). Unfortunately,
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implementing CAR-T cell therapy in ovarian cancer is fraught
with difficulties. Firstly, ovarian cancer often lacks TSAs and
therefore the treatment must target a broad range of antigens.
Moreover, CAR-T cell therapy must overcome issues such as off-
target effects (leading to potentially serious adverse events), tumour
antigen escape (such as loss or downregulation of TSAs) and
heterogeneity, as well as the immunosuppressive tumour
microenvironment. The challenges and potential strategies to
overcome these are reviewed in detail in (218). Encouraging
evidence has been observed in a phase I trial for recurrent
ovarian cancer which certainly warrants further investigation (219).

7.1.4 Oncolytic virus therapy

Oncolytic viruses are a ‘living’ therapy which offer a novel
approach to treating ovarian cancer. These viruses specifically infect
and kill tumour cells during their replication process, in turn
releasing large numbers of progeny virions which can attack
further tumour cells. Their specificity for neoplastic host cells
relies on either: (1) selective uptake due to changes in the viral
envelope, (2) absence or loss of function of a gene which is necessary
for replication in normal cells but not in tumour cells or (3) use of
tumour-specific promoters to regulate viral gene expression (220).
Both vaccine and tumour-selective genetically engineered viruses
have demonstrated promising efficacy in early phase trials as
reviewed in detail in (221). Whilst such therapies can be delivered
locally into the peritoneal cavity, it faces similar issues to other
immunotherapeutics, namely tumour heterogeneity and the
immunosuppressive microenvironment. Trialling combination
therapy with immune checkpoint inhibitors or CAR-T cells may
overcome these issues in the future (222).

7.2 Antibody drug conjugates

ADCs offer a novel targeted approach in the treatment of
ovarian cancer by conjugating cytotoxic agents to monoclonal
antibodies specific to cancer cells. Binding of the antibody results
in internalisation of the cytotoxic agent to tumour cells alone
thereby minimising systemic toxicity. One example is
mirvetuximab soravtansine which targets folate receptor-o. (FR-
a); the soravtansine component is a microtubule inhibitor. This
ADC has been investigated in the FORWARD-1 trial which
included patients with platinum-resistant disease and positive FR-
o expression. However, there was no significant improvement in
mPFS as compared to chemotherapy alone (4.1 vs. 4.4 months)
(223). In platinum-sensitive patients on the other hand, the ADC
combination with bevacizumab and carboplatin demonstrated high
activity in FR-ou positive patients (224).

Interestingly, the single-arm phase Il SORAYA trial of the same
ADC specifically explored the efficacy in platinum-resistant patients
with prior PARPi exposure. The ORR was 38.0% (95% CI: 24.7-
52.8) in those with prior PARPi compared to 27.5% (95% CI: 15.9-
41.7) in those without (225). The difference in findings may relate to
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differing estimation criteria for FR-o. expression (203). Overall, this
suggests a potential role in this population dependent on careful
stratification by FR-o. expression.

Anti-NaPi2b ADCs such as lifastuzumab vedotin (226) and
upifitamab rilsodotin (227) target the sodium-dependent phosphate
transport protein which is highly specific for ovarian tumour cells
over normal tissue (203). Other targeted proteins include tissue
factor (by tisotumab vedotin) (228) and mesothelin (by anetumab
ravtansine) (229). These agents have shown encouraging anti-
tumour activity in early phase trials, albeit without evidence of
improvements in PFS. It is likely that delivery of ADCs is hampered
by the same issues as immunotherapeutic agents as described above.

Use of ADCs may overcome the toxicity issues which plague
combinations of PARPi and chemotherapy. For instance,
sacituzumab govitecan targets TROP2 (commonly overexpressed in
ovarian cancer) and works synergistically with PARPi as well as
overcoming resistance in PARPi-resistant cell lines (230). A phase I
trial of the ADC with rucaparib demonstrated encouraging anti-
tumour activity in patients with prior PARPi exposure although dose-
limiting toxicity remained an issue (231). Nevertheless, this marks an
important development in such combination therapies and trials of
pulsed-dosing regimens may yield better toxicity profiles.

