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Abstract

Inhibitors of the enzyme poly (ADP-ribose) polymerase (PARP) are the most promising class of targeted
therapies in ovarian cancers in recent times. Approximately 30% to 50% of these cancers are characterized by
aberrant DNA repair pathways due to mutations in tumor suppressor genes: BRCA1 or BRCA2. Therapeutic
approach with PARP inhibitors in BRCA deficient tumors exploits a synthetic lethal strategy targeting the deficiency
in homologous recombination DNA repair pathway. This short review provides an overview of BRCAness in
maintaining genomic integrity, the role of PARP in DNA repair, utility of PARP inhibitors as monotherapy or in
combination with other therapies, mechanisms of resistance to PARP inhibitors and biomarkers for clinical utility of
PARP inhibitors in management of ovarian cancer.

Keywords: DNA repair; Homologous recombination; PARP; BRCA1;
BRCA2

Introduction
Ovarian cancer rates as the second most common gynecological

cancer and is the fifth leading cause of cancer-related deaths among
women, with an estimate of 22,440 new cases and 14,080 deaths in the
US alone in 2017 [1]. Surgery followed by platin or taxane
chemotherapy remains the standard of care for patients with stage I-
IVA epithelial ovarian cancer (EOC) [2]. EOC is characterized as a
heterogeneous disease with five major histological types: high-grade
serous carcinoma (70%), clear cell (10%), endometrioid (10%),
mucinous (3%), and low-grade serous carcinomas (7%) [3]. The
disease shows poor prognosis as tumor progression or recurrence is
observed in 80% of treated cases after an initial response to
chemotherapy [4]. Higher incidence of chemo resistance, recurrence
and mortality rate classifies ovarian cancer as a highly unmet medical
need and emphasizes the call for improved treatment strategies for the
management of ovarian cancer.

A high percentage (30% to 50%) of ovarian cancer patients show
alterations in the homologous recombination (HR) DNA repair
pathway and exhibit HR deficiency due to BRCA mutations [5,6]. HR
pathway is largely involved in the repair of DNA lesions that stall DNA
replication forks and/or cause DNA double-strand breaks (DSBs). It is
considered to be a conservative form of DNA repair that restores the
DNA sequence to its original form. Tumor suppressors BRCA1 and
BRCA2 act as guardians of the genome and are crucial for the process
of DNA repair by HR. Cells deficient in conventional HR rely on error
prone alternative repair pathways such as non-homologous end joining
(NHEJ) that are known to introduce mutations especially DNA
deletions. Hence DNA repair pathways provide a rational therapeutic
target for BRCA mutated cancers [5,6].

A poly (ADP-ribose) polymerase (PARP) catalysis the transfer of
ADP- ribose to single strand -DNA and occupies a central position in

controlling DNA damage and repair of both DSBs and single strand
breaks (SSBs). PARP inhibitors (PARPi) as monotherapy are one of the
most promising new classes of targeted agents for use in ovarian cancer
and essentially work through inhibition of alternate DNA repair
pathways exhibiting synthetic lethality in BRCA deficient tumors.
Recent studies have also indicated the utility of PARP inhibitors in HR
deficient non BRCA mutated subset of ovarian cancers further
extending its utility in BRCA proficient tumors. The present review
describes utility of PARPi in ovarian cancer treatment and
management with a briefing on the mechanism of action of PARP
enzyme in DNA repair, pharmacological development of PARP
inhibitors based on synthetic lethal approach in HRR deficient cancers,
molecular mechanisms of resistance to PARPi, clinical biomarkers and
effectiveness of PARPi as monotherapy or combination therapy with
existing treatment modalities in ovarian cancers.

Literature Review

Mechanisms of DNA damage repair
Cells are constantly subjected to DNA damaging insults that result

from exogenous agents such as exposure to ionizing radiation (IR), UV
radiations and mechanical stress or endogenous events such as free
radicals generated during metabolic processes and genotoxic
chemicals. To counter these assaults, cells are equipped with well co-
ordinated machinery of DNA repair, cell cycle checkpoints, and cell
death pathways that help to maintain genomic integrity following
DNA damage. Major DNA repair pathways that constantly work to
maintain DNA throughout different stages of the cell cycle include
base excision repair (BER), nucleotide excision repair (NER),
mismatch repair (MMR), homologous recombination (HR), and
nonhomologous end joining (NHEJ) [7,8]. Whilst BER and NER are
major pathways for SSBs repair, DSBs repair mainly occurs by HR and
NHEJ. A few specific DNA damage lesions can also be corrected by
direct chemical reversal and Interstrand Crosslink (ICL) repair
whereas small subsets of DNA lesions (eg. UV photo-lesions, alkylated
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bases) can be simply reversed in an error-free manner during DNA
replication [7,8]. DNA Damage repair pathways for SSBs and DSBs
involve multiple steps and PARP participation is required in repairing
both of these damages. A schematic representation of mechanisms
associated with DNA strand break repair with PARP involvement is
given in Figure 1.

Figure 1: Schematic representation of DNA damage repair pathways
following Double strand break (DSB) or Single strand break (SSB).
Note: HR-Homologous Recombination, NHEJ-Non-Homologous
End Joining, SDSA-Synthesis Dependent Strand Annealing, GC-
Gene Conversion, SSA- Single Strand Annealing, BER-Base
Excision Repair, NER-Nucleotide Excision Repair, SSBR-Single
Strand Break Repair, TDP-1- Tyrosyl-DNA Phosphodiesterase 1.

SSBs are often generated from oxidative damage to the DNA, from
abasic sites, or from erroneous activity of the DNA topoisomerase 1
(TOP1) enzyme [9]. Unresolved SSBs often collapse DNA replication,
stall ongoing transcription, and effect PARP1 activation, which releases
cellular NAD1, ATP, and apoptosis inducing factor in cells [10]. SSB
Repair (SSBR) can either occur through long patch SSBR pathway or
short patch SSBR (Figure 2).

In the long patch SSBR pathway, SSBs are transiently detected by
PARP1, which undergoes poly-ADP-ribosyl (PAR)-ation (PARylation)
and dissociates to detect the next SSB [11]. After this, the ends undergo
end processing by the apurinic-apyrimidic endonuclease 1 (APE1) or
DNA glycosylase, PNKP (polynucleotide kinase 3' -phosphate), and
aprataxin (APTX) followed by removal of the damaged 5' DNA termini
by a multiprotein complex comprising of FEN1, PARP1 and PCNA,
leaving behind a single stranded DNA gap. Subsequently the gap is
filled by POL β, in combination with POL δ/ε. The final step of ligation
is carried out by the Ligase1, which is dependent on the presence of
PCNA and X-ray repair cross-complementing 1 (XRCC1) proteins
[10,11].

In the short patch SSBR pathway, SSBs generated are recognized by
APE1 followed by a similar end processing pathway as the long patch
repair. The gap filling step, however, is carried out only by POL β
enzyme, followed by Ligase3-catalyzed ligation [11]. Another DNA
damage repair pathway that is involved in repairing SSBs in the cells is
the Topoisomerase-1 (TOP-1) induced DNA damage repair pathway.
This pathway is a variant of the PARP1-dependent long patch SSB
repair in which the end-processing is carried out by the TDP1 (tyrosyl-
DNA phosphodiesterase 1) [11,12]. TOP1 relaxes super helical tension
in DNA during replication and generates a reversible and transient
intermediate known as the TOP-1 cleavage complex (TOP1cc). TDP1
is a key repair enzyme for trapped TOP1cc that mediates the

hydrolysis of the phosphodiester bond between the DNA 3′-end and
the TOP1 tyrosyl moiety.

Figure 2: Mechanism of single strand break repair (SSBR) following
DNA damage. SSBs can arise through enzymatic incision of an
abasic site (AP) by APE1, or action of DNA glycosylase or oxidative
damage or TOP1 cleavage complex. PARP binds to an SSB and is
activated, following which the cells undergo DNA damage repair
through short patch or long patch or TDP-1 mediated repair
pathways.

PARP activation is essential for the recruitment of TDP1 at DNA
damage sites and repair of trapped Top1cc by TDP1 through
PARylation. Unrepaired TOP-1cc further gets converted into
irreversible DNA - DSBs by collision with a replication fork, or DNA -
SSBs by collision with the transcriptional machinery or SSB by
proximity to some types of DNA lesions following which the cells
either undergo DSBR or SSBR (Figure 3) [11-13].

Figure 3: TOP-1 cleavage complex repair.

In comparison to SSBs, DSBs pose a higher challenge for repair as a
template complementary strand is not available for replication [14,15].
HR and NHEJ are the major repair mechanisms for DSB repair. HR
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repair (HRR) is a conservative form of DNA repair and relies on
sequence homology for restoring DNA to its original form. It is
mediated through the Rad52 family of proteins. Rad52 interacts and
co-localizes with Rad51, induces Rad51 activity, binds preferentially to
DSBs and protects them from exonuclease activity.

HRR can occur via two mechanisms: the conserved synthesis
dependent strand annealing pathway (SDSA) or Gene conversion and
single strand annealing (SSA) also referred to as alternate-End joining
repair pathway (Figure 4) [16]. SDSA uses a homologous sequence as a
template to re-synthesize the sequence surrounding the DSB. This
pathway is generally thought to result in the accurate repair of the
DSBs (Figure 4). During SDSA HRR, the two broken DNA ends are
brought together by the meiotic recombination11 homologue A
(MRE11A)–Nijmegen breakage syndrome 1 (NBS1)–RAD50 (MRN)
complex that detects and binds the broken ends. This is followed by
recruitment of ataxia telangiectasia mutated (ATM) and activation of
DSB repair. Resection of 5ʹ DNA, a BRCA1-dependent process leads to
the exposure of two regions of single-stranded DNA on either side of
the DSB. The resulting flanking regions then get coated by replication
protein A (RPA), which prevents the formation of secondary
structures. BRCA2 then localizes the DNA recombinase RAD51 to the
exposed SSDNA regions, in a process dependent on partner and
localizer of BRCA2 (PALB2). RAD51 catalysis the looping of the
homologous sequence on the sister chromatid, which is then used as a
template for accurately repairing the broken DSB ends by DNA
polymerase. Following polymerization, DNA ligases and
endonucleases resolve the complex DNA completing the DSB repair
[16]. Single strand annealing is RAD51 independent and involves the
annealing of DNA strands formed after resection at the DSB without
any strand invasion (Figure 4). Initially, DNA ends are resected by an
exonuclease, most likely the MRN complex, to yield long single-strand
overhangs that RPA and RAD52 may bind to. Once homology is
exposed in the overhangs, they are annealed, and the protruding ends
are trimmed by the ERCC1/XPF nuclease and the gap is filled by DNA
polymerase. This pathway is error-prone as it results in the retention of
only one of the homologous sequences and deletion of the intervening
sequence [17]. NHEJ is an error prone repair mechanism that utilizes
no or little sequence homology for DNA repair. During NHEJ repair,
the broken DNA ends are annealed without using a homologous DNA
sequence to guide repair and is thought to be dependent on the MRN
complex (Figure 4). DNA sequence at the break site change frequently
due to lack of a homologous guiding sequence. Furthermore, these
undefined breaks lead to joining of previously unlinked DNA
molecules, resulting in gross chromosomal rearrangements [18]. NHEJ
repair is initiated through the binding of Ku70/Ku80 heterodimer to
broken DNA ends followed by recruitment of DNA-dependent protein
kinase (DNA-PKs). Along with the DNA-PK substrate Artemis, DNA-
PKs then acts as an endonuclease which processes the DSB ends.
Further repair occurs through ligation by XRCC4-Ligase IV [17,18].
NHEJ plays a significant role in tumor progression as it can introduce
mutations in crucial cancer driver genes leading to enhanced
tumorigenesis.18 Whether homologous recombination or NHEJ is
used to repair double-strand breaks is largely determined by the phase
of cell cycle. HR repairs DNA before the cell enters mitosis (M phase).
It occurs during and shortly after DNA replication, in the S and G2
phases of the cell cycle, when sister chromatids are more easily
available whereas, NHEJ is predominant in the G1 phase of the cell
cycle, when the cell is growing but not yet ready to divide [19].