7.3 Selective glucocorticoid
receptor modulators

Cortisol acts to suppress apoptotic pathways activated by
chemotherapy agents and thus contributes to treatment resistance.
Relacorilant modulates glucocorticoid receptors, which are widely
expressed on ovarian cancer cells, to reverse this anti-apoptotic effect
and re-sensitise tumour cells to chemotherapy (232). A randomised,
open-label phase II trial investigated combination therapy (with
intermittent relacorilant) compared to chemotherapy alone in
platinum-resistant disease. Whilst the study demonstrated
significant improvements in mPFS (5.55 vs. 3.76 months) (233),
there was no significant improvement in overall survival (234). The
association between glucocorticoid receptor expression and PARPi
resistance may warrant further investigation as it may rationalise
treatment with relacorilant in the resistant setting.

7.4 Gas6/Axl signalling

Growth arrest specific 6 (Gas6) binds to Axl, a receptor tyrosine
kinase which is specifically expressed on ovarian cancer cells over
normal cells (235). Binding of Gas6 results in signalling pathways
promoting cellular proliferation and survival, resulting in an
association with chemoresistance and inferior patient outcomes
(203). Batiraxcept is a novel therapeutic which acts as an Axl decoy
receptor with far greater affinity for Gas6; it demonstrated encouraging
activity when administered in combination with paclitaxcel during a
phase Ib study (236). However, a phase III, placebo-controlled trial of
this combination found a lower progression free survival as compared
to paclitaxcel plus placebo (5.1 vs. 5.5 months) and was therefore
terminated (NCT04729608) (237).
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8 Targeting the DDR to overcome
PARPI resistance

Targeting of the DNA damage response (DDR), either towards
alternative pathways, drivers of cell cycle progression or novel
synthetically lethal pairings, can offer another potential means of
overcoming PARPi resistance.

8.1 PARPI rechallenge

8.1.1 PARPI rechallenge as monotherapy

At present, the evidence base for PARPi rechallenge is largely
limited to the phase III OReO trial in platinum-sensitive recurrent
ovarian cancer patients who had previously received at least 6 months
of maintenance PARPi (81). Patients were not tested for reversion
mutations or functional assays of HRD, rather stratification was
based on previously documented BRCA status and HRD testing of
archival tissue. Compared to placebo across 220 patients, olaparib
rechallenge significantly improved mPFS in both the BRCA-mutated
(4.3 vs. 2.8 months) and non-BRCA-mutated cohorts (5.3 vs. 2.8
months). PARPi rechallenge also appeared to demonstrate some
benefit even in HRD-proficient patients in this setting although
statistical significance was not reached (likely due to the small
sample size). Overall, the trial demonstrated the significant benefits
of PARPi rechallenge in platinum-sensitive patients; mature OS data
is necessary to determine the longevity of these responses. Smaller
scale real-world data from retrospective studies re-treated with
further PARPi supports these findings, particularly where patients
meet the OReO inclusion criteria (238, 239).

Across these studies, a small proportion of patients received a
different PARPi to their prior therapy. Within the OReO study, this
was most commonly a move to olaparib from either niraparib or
rucaparib in non-BRCAm patients (given their FDA licensed
indications in Table 1) (81). The impact of rechallenging with a
different PARPi agent may warrant further exploration given the
benefits observed in this subgroup and the variability of trapping
potency amongst PARPi’s. For instance, use of newer PARPi’s such
as pamiparib may result in better outcomes following rechallenge
due to their superior potency over olaparib (240). Comparative
trials of different PARPi agents in the rechallenge setting may be an
important next step.

8.1.2 PARPI rechallenge in combination therapies

Consideration has been given to the role of PARPi rechallenge
in combination with locoregional therapies including surgery or
radiotherapy. In theory, such treatments can remove the treatment-
resistant clones leaving sensitive tumour cells amenable to
treatment. The benefits of this approach have been demonstrated
in two retrospective studies of women with BRCA-mutated
platinum sensitive recurrent disease; secondary cytoreductive
surgery prior to platinum re-treatment and olaparib maintenance
significantly improved patient outcomes (241, 242). However,
PARPi was only commenced in the second line setting in both
studies. Secondary cytoreductive surgery may carry greater
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effectiveness in the primary post-PARPI setting through removal of
PARPi-resistant clones. This rationalises the ongoing phase III
MITO 35b trial investigating the effectiveness of using olaparib
beyond progression following secondary cytoreductive surgery in
patients who have received previous PARPi (243).