Figure 4: Mechanisms of double strand break repair (DSBR)
following DNA damage. (a) synthesis dependent strand annealing
(SDSA) (b) single strand annealing (SSA) (c) Non-homologous end
joining (NHEJ).        - MRN complex,        - RAD51,      - Ku70/Ku80.

Role of BRCA in maintenance of genomic integrity
BRCA gene products play a crucial role in maintaining genomic

integrity and deciding cellular fate by directing the DNA damaged cells
to undergo HR repair (HRR) mechanism (Figure 4). BRCA1 and
BRCA2 gene products are the major effectors of the cellular response
to DSB break repair through HRR. In the canonical HRR, BRCA1/2
binds directly to the DNA recombinase RAD51 and then localizes it to
damaged DNA as described earlier. In the absence of functional
BRCA1/2, HRR is impaired [15]. Furthermore, the role of BRCA1 in
DNA damage responses includes control of the signal transduction
processes involved in HRR, as well as determining whether DSBs are
resected before RAD51 nucleoprotein formation. Additional functions
of BRCA1 such as in chromatin remodelling and transcriptional
control might also contribute to tumour suppression [20-22].

The BRCA1 gene is located on chromosome 17q21, while BRCA2 is
located on chromosome 13q12 [20,23]. Germline mutations in BRCA1
and BRCA2 account for the majority of inherited ovarian cancers.
Patients harboring BRCA mutations have up to 60% lifetime risk of
developing ovarian cancer [24]. In addition to germline mutations,
somatic mutations of BRCA1 and BRCA2 as well as epigenetic
silencing of BRCA1 may yield tumors that behave like BRCA-deficient
tumors despite their normal germline BRCA genes. BRCA1- or
BRCA2-mutant tumor cells exhibit a high level of sensitivity to DSBs
inducing agents e.g. platinum salts (cisplatin or carboplatin),
mitomycin C, Camptothecin, etc. [25-28]. A high level of genomic
instability with a very high frequency of DNA deletions and reordered
chromosomes (indels) is observed in familial BRCA1- or BRCA2-
mutant ovarian tumors. Additionally, TP53 mutation and
amplification of the MYC proto-oncogene is also a common feature of
familial BRCA1/2-mutant tumors [26-28].

Cells with nonfunctional or deficient BRCA1/2 proteins are HRR
deficient. When HRR fails, cells fail to repair DNA lesions efficiently.
Subsequently, these cells use alternative, error-prone DNA repair
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mechanisms, such as NHEJ, leading to accumulation of DNA damage,
genetic instability, and subsequent tumorigenesis or cell death
secondary to excessive DNA damage (Figure 5) [26-30].

Role of enzyme PARP in DNA repair
The PARPs are a family of enzymes that catalyze poly ADP

ribosylation that is the active transfer of ADP-ribose to target proteins
[31]. There are at least 18 members of the PARP family encoded by
different genes that share a homology in the conserved catalytic
domain [31] PARP occupies a central position in controlling DNA
damage and repair of both DSBs and SSBs through activation of DNA
repair proteins that act as PARP substrates and undergo PARylation
[32,33]. These substrates include XRCC1, histone H1, DNA PK, Ku70,
Ku80, ATM, MRE11, Topoisomerase 1 that are involved in DNA repair
and maintenance of genomic stability. Functional consequences of
PARylation of these proteins is given in Tables 1 and 2 [34].

PARP Substrate Protein Functional consequence of PARylation

XRCC1 Recruitment of XRCC1 and Ligase3 to SSBs and
repair by BER

Histone H1 Altered chromatin binding during DNA damage and
transcription

DNA PK, Ku70, Ku80 DSB repair by NHEJ

ATM DSB repair by HR and checkpoint activation

MRE11 HR and restarting of collapsed replication forks

Topoisomerase 1 Genomic maintenance

Table 1: List of PARP substrates involved in DNA repair [34].

Drug Study title NCT No. of patients Status Phase

BMN673 (Talazoparib) POSITION: A pilot study of induction PARP
inhibition in ovarian cancer NCT02316834 30 Active, not recruiting Early Phase

1

Talazoparib Tosylate

Study of the PARP inhibitor BMN 673 in advanced
cancer patients with somatic alterations in
BRCA1/2, mutations/deletions in PTEN or PTEN
Loss, a homologous recombination defect,
mutations/deletions in other BRCA pathway genes
and germline mutation in BRCA1/2 (Not breast or
ovarian cancer)

NCT02286687 150 Recruiting Phase 2

Drug: ZL-2306 (niraparib)
The clinical trial to evaluate the pharmacokinetics,
safety and tolerability of ZL-2306 (Niraparib) in
patients with ovarian cancer

NCT03551171 42 Active, not recruiting Phase 1

KU-0059436 (AZD2281)
A study to assess the safety and pharmacokinetics
of an inhibitor of Poly ADP-ribose Polymerase-1
(PARP)

NCT00516373 93 Active, not recruiting Phase 1

Fluzoparib A study of fluzoparib（SHR-3162） in BRCA1/2-
mutant relapsed ovarian cancer NCT03509636 112 Recruiting Phase 2

Olaparib
Olaparib after response to trabectedin-pegylated
liposomal doxorubicin in recurrent ovarian
carcinoma

NCT03470805 66 Recruiting Phase 2

Olaparib
Olaparib tablets maintenance monotherapy ovarian
cancer patients after complete or partial response
to platinum chemotherapy (L-MOCA)

NCT03534453 300 Recruiting Phase 3

BMN673 (Talazoparib)
Pilot trial of BMN 673, an oral parp inhibitor, in
patients with advanced solid tumors and deleterious
brca mutations

NCT01989546 24 Recruiting Phase 1&2

IMP4297 The safety and pharmacokinetics of IMP4297 in
patients with advanced solid tumors NCT03507543 30 Recruiting Phase 1

Niraparib

A study of niraparib maintenance treatment in
patients with advanced ovarian cancer following
response on front-line platinum-based
chemotherapy

NCT02655016 620 Active, not recruiting Phase 3

Olaparib A study of long-term responders on Olaparib
(OLALA) NCT02489058 100 Recruiting

Rucaparib
ARIEL4: A study of rucaparib versus chemotherapy
BRCA mutant ovarian, fallopian tube, or primary
peritoneal cancer patients

NCT02855944 345 Recruiting Phase 3
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Rucaparib
A study of oral rucaparib in patients with a solid
tumor (Phase I) or with gBRCA mutation ovarian
cancer (Phase II)

NCT01482715 136 Active, not recruiting Phase 1&2

Olaparib
Olaparib maintenance monotherapy in patients with
BRCA mutated ovarian cancer following first line
platinum-based chemotherapy. (SOLO-1)

NCT01844986 450 Active, not recruiting Phase 3

Fluzoparib A Phase I study of fluzoparib in patient with
advanced solid malignancies

ClinicalTrials.gov
Identifier: NCT02575651 42 Recruiting Phase 1

Table 2: Ongoing clinical trials evaluating PARP inhibitors as single agents in ovarian cancer.

Within the PARP family, PARP1 and PARP2 appear to play a
significant role in DNA damage repair. PARP1 detects and signals the
presence of an SSB by binding to DNA adjacent to the damage via its
DNA binding domain. Once bound, PARP1 catalyzes the cleavage of

the coenzyme nicotinamide adenine dinucleotide (NAD+) into
nicotinamide and ADP ribose to produce highly negatively charged
branched chains of poly (ADP-ribose) (PAR).

Figure 5: Role of PARP and PARP inhibitors in DNA damage and repair (a) Mechanism of PARP action. When single-strand break (SSB) is
detected, PARP recruitment and activation leads to SSB repair through PARYlation by PARP, and recruitment of PARP-dependent DNA repair
proteins. Repaired DNA can undergo replication determining cell survival. (b) Outcome of PARP inhibition in BRCA deficient and BRCA
proficient tumors. In the presence of PARP inhibitors, PARPs recruited to DNA-damage sites are no longer able to activate PARP-dependent
repair systems due to catalytic activity inhibition and/or direct trapping of PARP on DNA leading to replication fork stalling and formation of
double strand breaks (DSBs). In BRCA proficient tumors, DSBs can be repaired by homologous recombination (HR) and replication may
restart, leading to cell survival. In BRCA-deficient cells or HR deficient BRCA proficient cells, HR is impaired, leading to accumulation of
DSBs and cell death.
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A multi-protein repair complex is then formed including repair
enzymes, DNA ligase III, the DNA polymerase, and scaffolding
proteins such as XRCC1. Following ADP-ribosylation, owing to the
dense negative charge of PAR, PARP1 loses affinity for DNA, and is
released allowing the recruitment of repair proteins by PAR to the
damaged DNA. After repair, the PAR polymers are degraded via poly
(ADP-ribose) glycohydrolase (PARG) (Figure 5) [34].

Similarly, PARP2 can be activated by DNA damage but contributes
to a small proportion (5% to 10%) of the repair activity [35,36]. A
suppression of PARP1/2 activity leads to the accumulation of
unrepaired SSBs and subsequently DSBs (Figure 5). This results in

stalling of replication forks and its subsequent degradation via Mre11.
In cancer cells, PARP1 with BRCA is known to protect the stalled
replication forks from Mre11 degradation thus allowing HR bypass
and replication to proceed resulting in cell survival. Inhibition of PARP
in HR deficient BRCA1/2 mutant cells leads to accumulation of DSBs
resulting in genomic instability and eventually cell death (Figure 5)
[34,37,38]. Hence HRR deficient tumors are most likely to be sensitive
to PARP inhibition. The activity of PARPs and response to PARP
inhibition is dictated by the extent of DNA damage and cellular NAD+
levels (Table 3).

Combination Study title NCT No of patients Status Phase

AZD2281+ Carboplatin AZD2281 plus carboplatin to treat breast
and ovarian cancer NCT01445418 103 Completed I

BKM120+ Olaparib

And BYL719+ Olaparib

Oral PI3kinase inhibitor BKM120 or BYL719 and
the Oral PARP Inhibitor Olaparib in patients with
recurrent triple negative breast cancer or high
grade serous ovarian cancer

NCT01623349 118 Active, not recruiting I

Niraparib+ bevacizumab
niraparib versus niraparib-
bevacizumab combination in women with platinum-
sensitive epithelial ovarian cancer (AVANOVA)

NCT02354131 108 Recruiting I&II

Cediranib+ Olaparib A study of Cediranib and Olaparib at disease
worsening in ovarian cancer NCT02681237 30 Recruiting

Carboplatin+ Olaparib Olaparib in combination with carboplatin for
refractory or recurrent women’s cancers NCT01237067 77 Completed I

AZD2281+ Carboplatin+
Paclitaxel

Study to assess the safety and tolerability of a
PARP inhibitor in combination with Carboplatin
and/or Paclitaxel

NCT00516724 188 Active, not recruiting I

Olaparib+ Tremelimumab PARP-inhibition and CTLA-4 Blockade in BRCA-
deficient Ovarian Cancer NCT02571725 50 Recruiting I&II

Fluzoparib+ Apatinib A study of Fluzoparib given in combination with
Apatinib in ovarian or breast cancer patients NCT03075462 76 Recruiting I

Niraparib+ pembrolizumab
Niraparib in combination with Pembrolizumab in
patients with Triple-negative breast cancer or
ovarian cancer (TOPACIO)

NCT02657889 114 Recruiting I&II

Veliparib+ Floxuridine
Veliparib and floxuridine in treating patients with
metastatic epithelial ovarian, primary peritoneal
cavity, or fallopian tube cancer

NCT01749397 102 Recruiting I

Olaparib+ paclitaxel+
carboplatin

Study to compare the efficacy and safety of
Olaparib when given in combination with
Carboplatin and Paclitaxel, compared with
Carboplatin and Paclitaxel in patients with
advanced ovarian cancer

NCT01081951 162 Active, not recruiting II

ABT-888 (veliparib)+
Cyclophospha-mide Phase II ABT-888 With Cyclophosphamide NCT01306032 124 completed II

Niraparib+ Bevacizumab

Phase 2, a study of niraparib combined with
bevacizumab maintenance treatment in patients
with advanced ovarian cancer following response
on front-line platinum-based chemotherapy

NCT03326193 92 Recruiting II

Olaparib+ Cediranib
Study evaluating the efficacy of maintenance
Olaparib and Cediranib or Olaparib alone in ovarian
cancer patients (ICON9)

NCT03278717 618 Not yet recruiting III

Carboplatin+ Eribulin+
Veliparib

Combination of Carboplatin, Eribulin and Veliparib
in stage IV Cancer patients NCT03032614 0 Withdrawn (Lack of

funding) II
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Olaparib+ Cediranib+
MEDI4736

Phase I/II study of the anti-programmed death
ligand-1 antibody MEDI4736 in combination with
Olaparib and/or Cediranib for advanced solid
tumors and advanced or recurrent ovarian, triple
negative breast, lung, prostate and colorectal
cancers

NCT02484404 421 Recruiting I&II

Veliparib+ Carboplatin+
Paclitaxel+ FOLFIRI

A study evaluating veliparib as a single agent or in
combination with chemotherapy in subjects with
solid tumors

NCT02033551 47 Completed I

Olaparib+ MEDI4736
A Phase I/II study of MEDI4736 in combination with
Olaparib in patients with advanced solid tumors.
(MEDIOLA)

NCT02734004 148 Active, not recruiting I&II

Cediranib Maleate+
Olaparib

Cediranib maleate and Olaparib in treating patients
with recurrent ovarian, fallopian tube, or peritoneal
cancer or recurrent triple-negative breast cancer

NCT01116648 162 Active, not recruiting I&II

ABT-888+ Temozolomide A Phase I study of ABT-888 in combination with
Temozolomide in cancer patients NCT00526617 41 Completed I

Olaparib+ AZD2014

or AZD5363

A Phase Ib study of the oral PARP inhibitor
Olaparib with the oral mTORC1/2 inhibitor
AZD2014 or the oral AKT inhibitor AZD5363 for
recurrent endometrial, triple negative breast, and
ovarian, primary peritoneal, or fallopian tube cancer

NCT02208375 159 Active, not recruiting I&II

Durvalumab+ Olaparib+
Tremelimumab

Olaparib, Durvalumab, and Tremelimumab in
treating patients with recurrent or refractory ovarian,
fallopian tube or primary peritoneal cancer with
BRCA1 or BRCA2 mutation

NCT02953457 39 Recruiting I&II

Avelumab+ Talazoparib Javelin Parp Medley: Avelumab plus talazoparib in
locally advanced or metastatic solid tumors NCT03330405 296 Recruiting I&II

Cediranib Maleate+
Olaparib

Chemotherapy: Paclitaxel,
Pegylated Liposomal
Doxorubicin, Topotecan
Hydrochloride

Cediranib Maleate and Olaparib or standard
chemotherapy in treating patients with recurrent
platinum-resistant or -refractory ovarian, fallopian
tube, or primary peritoneal cancer

NCT02502266 680
Suspended -
scheduled interim
monitoring

II&III

Veliparib+ Carboplatin+
Paclitaxel

Veliparib with carboplatin and paclitaxel and as
continuation maintenance therapy in subjects with
newly diagnosed stage iii or iv, high-grade serous,
epithelial ovarian, fallopian tube, or primary
peritoneal cancer

NCT02470585 1100 Active, not recruiting III

Radiation: Radiation
Therapy + Veliparib

Veliparib and radiation therapy in treating patients
with advanced solid malignancies with peritoneal
carcinomatosis, epithelial ovarian, fallopian, or
primary peritoneal cancer

NCT01264432 34 Completed I

Cediranib+ olaparib
Efficacy and safety study of cediranib in
combination with olaparib in patients with recurrent
platinum-resistant ovarian cancer (CONCERTO)

NCT02889900 100 Recruiting II

Table 3: Clinical trials evaluating PARP inhibitor combinations.

Pharmacological development of PARP inhibitors for
management of ovarian cancer

PARP inhibitors act by blocking the enzyme PARP. Pharmacological
development of PARP inhibitors is based on two approaches: the role
of PARP in DNA damage repair with a potential chemo-sensitization
role [38] and synthetic lethality of PARP inhibition with deficient HR
pathway resulting from BRCA aberrations [39]. Three oral PARP
inhibitors have been granted FDA-approval for specific indications in
ovarian cancer: Lynparza (olaparib) in December 2014, Rubraca
(rucaparib) in December 2016, and Zejula (niraparib) in March 2017.

Other PARP inhibitors in development include veliparib, talazoparib,
fluzoparib [24,40].

Lynparza (olaparib) or AZD2281, the first approved PARP inhibitor,
is the most extensively studied and is indicated for women with
germline BRCA-mutated advanced ovarian cancer who have had three
or more lines of chemotherapy [41-43]. A Phase I study in patients
with familial BRCA1- or BRCA2-mutant breast or ovarian cancers
with olaparib provided considerable clinical proof of concept for the
synthetic lethal approach [44]. Subsequently, two Phase II clinical trials
established that olaparib could elicit profound and sustained antitumor
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responses in familial BRCA1- or BRCA2-mutant breast and ovarian
cancers [45,46]. On the basis of these Phase II studies, olaparib was
approved for use in December 2014 by both the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) as
a monotherapy for the maintenance treatment of women with BRCA1-
or BRCA2-mutant high grade serous ovarian cancer (HGS-OvCa), or
fallopian tube or primary peritoneal cancer, who have had either a
complete or partial response to platinum-based chemotherapy [47]. In
the EMA approval, the inclusion of both BRCA1 or BRCA2 germline
and somatically mutated tumours makes olaparib the first targeted
treatment for an inherited cancer disorder (namely, familial, BRCA1-
mutant or BRCA2-mutant HGS-OvCa) as well as the first BRCAness-
targeted therapy. In addition, Lynparza’s new tablet formulation
received FDA approval in August 2017, as maintenance treatment for
women with platinum-sensitive recurrent ovarian cancer regardless of
BRCA-mutation status (https://www.astrazeneca.com/media-centre/
press-releases/2017).

Rubraca (Rucaparib) has been approved by the FDA for single-agent
treatment of women with ovarian cancer who have either a germline or
somatic BRCA mutation and who have received a minimum of two
prior lines of chemotherapy. The phase II trial data supporting this
indication revealed an objective response rate (ORR) of approximately
80% in patients with a BRCA mutation [48]. As per ESMO 2017 Press
Release (http://www.esmo.org/ Conferences/Past-Conferences/
ESMO-2017), Rucaparib maintenance therapy (ARIEL3 trial) resulted
in increased progression-free survival in BRCA mutant recurrent
ovarian cancer by 77% [49].

Zejula (niraparib) is prescribed as maintenance therapy following a
partial or complete response to platinum chemotherapy, and it can be
used in women who do not harbor BRCA mutations. A phase III trial
(NCT01847274) with progression-free survival as the end point
concluded that among patients with platinum-sensitive, recurrent
ovarian cancer, the median duration of progression-free survival was
significantly longer among those receiving niraparib than among those
receiving placebo, regardless of the presence or absence of BRCA
mutations or HR deficiency status, with moderate bone marrow
toxicity [50].

In addition to the approved indications, a list of ongoing clinical
trials evaluating PARP inhibitors as single agents in ovarian cancer is
included as Table 2 (source: clinicaltrials.gov).

Safety and tolerability of PARP inhibitors
PARP inhibitors are relatively well tolerated either as single agents

or in combination with other cytotoxic or biologic agents in the
treatment of ovarian cancer. Their main toxicities are gastrointestinal,
fatigue, and hematological, and these toxicities are common to all
PARP inhibitors. Myelodysplastic syndromes are seen in up to 2% of
patients treated with these medications, and patients should be
appropriately counseled regarding this adverse effect [44,51].