As outlined above, anti-angiogenic agents down-regulate HR genes
such as BRCA1/2 and RAD51 through inducing hypoxia in the tumour
microenvironment and interactions with other transcriptional
repressors (77). It therefore follows that anti-angiogenic therapy with
agents such as cediranib can sensitise tumours to PARPi (244) and
even potentially overcome acquired resistance. The phase II EVOLVE
study evaluated this combination in a cohort of 34 patients who had
progressed on PARPi. Overall, no objective responses were seen in
platinum sensitive patients and just 2 of 10 platinum resistant patients
had an objective response. More importantly, although limited by a
small sample size, the study demonstrated significantly inferior
responses for patients with confirmed HR reversion and up-
regulation of the ABCBI transporter (114). This highlights the
potential benefits of identifying acquired resistance mechanisms to
guide treatment decisions.

Combinations of PARPi and chemotherapy are often hindered
by overlapping toxicity profiles, in particular with regards to
myelosuppression (1). Currently licensed PARPi inhibit both
PARP1 and PARP2; inhibition of the former is thought to drive
synthetic lethality whilst the latter may be more associated with
haematological toxicity (245). The newly developed selective
PARP1 inhibitor, AZD5305, has shown efficacious responses in
pre-clinical settings and in the phase I PETRA trial (NCT04644068)
(245-247). If the reduced risk of myelosuppression translates in the
clinical setting, selective PARPI inhibition may offer a means of
optimising combination therapies in both the primary and
resistant settings.
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8.2 ATR/CHK1 inhibition

As shown in Figure 7, components of the DDR which govern
cell cycle checkpoints may offer alternative synthetic
lethality targets.

The ataxia telangiectasia and Rad3-related (ATR)-checkpoint
kinase 1 (CHKI1) pathway is integral within the DDR through
activation of the intra-S and G2/M cell cycle checkpoints as
discussed in section 5. Therefore, cells lacking a functional Gl
checkpoint, such as those with p53 mutations, may be liable to
synthetic lethality through ATR/CHKI1 inhibition. Notably, driver
mutations in p53 are ubiquitous in HGSOC suggesting they may be
particularly sensitive to ATR inhibition (248). In these cells, ATR or
CHK1 inhibition results in loss of the GI, intra-S and G2/M
checkpoints with premature progression to mitosis leading to a
‘mitotic catastrophe’ (2). Moreover, loss of 53BP1, which is thought
to contribute to PARPI resistance, was shown to exhibit strong
synthetic lethality with an ATR inhibitor and cisplatin combination
therapy (249). In the pre-clinical setting, use of ATR/CHKI
inhibitors in combination with olaparib overcame olaparib-
resistant in BRCA2-mutated ovarian cancer cell lines (250).

Several small-molecule ATR inhibitors have been evaluated in
clinical trial thus far with the most developed being M6620
(berzosertib, IV) and AZD6738 (ceralasertib, PO) (2). As reviewed
in more detail in (251), ATR inhibitors have shown significant
improvements in mPFS over chemotherapy alone in early phase
trials (252, 253). Whilst these data suggest a potential role for ATR
inhibitors in treating PARPi-resistant patients, further development
of predictive biomarkers of sensitivity to the therapy is key. Potential
markers include proteins involved in DNA synthesis, such as DNA
polymerases, functional assays of HRD, replication stress markers
and proteins involved at other cell cycle checkpoints (251). Further
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elucidating potential mechanisms of resistance to ATR inhibition,
such as loss of cyclin C or CDKS, is also an important next step in
their development as a targeted therapy - particularly so in the
context of patients already resistant to PARPi (254).