Development of resistance to PARP inhibitors
Inhibitor resistance may develop on continued therapy and acquired

resistance is an acknowledged clinical problem with PARP inhibitors.
Numerous mechanisms of resistance to PARP inhibitors have been
identified. Since pharmacological development of PARP inhibitors was
mainly based on synthetic lethal approach in HRR deficient cancers,
the major mechanism of resistance to PARP inhibitors is restoration of
HRR in BRCA1/2-mutant cells.51 Restoration of HRR can occur via

several mechanisms. Firstly, inactivation of proteins involved in
controlling DNA resection at DSBs namely p53-binding protein 1
(53BP1) [52] or mitotic arrest deficient 2-like protein 2 (MAD2L2)
[53] may restore HRR. Hong et al. observed that 53BP1 might be a
predictor of PARP inhibitor resistance in patients with ATM-deficient
tumors on the basis of their study findings that indicated an improved
overall survival in triple-negative breast cancer patients with lower
levels of phospho- ATM and in patients with negative 53BP1 [54].
Secondly secondary mutations in BRCA1/2 (for eg intragenic deletion
of the c.6174delT) restore the open reading frame of mutant BRCA
alleles restoring BRCA protein function and HRR, therefore inducing
resistance to PARP inhibitors [55-58]. Platinum therapy is implicated
in selection of secondary BRCA mutations as demonstrated by
Norquist [58] In this study 28.3% (13 of 46) of recurrent ovarian
carcinomas that emerged after platinum therapy had secondary BRCA
mutations, compared with a secondary mutation frequency of 3.1% (2
of 64) in primary tumors. Moreover, 46.2% (12 of 26) of platinum-
resistant recurrences in 26 patients with ovarian cancer had secondary
mutations restoring BRCA1 or BRCA2 function, compared with 5.3%
(1 of 19) of platinum-sensitive recurrences indicating the role of
platinum therapy. Resistance may also result from germline or
secondary mutations of HRR component genes. Sequencing of HRR
pathway genes in tumor samples from ARIEL2 trial revealed that
secondary somatic mutations in RAD51C and RAD51D are associated
with Rucaparib resistance in HGS-OvCa [59]. Germline mutations in
RAD51C and RAD51D are rare and associated with an increased risk
of ovarian cancer, whereas germline PALB2 mutations are associated
with an increased risk of breast and pancreatic cancers. The pathogenic
mutations in RAD51C, RAD51D, and PALB2 are synthetically lethal
with PARP inhibitors [58,59]. In addition to these, enhanced
enzymatic recombinase activity of RAD51, may restore HR function
rendering cells insensitive to PARP inhibition [60]. Other mechanisms
that contribute to PARP inhibition include down-regulation of NHEJ
pathway or reduction in PARP activity. Reduction of PARP activity can
occur either due to reduction in PARP expression, trapping potential
of PARP inhibitors or loss of PARP catalytic activity [61]. Lastly, an
augmentation of Abcb1a/b genes encoding P-glycoprotein efflux
pumps leading to reduction in intracellular concentrations of PARP
inhibitors due to increased efflux rate may cause resistance to PARP
inhibitors [62].

In addition to the mechanisms described above using data from
clinical studies and patient samples, preclinical studies have indicated
role of micro RNA regulation, epigenetic re-expression of BRCA1,
phosphorylation of PARP by c-Met and mTOR pathways and
overexpression of HOX family members as some of the probable
mechanism of development of resistance to PARP inhibition [62-66].

Biomarkers for PARP inhibitor sensitivity in monotherapy
Biomarkers for PARP inhibitor sensitivity would include scrutiny of

BRCA status (BRCA1/2 mutation), Silenced or mutated BRCA related
genes, PARP protein levels, PARP activity, RNA/DNA signatures
correlating with BRCA status and Functional homologous
recombination pathways [e.g. RAD51 foci, Fanconi anaemia (FA)].
Germline mutations in BRCA1/2 predispose a cell naturally to HR
deficiency and serve as the first biomarker to select a patient
population that would respond to PARP inhibition. In addition,
BRCAness (pheno-copy of BRCA1 or BRCA2 mutation) that describes
the situation in which an HRR defect exists in a tumour in the absence
of a germline BRCA1 or BRCA2 mutation needs to be evaluated [67].
To develop a BRCAness signature associated with platinum and PARP-
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inhibitor responsiveness, Konstantinopoulos mined publicly available
gene expression data from BRCA1-mutant, BRCA2-mutant or BRCA-
wild-type HGS-OvCa. The in vitro validated gene signature in this
study when assessed clinically in 70 patients revealed that patients
whose tumours had a high level of expression of the BRCAness profile
had improved disease-free survival (34 months versus 15 months;
P=0.013) and improved overall Survival (72 months versus 41 months;
P=0.006) compared with those with the BRCA-wild-type profile. This
gene signature comprised predominantly platinum resistance or DNA
repair signature genes such as APEX1, MGST3, and PMS1confirming
the role of platinum sensitivity to predict sensitivity to PARP
inhibitors. In this study, BRCAness profile was found to be
independent of other clinical prognostic factors such as the age of the
patient at diagnosis, and the tumour stage, grade and histology [68].
Other experimental biomarkers of BRCAness in HGS-OvCa include
the presence of genetic or epigenetic alterations in genes that control
HRR including secondary mutations in BRCA and transcriptomic
signatures associated with HRR gene defects. Both somatic mutations
described earlier and epigenetic loss of BRCA function through
BRCA1 promoter methylation or overexpression of the BRCA2
transcription suppressor EMSY can lead to BRCAness [68,69]. Defects
in DNA repair pathway genes that modulate HRR and thus BRCAness
include ataxia telangiectasia mutated (ATM), ataxia telangiectasia and
Rad3-related (ATR), CHEK1 and CHEK2, deleted in split hand/split
foot protein 1 (DSS1), RAD51, PALB2, NBS1, excision repair cross-
complementation group 1 (ERCC1) and the Fanconi anaemia
complementation gene family (FANC) [67]. Additionally, mutations in
cyclin dependent kinase 12 (CDK12), a key regulator of transcription
elongation can also alter the response to platinum therapy and PARP
inhibitors [70-74]. Key HRR genes that are regulated through CDK12
include BRCA1, ATR, FANCI and FANCD2 [74].

Functional approaches aimed at identifying BRCAness include
assays that can detect tumors unable to perform HRR efficiently. One
approach is detection of RAD51 nuclear localization by
immunohistochemical (IHC) staining. A drawback to this testing is
that DNA damage being a highly dynamic response, RAD 51 detection
may lead to false interpretations as the basal level of their activity
might not always indicate HRR defect [75,76]. For example, in in-vitro
tissue cultured BRCA2 null and BRCA2 wild type cells, nuclear RAD51
foci are almost absent in the basal state and detected only when the
cells are exposed to DNA damage resulting from exposure to ionizing
radiation or PARP inhibition [75]. This drawback can be corrected by
using an ex vivo approach with fresh tumour biopsies wherein
following an ex-vivo DNA damage exposure, RAD51 is measured
[75-77].

Other promising biomarkers for sensitivity to PARP inhibitors is a
measurement of PARP protein level, its catalytic activity (detection of
PAR levels) and ability of PARP inhibitors to trap PARP1 and PARP2
enzymes [78]. Likewise, measurement of 53BP1 or MAD2L2
expression in cancer cells can detect its sensitivity or resistance to
PARP inhibitor treatment [52,53]. Synthetic lethality has been
observed with Myc and PARP inhibition. Thus, reducing MYC
oncogene addiction can leverage cancer cell sensitivity to PARPi,
facilitating the clinical use of c-myc as a predictive biomarker with
PARP inhibitor treatment [79].

Clinical development of PARP inhibitors faces a major roadblock in
availability of a suitable pharmacodynamic (PD) marker. Although
rational for suitability of several biomarkers as PD markers is
described above, currently the only clinically validated PD assay

available for testing PARP inhibitors is an ELISA based method that
quantifies basal PAR levels both in peripheral blood mononuclear cells
(PBMCs) and tumour cells [80,81]. Preclinically, reduction in PAR
chain formation has been a useful PD biomarker to confirm target
engagement for PARP inhibitors. However, in clinic several studies
have demonstrated lack of correlation between this PD read-out and
clinical anti-tumour activity as exemplified by rucaparib and Olaparib
trials [82,83]. In rucaparib study, a near complete inhibition of PARP
enzymatic activity was demonstrated even at sub-therapeutic doses
where there is no appreciable relationship between PK and PD studies.
A possible reason for this discordance may be related to the PARP
trapping to DNA mechanism of PARP inhibitors with the most potent
PARP inhibition appears to be those that bind DNA most strongly.
Another limitation with this assay is sensitivity as low basal levels of
PAR are not detectable and hence the assay is applicable only to a
limited set of patients that exhibit sufficiently high PAR levels.
Furthermore, high day-to-day PAR level variation within the same
individual and inter assay variability makes the quantification and
subsequent comparison of PARP activity between samples difficult.
Hence the PAR level detection methods should be complemented with
other biomarkers such as RAD51 and γH2AX in early phase clinical
trials to build confidence that robust PD activity was achieved.

Combination therapy with PARP inhibitors
Combination strategies of existing treatment modalities with PARPi

are an area of intense research. Designing of clinically relevant drug
combinations to maximize synergistic effects with PARP inhibitors will
be based on retention of DNA damage with induction of HRR
deficiency. Currently, multiple clinical trials are underway examining
the antitumor activity of PARP inhibitor combination therapy. A brief
list of ongoing combination trials in ovarian cancers resourced through
PubMed, ClinicalTrials.gov and data from proceedings from scientific
conferences pertaining to clinical combination of PARP inhibitors in
ovarian cancer is presented as Table 2. Combinations include the
addition of a PARP agent to standard of care platinum-based cytotoxic
therapy, or in combination with bevacizumab (standard of care in
ovarian malignancy). In updated findings from a small phase 3 trial
studying the combination that was reported at the annual meeting of
the American Society of Clinical Oncology in June 2017, adding
cediranib (antiangiogenic) to Lynparza showed a superior median
progression-free survival of 23.7 months, compared with 5.7 months
with single-agent Lynparza in 23 women with recurrent platinum-
sensitive ovarian cancer, but without a known BRCA germline
mutation. The 24 women in the study with a BRCA mutation did not
derive the same benefit. “In this trial, patients who were non–BRCA-
mutated actually did better than those who were” [84] further
emphasizing the requirement for a deeper understanding of
mechanistic effects of drugs under study. Another completed study
(NCT01306032) that evaluated single-agent, low-dose
cyclophosphamide in HGS-OvCa, peritoneal, fallopian tube, and
BRCA-mutant ovarian cancers, combination of veliparib with
cyclophosphamide was well tolerated. However, the addition of
veliparib at 60 mg daily did not improve either the response rate or the
median progression-free survival [85]. PARP-immunotherapy
combinations are also being explored with two phase 1/2 studies
recruiting patients that is examining combination of Lynparza with the
monoclonal antibody tremelimumab (NCT02571725) and
tremelimumab and Durvalumab, (NCT02953457) in BRCA 1 and
BRCA 2 carriers with recurrent ovarian cancer. Newer combination
strategies being evaluated to leverage the DNA damage response of
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PARP inhibitors include the addition of cell cycle inhibitors and other
DNA repair-targeting agents (ASCO, 2017). Furthermore, at the
Preclinical level, combination of Rucaparib with MDM2 inhibitors,
Nutlin-3 and RG7388, was found to be synergistic in ovarian cancer
[86].