Selective CHK1 inhibitors have also been recently developed,
such as MK-8776, with encouraging evidence as monotherapy and
in combination during pre-clinical studies (255, 256). Prexasertib is
a second-generation CHKI1 inhibitor which also possesses anti-
CHK?2 activity. Two phase II trials of prexasertib monotherapy
demonstrated its clinical activity although neutropenia was
common in both (257, 258). In one trial, 41 patients were
recruited with BRCA-mutated platinum-resistant disease who had
progressed on PARPI therapy; this group had an ORR of 12.2% with
prexasertib therapy (258). Furthermore, in p53-deficient tumours
such as HGSOC, pre-clinical evidence suggests CHK1 inhibition
may induce an HRD phenotype and thus sensitise cells to PARPi
(259). Evidently, the extent to which this applies in the PARPi-
resistant setting is unclear but it may rationalise further trials of
PARPi/CHKI inhibitor combinations.

8.3 WEEL1 inhibition

In a similar manner to ATR, WEEI1 kinase plays a critical role in
controlling cell cycle progression at the G2/M checkpoint as
described above. Therefore, loss of a functional G1/S checkpoint
also renders cells sensitive to WEE1 kinase inhibition. Consequently,
several WEE1 inhibitors have been utilised in trials, the most
developed of which is adavosertib (260). This drug has been tested
in numerous phase II trials for advanced ovarian cancer yielding
encouraging results (261-264). Interestingly in one study, CCNE1
amplification was associated with greater benefit from WEEI
inhibition although SLENI1 levels were not predictive of response
(264). This was further highlighted in the CCNE1-stratified IGNITE
trial of recurrent, platinum-resistant ovarian cancer; the ORR was
38% in over-expressed and amplified tumours and 45% in over-
expressed only tumours (265). This suggests a potential role for
WEEI inhibition in PARPi-resistant patients secondary to CCNE1
overexpression. Finally, the EFFORT trial compared the efficacy of
adavosertib monotherapy to its combination with olaparib in 80
ovarian cancer patients who had progressed on PARPi. Both
approaches demonstrated efficacy (ORR 23% with adavosertib
alone and 29% in combination) with no significant differences in
mPES (5.5 and 6.8 months respectively) (266). Such a combination
takes advantage of both drugs’ effects on the DNA damage response
and highlights the potential benefits of this approach. Taken together,
the evidence supports the need for larger scale trials evaluating WEEI
inhibitors in the PARPi-resistant setting, although its use may be
limited by its toxicity profile (267).

8.4 PKMYT1 inhibition

Whilst WEEL inhibition may be a useful means of treating
tumours with CCNEI overexpression, identifying novel synthetic
lethality targets through genome wide screens may highlight
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alternative strategies. The discovery of a synthetic lethal
interaction between PKMYT1 and CCNE1 amplification is a
pertinent example of this (268). As described above, CCNE1
amplification is associated with PARPi resistance and is mutually
exclusive with HRD (114, 135). CCNEI plays vital roles in cell cycle
progression, predominantly through activation of cyclin dependent
kinase 2 (CDK2) resulting in downstream phosphorylation of RB1
and transition from Gl to S phase (269). PKMYT1 encodes a
protein kinase, closely related to WEEI kinase, which inhibits
activity of CDK1 through phosphorylation and sequestration in
the cytoplasm. CCNE1 amplification drives DNA replication stress
and transcription of the MMB-FOXM1 complex. In turn, this
complex increases levels of cyclin B and CDK1 during S phase.
Inhibition of PKMYTTI results in overactive CDKI1 and therefore
premature progression to mitosis, eventually leading to mitotic
catastrophe (268). A novel PKMYT1 inhibitor RP-6306
(lunresertib) has been developed and is currently being evaluated
in early phase clinical trials (270). Given the exclusive association
between CCNEI1 overexpression and HR proficiency, this drug may
have particular efficacy in the PARPi-resistant population.

8.5 Polf inhibition

As outlined above, up-regulation of POLQ may be responsible
for driving PARPi resistance although the precise mechanism
remains to be elucidated. Nevertheless, polf inhibitors, such as
novobiocin, RP-6685 and ART558, have been identified or
developed (271). The latter has been shown to reverse PARPi
resistance secondary to alterations in 53BP1 or the Shieldin
complex (147). This finding has been further supported across
many in vitro studies; however, ART558 has been shown to have a
low in vivo metabolic stability in rat microsomes which may hinder
its translation to clinical trials (271).