Combination designs of PARP inhibitors with chemotherapy should
also aim at minimizing toxicity commonly observed with PARPi and
chemotherapy. Overlapping myelosuppression is commonly observed
with PARP inhibitor and chemotherapy combinations [51]. In a recent
study Oral rucaparib combination with a clinically relevant dose of
carboplatin studied in 85 patients with advanced solid tumours (15/85
ovarian) (NCT01009190) was found to be safe [87]. Another study
ABT-888 plus low-dose fractionated whole abdominal radiation
therapy (LDFWAR) in patients with advanced solid malignancies and
peritoneal carcinomatosis with a dose escalation in ovarian and
fallopian tube cancers indicated gastrointestinal symptoms, fatigue and
myelosuppression as the most common toxicities [88].

Strategizing use of clinically relevant combination trials with PARP
inhibitors would involve critically analyzing efficacy, safety, tolerance
and an in-depth knowledge of DNA repair mechanisms and mode of
action of combination compounds.

Utility of PARP inhibitors in BRCA-proficient cancers
The designing of PARP inhibitors was based on synthetic lethality in

BRCA deficient tumors (Figure 5b). However, in recent times,
understanding of DNA repair pathways and biological role of PARP
has raised the possibility of utilizing PARP inhibitors as a treatment
modality in BRCA proficient but HR deficient tumors. The recent FDA
approval of lynpraza as a maintenance treatment for women with
platinum-sensitive recurrent ovarian cancer regardless of BRCA-
mutation status indicates that the key property for predicting a
favorable response to PARP inhibitors is HR deficiency (https://
www.astrazeneca.com/media-centre/press-releases/2017). Thus, PARP
inhibition in ovarian cancer might have utility extending beyond those
cases associated with BRCA mutations. Key work supporting this line
of thought initially comes from the cancer genome atlas (TCGA)
network (2011) wherein the authors observed that within the CGA
framework up to 50% of cases of high-grade serous ovarian cancer
might be candidates for PARP inhibition, based on a range of genetic
defects in addition to BRCA 1/2 germline and somatic mutations [5].
The clinical relevance of the observations was assessed in a clinical trial
published in 2011 by Gelmon, which demonstrated efficacy of
Olaparib in patients with sporadic, BRCA wild-type ovarian cancer,
albeit at a slightly lower level (24%) and confined mainly to patients
with platinum-sensitive disease [89]. In this study, Olaparib induced
sustained responses in non-BRCA mutant HGS-OvCa. Responses to
Olaparib were also observed in ovarian cancer patients with wild type
or unknown BRCA status in a study of maintenance therapy after
platinum-based chemotherapy [90] and in a study of Olaparib plus
cediranib [91].

Identification of the BRCA proficient but HR deficient subgroup of
patients however, is a challenge as efficient HR deficiency assays are
not available clinically. Furthermore, understanding of DNA repair
systems has provided some insights to exploit PARP inhibition in
BRCA proficient tumors using combinatorial strategies and a number
of preclinical and clinical studies are reported in the literature. A
combination of PARP and CDK inhibition was observed to be
synergistic in mouse model of lung adenocarcinoma wherein, reduced
Cdk1 activity, impaired BRCA1 function and consequently, repair by

HR, Inhibition of Cdk1 along with PARP thus represents a clinically
viable strategy for BRCA-proficient cancers [92] similarly reduced
PAK1 activity impaired FA/BRCA function and inhibition of this
kinase in PAK1 amplified and/or overexpressing breast cancer cells
represents a plausible strategy for expanding the utility of PARP
inhibitors to BRCA-proficient cancers [93]. Additionally, synergistic
combinations of PARP inhibitors is also observed with PI3K/mTor
inhibitors in BRCA proficient tumors [94,95].

BRCA proficiency but HR deficiency due to epigenetic modulation
of BRCA is reported in up to 20% of HGS-OvCa [96]. In these tumors
the loss of BRCA1 or BRCA2 function occurs through epigenetic
events [96]. The molecular profiling of this subgroup implies that these
patients expressing an HR-deficient phenotype in the absence of
somatic/germline BRCA mutation will benefit from PARP inhibition.
Accordingly, several preclinical studies have demonstrated synergistic
combinations of PARPi with epigenetic modulators. In a preclinical
study, BET bromodomain inhibitor JQ1 was found to synergistically
act with olaparib in BRCA-proficient ovarian cancers [97]. The
mechanistic in-view of this synergistic combination suggests that
synegism is due to an increase in DNA damage and checkpoint defects
(WEE1, TOPBP1), that allowed the cells to enter mitosis despite the
accumulation of DNA damage, ultimately causing mitotic catastrophe
[97]. Similarly, DNA methyl transferase (DNMT) inhibitors with
PARPi synergistically inhibited tumor growth in acute myeloid
leukemia (AML) and breast cancer cells, by binding into DNA and
increasing PARP trapping into chromatin. Thus, a combination of
PARPi with epigenetic modulators offers immense potential to be tried
in clinical setting for BRCA proficient tumors.

Discussion and Conclusion
PARP Inhibitors are emerging as one of the most active and

promising therapies for the treatment of ovarian cancers. Physicians
find these drugs to be extremely attractive because of their efficacy,
oral bioavailability, safety, tolerability and convenient dosing schedule.
Maximal benefit of PARP inhibitor monotherapy has been observed in
ovarian cancer with deficient HR DNA repair system due to BRCA
mutations working on the principle of synthetic lethality. Accordingly,
identification of target patient population to maximize PARPi utility
should involve incorporation of BRCA as well as BRCAness diagnostic
tests into clinical practice. Additionally, ovarian cancer patients with
HRR deficiency but without BRCA mutations may also be susceptible
to PARP inhibition and a robust diagnostic HR Deficiency (HRD)
assay in clinical practice is required to identify this patient subgroup as
candidates for PARPi treatment. Major challenges in optimization of
using PARP inhibitors clinically include identification of predictive
biomarkers, avoidance of creating conditions for new Drug limiting
toxicities (DLTs) and combinatorial strategies with available treatment
modalities to improve efficacy, overcome resistance and expand the
utility of PARPi to BRCA proficient patients. PARP inhibitors are thus
poised to be a critical therapeutic component in clinical management
of ovarian cancer patients.

Acknowledgements
All authors have read the journal's authorship agreement and policy

on disclosure of potential conflicts of interest. The author reports no
conflicts of interest in this work.

Citation: Bhatia DR, Gupta S (2018) Clinical Utility of Poly (ADP-Ribose) Polymerase Inhibitors in Ovarian Cancer. J Cancer Sci Ther 10: 240-252.
doi:10.4172/1948-5956.1000551

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 240-252 (2018) - 249



References
1. Siegel RL, Miller KD, Jemal A (2017) Cancer statistics, 2017. CA Cancer J

Clin 67: 7-30.
2. Grabosch SM (2018) Overview: Ovarian cancer treatment protocols.

[https://emedicine.medscape.com/article/2006723]. Accessed on:
September 4th 2018.

3. Kobel M, Kalloger SE, Lee S, Duggan MA, Kelemen LE, et al. (2013)
Biomarker-based ovarian carcinoma typing: A histologic investigation in
the ovarian tumor tissue analysis consortium. Cancer Epidemiol
Biomarkers Prev 22: 1677-1686.

4. Luvero D, Milani A, Ledermann JA (2014) Treatment options in
recurrent ovarian cancer: Latest evidence and clinical potential. Ther Adv
Med Oncol 6: 229-239.

5. The Cancer Genome Atlas Research Network (2011) Integrated genomic
analyses of ovarian carcinoma. Nature 474: 609-615.

6. Pennington KP, Walsh T, Harrell MI, Lee MK, Pennil CC, et al. (2014)
Germline and somatic mutations in homologous recombination genes
predict platinum response and survival in ovarian, fallopian tube, and
peritoneal carcinomas. Clin Cancer Res 20: 764-775.

7. Chatterjee N, Walker GC (2017) Mechanisms of DNA damage, repair,
and mutagenesis. Environ Mol Mutagen 58: 235-263.

8. Dianov GL, Hubscher U (2013) Mammalian base excision repair: The
forgotten archangel. Nucleic Acids Res 41: 3483-3490.

9. Hegde ML, Hazra TK, Mitra S (2008) Early steps in the DNA base
excision/single-strand interruption repair pathway in mammalian cells.
Cell Res 18: 27-47.

10. Heeres JT, Hergenrother PJ (2007) Poly (ADP-ribose) makes a date with
death. Curr Opin Chem Biol 11: 644-653.

11. Caldecott KW (2007) Mammalian single-strand break repair:
Mechanisms and links with chromatin. DNA repair 6: 443-453.

12. Das BB, Huang SY, Murai J, Rehman I, Amé JC, et al. (2014) PARP1–
TDP1 coupling for the repair of topoisomerase I–induced DNA damage.
Nucleic Acids Res 42: 4435-4449.

13. Pommier Y, Redon C, Rao VA, Seiler JA, Sordet O, et al. (2003) Repair of
and checkpoint response to topoisomerase I-mediated DNA damage.
Mutat Res 532: 173-203.

14. Hoeijmakers JH (2001) Genome maintenance mechanisms for preventing
cancer. Nature 411: 366-374.

15. Prakash R, Zhang Y, Feng W, Jasin M (2015) Homologous recombination
and human health: The roles of BRCA1, BRCA2, and associated proteins.
Cold Spring Harb Perspect Biol 7: a016600.

16. Valerie K, Povirk LF (2003) Regulation and mechanisms of mammalian
double-strand break repair. Oncogene 22: 5792-5812.

17. Mansour WY, Schumacher S, Rosskopf R, Rhein T, Schmidt-Petersen F, et
al. (2008) Hierarchy of nonhomologous end-joining, single-strand
annealing and gene conversion at site-directed DNA double-strand
breaks. Nucleic Acids Res 36: 4088-4098.

18. van Gent DC, Van Der Burg M (2007) Non-homologous end-joining, a
sticky affair. Oncogene 26: 7731-7740.

19. Gudmundsdottir K, Ashworth A (2006) The roles of BRCA1 and BRCA2
and associated proteins in the maintenance of genomic stability.
Oncogene 25: 5864-5874.

20. Shrivastav M, De Haro LP, Nickoloff JA (2008) Regulation of DNA
double-strand break repair pathway choice. Cell Res 18: 134-147.

21. Filipponi D, Muller J, Emelyanov A, Bulavin D (2013) Wip1 controls
global heterochromatin silencing via ATM/BRCA1-dependent DNA
methylation. Cancer Cell 24: 528-541.

22. Savage KI, Gorski JJ, Barros EM, Irwin GW, Manti L, et al. (2014)
Identification of a BRCA1–mRNA splicing complex required for efficient
DNA repair and maintenance of genomic stability. Mol Cell 54: 445-459.

23. Stewart G, Elledge SJ (2002) The two faces of BRCA2, a fantastic
discovery. Mol Cell 10: 2-4.

24. Barroilhet LM (2017) PARP Inhibitors are changing diagnostic and
therapeutic landscape in ovarian cancer.

25. Turner N, Tutt A, Ashworth A (2004) Hallmarks of ‘BRCAness’ in
sporadic cancers. Nat Rev Cancer 4: 814-819.

26. Scully R, Livingston DM (2000) In search of the tumor-suppressor
functions of BRCA1 and BRCA2. Nature 408: 429-432.

27. Venkitaraman AR (2014) Cancer suppression by the chromosome
custodians, BRCA1 and BRCA2. Science 343: 1470-1475.

28. Tutt A, Bertwistle D, Valentine J, Gabriel A, Swift S, et al. (2001) Mutation
in Brca2 stimulates error prone homology-directed repair of DNA double
strand breaks occurring between repeated sequences. EMBO J 20:
4704-4716.

29. Xia F, Taghian DG, DeFrank JS, Zeng ZC, Willers H, et al. (2001)
Deficiency of human BRCA2 leads to impaired homologous
recombination but maintains normal nonhomologous end joining. Proc
Natl Acad Sci 98: 8644-8649.

30. Moynahan ME, Pierce AJ, Jasin M (2001) BRCA2 is required for
homology-directed repair of chromosomal breaks. Mol Cell 7: 263-272.

31. Ame JC, Spenlehauer C, De Murcia G (2004) The PARP superfamily.
Bioessays 26: 882-893.

32. Krishnakumar R, Kraus WL (2010) The PARP side of the nucleus:
molecular actions, physiological outcomes, and clinical targets. Mol Cell
39: 8-24.

33. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA (2008) DNA
repair pathways as targets for cancer therapy. Nat Rev Cancer 8: 193-204.

34. Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG (2010) PARP
inhibition: PARP1 and beyond. Nat Rev Cancer 10: 293-301.

35. Drew Y, Calvert H (2008) The potential of PARP inhibitors in genetic
breast and ovarian cancers. Ann N Y Acad Sci 1138: 136-145.

36. Schultz N, Lopez E, Saleh-Gohari N, Helleday T (2003) Poly(ADP-ribose)
polymerase (PARP1) has a controlling role in homologous
recombination. Nucleic Acids Res 31: 4959-4964.

37. Ying S, Hamdy FC, Helleday T (2012) Mre11-Dependent degradation of
stalled DNA replication forks is prevented by BRCA2 and PARP1. Cancer
Res 72: 2814-2821.

38. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, et al. (2005)
Targeting the DNA repair defect in BRCA mutant cells as a therapeutic
strategy. Nature 434: 917-921.

39. Helleday T (2011) The underlying mechanism for the PARP and BRCA
synthetic lethality: Clearing up the misunderstandings. Mol Oncol 5:
387-393.

40. Green LM (2017) PARP inhibitors changing the landscape of ovarian
cancer treatment [https://www.curetoday.com]. Accessed on September
4th 2018.

41. Domchek SM, Aghajanian C, Shapira-Frommer R, Schmutzler RK,
Audeh MW, et al. (2016) Efficacy and safety of olaparib monotherapy in
germline BRCA1/2 mutation carriers with advanced ovarian cancer and
three or more lines of prior therapy. Gynecol Oncol 140: 199-203.

42. Ledermann JA, Harter P, Gourley C, Friedlander M, Vergote I, et al.
(2012) Olaparib maintenance therapy in platinum-sensitive relapsed
ovarian cancer. N Engl J Med 366: 1382-1392.

43. Ledermann JA, Harter P, Gourley C, Friedlander M, Vergote I, et al.
(2014) Olaparib maintenance therapy in patients with platinum-sensitive
relapsed serous ovarian cancer: A preplanned retrospective analysis of
outcomes by BRCA status in a randomized phase 2 trial. Lancet Oncol 15:
852-861.

44. Fong PC, Boss DS, Yap TA, Tutt A, Wu P, et al. (2009) Inhibition of
poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers.
N Engl J Med 361: 123-134.

45. Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, et al. (2010)
Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCA1 or BRCA2 mutations and advanced breast cancer: a proof-of-
concept trial. Lancet 376: 235-244.

46. Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B, et al.
(2010) Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients
with BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a proof-
of-concept trial. Lancet 376: 245-251.

Citation: Bhatia DR, Gupta S (2018) Clinical Utility of Poly (ADP-Ribose) Polymerase Inhibitors in Ovarian Cancer. J Cancer Sci Ther 10: 240-252.
doi:10.4172/1948-5956.1000551

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 240-252 (2018) - 250

http://dx.doi.org/10.3322/caac.21387
http://dx.doi.org/10.3322/caac.21387
https://emedicine.medscape.com/article/2006723-overview
https://emedicine.medscape.com/article/2006723-overview
https://emedicine.medscape.com/article/2006723-overview
http://dx.doi.org/10.1158/1055-9965.EPI-13-039108
http://dx.doi.org/10.1158/1055-9965.EPI-13-039108
http://dx.doi.org/10.1158/1055-9965.EPI-13-039108
http://dx.doi.org/10.1158/1055-9965.EPI-13-039108
http://dx.doi.org/10.1177/1758834014544121
http://dx.doi.org/10.1177/1758834014544121
http://dx.doi.org/10.1177/1758834014544121
http://dx.doi.org/10.1038/nature10166
http://dx.doi.org/10.1038/nature10166
http://dx.doi.org/10.1158/1078-0432.CCR-13-2287
http://dx.doi.org/10.1158/1078-0432.CCR-13-2287
http://dx.doi.org/10.1158/1078-0432.CCR-13-2287
http://dx.doi.org/10.1158/1078-0432.CCR-13-2287
http://dx.doi.org/10.1002/em.22087
http://dx.doi.org/10.1002/em.22087
http://dx.doi.org/10.1093/nar/gkt076
http://dx.doi.org/10.1093/nar/gkt076
http://dx.doi.org/10.1038/cr.2008.8
http://dx.doi.org/10.1038/cr.2008.8
http://dx.doi.org/10.1038/cr.2008.8
http://dx.doi.org/10.1016/j.dnarep.2006.10.006
http://dx.doi.org/10.1016/j.dnarep.2006.10.006
http://dx.doi.org/10.1093/nar/gku088
http://dx.doi.org/10.1093/nar/gku088
http://dx.doi.org/10.1093/nar/gku088
https://www.sciencedirect.com/science/article/pii/S002751070300201X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S002751070300201X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S002751070300201X?via%3Dihub
http://dx.doi.org/10.1038/35077232
http://dx.doi.org/10.1038/35077232
http://dx.doi.org/10.1101/cshperspect.a016600
http://dx.doi.org/10.1101/cshperspect.a016600
http://dx.doi.org/10.1101/cshperspect.a016600
http://dx.doi.org/10.1038/sj.onc.1206679
http://dx.doi.org/10.1038/sj.onc.1206679
http://dx.doi.org/10.1093/nar/gkn347
http://dx.doi.org/10.1093/nar/gkn347
http://dx.doi.org/10.1093/nar/gkn347
http://dx.doi.org/10.1093/nar/gkn347
http://dx.doi.org/10.1038/sj.onc.1210871
http://dx.doi.org/10.1038/sj.onc.1210871
http://dx.doi.org/10.1038/sj.onc.1209874
http://dx.doi.org/10.1038/sj.onc.1209874
http://dx.doi.org/10.1038/sj.onc.1209874
http://dx.doi.org/10.1038/cr.2007.111
http://dx.doi.org/10.1038/cr.2007.111
http://dx.doi.org/10.1016/j.ccr.2013.08.022
http://dx.doi.org/10.1016/j.ccr.2013.08.022
http://dx.doi.org/10.1016/j.ccr.2013.08.022
http://dx.doi.org/10.1016/j.molcel.2014.03.021
http://dx.doi.org/10.1016/j.molcel.2014.03.021
http://dx.doi.org/10.1016/j.molcel.2014.03.021
http://dx.doi.org/10.1016/S1097-2765(02)00580-4
http://dx.doi.org/10.1016/S1097-2765(02)00580-4
https://www.onclive.com/publications/oncology-live/2017/vol-18-no-16/parp-inhibitors-are-changing-diagnostic-and-therapeutic-landscape-in-ovarian-cancer
https://www.onclive.com/publications/oncology-live/2017/vol-18-no-16/parp-inhibitors-are-changing-diagnostic-and-therapeutic-landscape-in-ovarian-cancer
http://dx.doi.org/10.1038/nrc1457
http://dx.doi.org/10.1038/nrc1457
http://dx.doi.org/10.1038/35044000
http://dx.doi.org/10.1038/35044000
http://dx.doi.org/10.1126/science.1252230
http://dx.doi.org/10.1126/science.1252230
http://dx.doi.org/10.1093/emboj/20.17.4704
http://dx.doi.org/10.1093/emboj/20.17.4704
http://dx.doi.org/10.1093/emboj/20.17.4704
http://dx.doi.org/10.1093/emboj/20.17.4704
http://dx.doi.org/10.1073/pnas.151253498
http://dx.doi.org/10.1073/pnas.151253498
http://dx.doi.org/10.1073/pnas.151253498
http://dx.doi.org/10.1073/pnas.151253498
http://dx.doi.org/10.1016/S1097-2765(01)00174-5
http://dx.doi.org/10.1016/S1097-2765(01)00174-5
http://dx.doi.org/10.1002/bies.20085
http://dx.doi.org/10.1002/bies.20085
http://dx.doi.org/10.1016/j.molcel.2010.06.017
http://dx.doi.org/10.1016/j.molcel.2010.06.017
http://dx.doi.org/10.1016/j.molcel.2010.06.017
http://dx.doi.org/10.1038/nrc2342
http://dx.doi.org/10.1038/nrc2342
http://dx.doi.org/10.1038/nrc2812
http://dx.doi.org/10.1038/nrc2812
http://dx.doi.org/10.1196/annals.1414.020
http://dx.doi.org/10.1196/annals.1414.020
http://dx.doi.org/10.1093/nar/gkg703
http://dx.doi.org/10.1093/nar/gkg703
http://dx.doi.org/10.1093/nar/gkg703
http://dx.doi.org/10.1158/0008-5472.CAN-11-3417
http://dx.doi.org/10.1158/0008-5472.CAN-11-3417
http://dx.doi.org/10.1158/0008-5472.CAN-11-3417
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1016/j.molonc.2011.07.001
http://dx.doi.org/10.1016/j.molonc.2011.07.001
http://dx.doi.org/10.1016/j.molonc.2011.07.001
https://www.curetoday.com/conferences/20th-ovarian-national-conference/parp-inhibitors-changing-the-landscape-of-ovarian-cancer-treatment
https://www.curetoday.com/conferences/20th-ovarian-national-conference/parp-inhibitors-changing-the-landscape-of-ovarian-cancer-treatment
https://www.curetoday.com/conferences/20th-ovarian-national-conference/parp-inhibitors-changing-the-landscape-of-ovarian-cancer-treatment
http://dx.doi.org/10.1016/j.ygyno.2015.12.020
http://dx.doi.org/10.1016/j.ygyno.2015.12.020
http://dx.doi.org/10.1016/j.ygyno.2015.12.020
http://dx.doi.org/10.1016/j.ygyno.2015.12.020
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1016/S1470-2045(14)70228-1
http://dx.doi.org/10.1016/S1470-2045(14)70228-1
http://dx.doi.org/10.1016/S1470-2045(14)70228-1
http://dx.doi.org/10.1016/S1470-2045(14)70228-1
http://dx.doi.org/10.1016/S1470-2045(14)70228-1
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1016/S0140-6736(10)60893-8
http://dx.doi.org/10.1016/S0140-6736(10)60893-8
http://dx.doi.org/10.1016/S0140-6736(10)60893-8
http://dx.doi.org/10.1016/S0140-6736(10)60893-8