8.6 Targeting RAS/MAPK/MEK

Pre-clinical evidence suggests that RAS mutations may confer
resistance to PARPi. Moreover, in vivo evidence suggests synergism
between inhibition of MEK, downstream of RAS, and PARPi (272,
273). The benefits of MEK inhibition may lie in remodelling of the
immune response and microenvironment; inhibition of the RAS
pathway with such drugs resulted in STING pathway activation,
CD8+ T-cell recruitment and reduced myeloid-derived suppressor
cell infiltration (274). In addition, MEK inhibition may reduce
capacity for HR repair (1). Therefore, this approach may overcome
resistance to both PARPi and immune checkpoint inhibitor
resistance and warrants further exploration, possibly through
combination treatments (272).

8.7 G-Quadruplex stabilisers

Whilst DNA normally adopts a canonical right-handed helix
(B-DNA), it can fold into alternative structures including G-
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quadruplexes (G4) (275). These four-stranded helical structures
impede DNA polymerases and repair processes thereby
contributing to genomic instability (276). Repair of G4-induced
DNA damage is predominantly via HR repair (277). Consequently,
use of G4-stabilising drugs may result in synthetic lethality in HRD
tumours due to accumulation of unrepaired damage and replication
fork arrest (203). A phase I trial of pidnarulex (CX-5461), a G4-
stabiliser, demonstrated promising anti-tumour efficacy in patients
with HRD solid tumours (ORR 14%). However, reversion
mutations in PALB2 and BRCA2 resulted in resistance to G4-
stabilising therapy which may suggest limited utility in the PARPi-
resistant population where this is the underlying mechanism of
resistance (278).

8.8 Epigenetic resensitisation

As discussed above, epigenetic changes within key DDR genes
may be responsible for the development of acquired PARPi
resistance in some patients. Therefore, epigenetic modulators
such as DNA methyltransferase (DNMT) and histone deacetylase
(HDAC) inhibitors may help in preventing the development of
treatment resistance (169). Moreover, DNMT inhibitors may
induce HRD by altering expression of DSB repair genes which
further rationalises future trials of DNMT and PARP inhibitor
combinations (279). Early phase trials support the use of DNMT
and HDAC inhibitors in combination with chemotherapy for
ovarian cancer but their benefit in acquired PARPi-resistance is
unclear (280, 281).

A novel epigenetic approach is through the inhibition of BET
proteins. BET proteins play critical roles in initiating and
continuing transcription as well as cell cycle regulation (282). By
binding to the bromodomains of BET proteins, inhibitors can
prevent interaction with acetylated histones and transcription
factors thus reducing expression of repair proteins such as
BRCAL1 and RAD51 (283). BET inhibitors may therefore induce
an HRD phenotype hence rationalising combination treatment with
PARPi and offering a novel means of overcoming resistance
(283, 284).

9 Conclusion

The DNA damage signaling response and repair (DDR) is a
critical defense mechanism against genomic instability. Discovery
of anti-cancer drug targets within DDR has rapidly advanced to
clinically viable drugs for ovarian cancer patients. Such a precision
oncology strategy is best exemplified by the current clinical use of
PARP inhibitors in BRCA germ-line deficient and platinum
sensitive sporadic epithelial ovarian cancers. Whilst tremendous
advances in precision oncology strategies have improved patient
outcomes, the development of intrinsic or acquired resistance to
such therapies remains a formidable clinical challenge and limits
survival. The development of predictive biomarkers including the
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evaluation of cfDNA as a tool to detect emergence of early
resistance will likely provide further insights soon. Surgical
salvage and the development of other targeted therapies (such as
those targeting ATM, ATR, WEE1 and others) may address this
unmet clinical need. Finally, discovery of additional synthetic
lethality interaction partners focused on DDR remains an area of
intense investigation and will help advance in precision medicine in
ovarian cancer. Next generation of DNA repair inhibitors either as
monotherapy or in combination with PARP inhibitors could
potentially improve outcomes but will need to be tested in phase
III randomized trials in ovarian cancer.
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