47. Kim G, Ison G, McKee AE, Zhang H, Tang S, et al. (2015) 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 21: 4257-4261.

48. Swisher EM, Lin KK, Oza AM, Scott CL, Giordano H, et al. (2017)
Rucaparib in relapsed, platinum-sensitive high-grade ovarian carcinoma
(ARIEL2 Part 1): An international, multicenter, open-label, phase 2 trial.
Lancet Oncol 18: 75-87.

49. Ledermann J, Oza AM, Lorusso D, Aghajanian C, Oaknin A, et al. (2017)
Phase 3, randomised, double-blind study of rucaparib vs. placebo
following response to platinum-based chemotherapy for recurrent
ovarian carcinoma. Ann Oncol 2: 1.

50. Mirza MR, Monk BJ, Herrstedt J, Oza AM, Mahner S, et al. (2016)
Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian
cancer. N Engl J Med 375: 2154-2164.

51. Evans T, Matulonis U (2017) PARP inhibitors in ovarian cancer:
Evidence, experience and clinical potential. Ther Adv Med Oncol 9:
253-267.

52. Jaspers JE, Kersbergen A, Boon U, Sol W, Van Deemter L, et al. (2013)
Loss of 53BP1 causes PARP inhibitor resistance in Brca1-mutated mouse
mammary tumors. Cancer Discov 3: 68-81.

53. Patch AM, Christie EL, Etemadmoghadam D, Garsed DW, George J, et al.
(2015) Whole-genome characterization of chemo-resistant ovarian
cancer. Nature 521: 489-494.

54. Hong R, Ma F, Zhang W, Yu X, Li Q, et al. (2016) 53BP1 depletion causes
PARP inhibitor resistance in ATM-deficient breast cancer cells. BMC
Cancer 16: 725-736.

55. Sakai W, Swisher EM, Karlan BY, Agarwal MK, Higgins J, et al. (2008)
Secondary mutations as a mechanism of cisplatin resistance in BRCA2-
mutated cancers. Nature 451: 1116-1120.

56. Edwards SL, Brough R, Lord CJ, Natrajan R, Vatcheva R, et al. (2008)
Resistance to therapy caused by intragenic deletion in BRCA2. Nature
451: 1111-1115.

57. Barber LJ, Sandhu S, Chen L, Campbell J, Kozarewa I, et al. (2013)
Secondary mutations in BRCA2 associated with clinical resistance to a
PARP inhibitor. J Pathol 229: 422-429.

58. Norquist B, Wurz KA, Pennil CC, Garcia R, Gross J, et al. (2011)
Secondary somatic mutations restoring BRCA1/2 predict chemotherapy
resistance in hereditary ovarian carcinomas. J Clin Oncol 29: 3008-3015.

59. Kondrashova O, Nguyen M, Shield-Artin K, Tinker AV, Teng NNH, et al.
(2017) Secondary somatic mutations restoring RAD51C and RAD51D
associated with acquired resistance to the PARP inhibitor rucaparib in
high-grade ovarian carcinoma. Cancer Discov 7: 984-998.

60. Oplustilova L, Wolanin K, Mistrik M, Korinkova G, Simkova D, et al.
(2012) Evaluation of candidate biomarkers to predict cancer cell
sensitivity or resistance to PARP-1 inhibitor treatment. Cell Cycle 11:
3837-3850.

61. Kim Y, Kim A, Sharip A, Sharip A, Jiang J, et al. (2017) Reverse the
resistance to PARP inhibitors. Int J Biol Sci 13: 198-208.

62. Ter Brugge P, Kristel P, Van Der Burg E, Boon U, De Maaker M, et al.
(2016) Mechanisms of therapy resistance in patient-derived xenograft
models of BRCA1-deficient breast cancer. J Natl Cancer Inst 108: 148.

63. Choi YE, Meghani K, Brault ME, Leclerc L, He YJ, et al. (2016) Platinum
and PARP inhibitor resistance due to overexpression of microRNA-622 in
BRCA1-mutant ovarian cancer. Cell Rep 14: 429-439.

64. Du Y, Yamaguchi H, Wei Y, Hsu JL, Wang HL, et al. (2016) Blocking c-
Met-mediated PARP1 phosphorylation enhances anti-tumor effects of
PARP inhibitors. Nat Med 22: 194-201.

65. Esposito MT, Zhao L, Fung TK, Rane JK, Wilson A, et al. (2015) Synthetic
lethal targeting of oncogenic transcription factors in acute leukemia by
PARP inhibitors. Nat Med 21: 1481-1490.

66. Sun CK, Zhang F, Xiang T, Chen Q, Pandita TK, et al. (2014)
Phosphorylation of ribosomal protein S6 confers PARP inhibitor
resistance in BRCA1-deficient cancers. Oncotarget 5: 3375-3385.

67. Lord CJ, Ashworth A (2016) BRCAness revisited. Nat Rev Cancer 16:
110-120.

68. Konstantinopoulos PA, Spentzos D, Karlan BY, Taniguchi T, Fountzilas E,
et al. (2010) Gene expression profile of BRCAness that correlates with
responsiveness to chemotherapy and with outcome in patients with
epithelial ovarian cancer. J Clin Oncol 28: 3555-3561.

69. Hughes-Davies L, Huntsman D, Ruas M, Fuks F, Bye J, et al. (2003) EMSY
links the BRCA2 pathway to sporadic breast and ovarian cancer. Cell 115:
523-535.

70. Joshi PM, Sutor SL, Huntoon CJ, Karnitz LM (2014) Ovarian cancer-
associated mutations disable catalytic activity of CDK12, a kinase that
promotes homologous recombination repair and resistance to cisplatin
and poly(ADP-ribose) polymerase inhibitors. J Biol Chem 289:
9247-9253.

71. Bajrami I, Frankum J, Konde A, Miller RE, Rehman FL, et al. (2014)
Genome-wide profiling of genetic synthetic lethality identifies CDK12 as
a novel determinant of PARP1/2 inhibitor sensitivity. Cancer Res 74:
287-297.

72. Cheng H, Zhang Z, Borczuk A, Powell CA, Balajee AS, et al. (2013) PARP
inhibition selectively increases sensitivity to cisplatin in ERCC1-low non-
small cell lung cancer cells. Carcinogenesis 34: 739-749.

73. Postel-Vinay S, Bajrami I, Friboulet L, Elliott R, Fontebasso Y, et al. (2013)
A high-throughput screen identifies PARP1/2 inhibitors as a potential
therapy for ERCC1-deficient non-small cell lung cancer. Oncogene 32 :
5377-5387.

74. Blazek D, Kohoutek J, Bartholomeeusen K, Johansen E, Hulinkova P, et al.
(2011) The Cyclin K/Cdk12 complex maintains genomic stability via
regulation of expression of DNA damage response genes. Genes Dev 25:
2158-2172.

75. O Donnell RL, McCormick A, Mukhopadhyay A, Woodhouse LC, Moat
M, et al. (2014) The use of ovarian cancer cells from patients undergoing
surgery to generate primary cultures capable of undergoing functional
analysis. PLoS ONE 9: e90604.

76. Patterson MJ, Sutton RE, Forrest L, Sharrock R, Lane M, et al. (2014)
Assessing the function of homologous recombination DNA repair in
malignant pleural effusion (MPE) samples. Br J Cancer 111: 94-100.

77. Shah MM, Dobbin ZC, Nowsheen S, Wielgos M, Katre AA, et al. (2014)
An ex vivo assay of XRT-induced Rad51 foci formation predicts response
to PARP-inhibition in ovarian cancer. Gynecol Oncol 134: 331-337.

78. Murai J, Huang SY, Das BB, Renaud A, Zhang Y, et al. (2012) Trapping of
PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res 72:
5588-5599.

79. Carey JP, Karakas C, Bui T, Chen X, Vijayaraghavan S, et al. (2017)
Synthetic lethality of PARP inhibitors in combination with MYC blockade
is independent of BRCA status in triple negative breast cancer. Cancer
Res 78: 742-757.

80. Ji J, Kinders RJ, Zhang Y, Rubinstein L, Kummar S, et al. (2011) Modeling
pharmacodynamic response to the poly (ADP-Ribose) polymerase
inhibitor ABT-888 in human peripheral blood mononuclear cells. PLoS
One 6: e26152.

81. Kummar S, Kinders R, Gutierrez ME, Rubinstein L, Parchment RE, et al.
(2009) Phase 0 clinical trial of the poly (ADP-ribose) polymerase
inhibitor ABT-888 in patients with advanced malignancies. J Clin Oncol
27: 2705-2711.

82. Drew Y, Ledermann J, Hall G, Rea D, Glasspool R, et al. (2016) Phase 2
multicenter trial investigating intermittent and continuous dosing
schedules of the poly(ADP-ribose) polymerase inhibitor rucaparib in
germline BRCA mutation carriers with advanced ovarian and breast
cancer. Br J Cancer 114: 723-730.

83. Fong PC, Yap TA, Boss DS, Carden CP, Mergui-Roelvink M, et al. (2010)
Poly(ADP)-ribose polymerase inhibition: frequent durable responses in
BRCA carrier ovarian cancer correlating with platinum-free interval. J
Clin Oncol 28: 2512-2519.

84. Liu JF, Barry WT, Birrer MJ, Lee J, Buckanovich RJ, et al. (2017) Overall
survival and updated progression-free survival results from a randomized
phase 2 trial comparing the combination of olaparib and cediranib

Citation: Bhatia DR, Gupta S (2018) Clinical Utility of Poly (ADP-Ribose) Polymerase Inhibitors in Ovarian Cancer. J Cancer Sci Ther 10: 240-252.
doi:10.4172/1948-5956.1000551

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 240-252 (2018) - 251

http://dx.doi.org/10.1158/1078-0432.CCR-15-0887
http://dx.doi.org/10.1158/1078-0432.CCR-15-0887
http://dx.doi.org/10.1158/1078-0432.CCR-15-0887
http://dx.doi.org/10.1158/1078-0432.CCR-15-0887
http://dx.doi.org/10.1016/S1470-2045(16)30559-9
http://dx.doi.org/10.1016/S1470-2045(16)30559-9
http://dx.doi.org/10.1016/S1470-2045(16)30559-9
http://dx.doi.org/10.1016/S1470-2045(16)30559-9
http://dx.doi.org/10.1093/annonc/mdx440.034
http://dx.doi.org/10.1093/annonc/mdx440.034
http://dx.doi.org/10.1093/annonc/mdx440.034
http://dx.doi.org/10.1093/annonc/mdx440.034
http://dx.doi.org/10.1056/NEJMoa1611310
http://dx.doi.org/10.1056/NEJMoa1611310
http://dx.doi.org/10.1056/NEJMoa1611310
http://dx.doi.org/10.1177/1758834016687254
http://dx.doi.org/10.1177/1758834016687254
http://dx.doi.org/10.1177/1758834016687254
http://dx.doi.org/10.1158/2159-8290.CD-12-0049
http://dx.doi.org/10.1158/2159-8290.CD-12-0049
http://dx.doi.org/10.1158/2159-8290.CD-12-0049
http://dx.doi.org/10.1038/nature14410
http://dx.doi.org/10.1038/nature14410
http://dx.doi.org/10.1038/nature14410
http://dx.doi.org/10.1186/s12885-016-2754-7
http://dx.doi.org/10.1186/s12885-016-2754-7
http://dx.doi.org/10.1186/s12885-016-2754-7
http://dx.doi.org/10.1038/nature06633
http://dx.doi.org/10.1038/nature06633
http://dx.doi.org/10.1038/nature06633
http://dx.doi.org/10.1038/nature06548
http://dx.doi.org/10.1038/nature06548
http://dx.doi.org/10.1038/nature06548
http://dx.doi.org/10.1002/path.4140
http://dx.doi.org/10.1002/path.4140
http://dx.doi.org/10.1002/path.4140
http://dx.doi.org/10.1200/JCO.2010.34.2980
http://dx.doi.org/10.1200/JCO.2010.34.2980
http://dx.doi.org/10.1200/JCO.2010.34.2980
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://dx.doi.org/10.4161/cc.22026
http://dx.doi.org/10.4161/cc.22026
http://dx.doi.org/10.4161/cc.22026
http://dx.doi.org/10.4161/cc.22026
http://dx.doi.org/10.7150/ijbs.17240
http://dx.doi.org/10.7150/ijbs.17240
http://dx.doi.org/10.1093/jnci/djw148
http://dx.doi.org/10.1093/jnci/djw148
http://dx.doi.org/10.1093/jnci/djw148
http://dx.doi.org/10.1016/j.celrep.2015.12.046
http://dx.doi.org/10.1016/j.celrep.2015.12.046
http://dx.doi.org/10.1016/j.celrep.2015.12.046
http://dx.doi.org/10.1038/nm.4032
http://dx.doi.org/10.1038/nm.4032
http://dx.doi.org/10.1038/nm.4032
http://dx.doi.org/10.1038/nm.3993
http://dx.doi.org/10.1038/nm.3993
http://dx.doi.org/10.1038/nm.3993
http://dx.doi.org/10.18632/oncotarget.1952
http://dx.doi.org/10.18632/oncotarget.1952
http://dx.doi.org/10.18632/oncotarget.1952
http://dx.doi.org/10.1038/nrc.2015.21
http://dx.doi.org/10.1038/nrc.2015.21
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://dx.doi.org/10.1016/S0092-8674(03)00930-9
http://dx.doi.org/10.1016/S0092-8674(03)00930-9
http://dx.doi.org/10.1016/S0092-8674(03)00930-9
http://dx.doi.org/10.1074/jbc.M114.551143
http://dx.doi.org/10.1074/jbc.M114.551143
http://dx.doi.org/10.1074/jbc.M114.551143
http://dx.doi.org/10.1074/jbc.M114.551143
http://dx.doi.org/10.1074/jbc.M114.551143
http://dx.doi.org/10.1158/0008-5472.CAN-13-2541
http://dx.doi.org/10.1158/0008-5472.CAN-13-2541
http://dx.doi.org/10.1158/0008-5472.CAN-13-2541
http://dx.doi.org/10.1158/0008-5472.CAN-13-2541
http://dx.doi.org/10.1093/carcin/bgs393
http://dx.doi.org/10.1093/carcin/bgs393
http://dx.doi.org/10.1093/carcin/bgs393
http://dx.doi.org/10.1038/onc.2013.311
http://dx.doi.org/10.1038/onc.2013.311
http://dx.doi.org/10.1038/onc.2013.311
http://dx.doi.org/10.1038/onc.2013.311
http://dx.doi.org/10.1101/gad.16962311
http://dx.doi.org/10.1101/gad.16962311
http://dx.doi.org/10.1101/gad.16962311
http://dx.doi.org/10.1101/gad.16962311
http://dx.doi.org/10.1371/journal.pone.0090604
http://dx.doi.org/10.1371/journal.pone.0090604
http://dx.doi.org/10.1371/journal.pone.0090604
http://dx.doi.org/10.1371/journal.pone.0090604
http://dx.doi.org/10.1038/bjc.2014.261
http://dx.doi.org/10.1038/bjc.2014.261
http://dx.doi.org/10.1038/bjc.2014.261
http://dx.doi.org/10.1016/j.ygyno.2014.05.009
http://dx.doi.org/10.1016/j.ygyno.2014.05.009
http://dx.doi.org/10.1016/j.ygyno.2014.05.009
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1158/0008-5472.CAN-17-1494
http://dx.doi.org/10.1158/0008-5472.CAN-17-1494
http://dx.doi.org/10.1158/0008-5472.CAN-17-1494
http://dx.doi.org/10.1158/0008-5472.CAN-17-1494
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1200/JCO.2008.19.7681
http://dx.doi.org/10.1200/JCO.2008.19.7681
http://dx.doi.org/10.1200/JCO.2008.19.7681
http://dx.doi.org/10.1200/JCO.2008.19.7681
http://dx.doi.org/10.1038/bjc.2016.41
http://dx.doi.org/10.1038/bjc.2016.41
http://dx.doi.org/10.1038/bjc.2016.41
http://dx.doi.org/10.1038/bjc.2016.41
http://dx.doi.org/10.1038/bjc.2016.41
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.5535
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.5535
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.5535


against olaparib alone in recurrent platinum-sensitive ovarian cancer. J
Clin Oncol.

85. Kummar S, Oza AM, Fleming GF, Sullivan DM, Gandara DR, et al. (2015)
Randomized trial of oral cyclophosphamide and veliparib in high-grade
serous ovarian, primary peritoneal, or fallopian tube cancers, or BRCA-
Mutant ovarian cancer. Clin Cancer Res 21: 1574-1582.

86. Zanjirband M, Curtin N, Edmondson RJ, Lunec J (2017) Combination
treatment with rucaparib (Rubraca) and MDM2 inhibitors, Nutlin-3 and
RG7388, has synergistic and dose reduction potential in ovarian cancer.
Oncotarget 8: 69779-69796.

87. Wilson RH, Evans TJ, Middleton MR, Molife LR, Spicer J, et al. (2017) A
phase I study of intravenous and oral rucaparib in combination with
chemotherapy in patients with advanced solid tumours. Br J Cancer 116:
884-892.

88. Reiss KA, Herman JM, Armstrong D, Zahurak M, Fyles A, et al. (2017) A
final report of a phase I study of veliparib (ABT-888) in combination with
low-dose fractionated whole abdominal radiation therapy (LDFWAR) in
patients with advanced solid malignancies and peritoneal carcinomatosis
with a dose escalation in ovarian and fallopian tube cancers. Gynecol
Oncol 144: 486-490.

89. Gelmon KA, Tischkowitz M, Mackay H, Swenerton K, Robidoux A, et al.
(2011) Olaparib in patients with recurrent high-grade serous or poorly
differentiated ovarian carcinoma or triple-negative breast cancer: A phase
2, multicenter, open-label, non-randomised study. Lancet Oncol 12:
852-861.

90. Liu JF, Tolaney SM, Birrer M, Fleming GF, Buss MK, et al. (2013) A Phase
I trial of the poly (ADP-ribose) polymerase inhibitor olaparib (AZD2281)

in combination with the anti-angiogenic cediranib (AZD2171) in
recurrent epithelial ovarian or triple-negative breast cancer. Eur J Cancer
49: 2972-2978.

91. Johnson N, Li YC, Walton ZE, Cheng KA, Li D, et al. (2011)
Compromised CDK1 activity sensitizes BRCA-proficient cancers to
PARP inhibition. Nature Medicine 17: 875-882.

92. Villamar Cruz O, Prudnikova TY, Olivera AD, Plasencia PC, Johnson N,
et al. (2016) Reduced PAK1 activity sensitizes FA/BRCA-proficient breast
cancer cells to PARP inhibition Oncotarget 7: 76590-76603.

93. De P, Sun Y, Carlson JH, Friedman LS, Leyland-Jones BR, et al. (2014)
Doubling down on the PI3K-AKT-mTOR pathway enhances the
antitumor efficacy of PARP inhibitor in triple negative breast cancer
model beyond BRCA-ness. Neoplasia 16: 43-72.

94. Mo W, Liu Q, Lin CC, Dai H, Peng Y, et al. (2016) mTOR inhibitors
suppress homologous recombination repair and synergize with PARP
inhibitors via regulating SUV39H1 in BRCA-proficient triple-negative
breast cancer. Clin Cancer Res 22: 1699-1712.

95. Press JZ, Luca AD, Boyd N, Young S, Troussard A, et al. (2008) Ovarian
carcinomas with genetic and epigenetic BRCA1 loss have distinct
molecular abnormalities. BMC Cancer 8: 17.

96. Karakashev S, Zhu H, Yokoyama Y, Zhao B, Fatkhutdinov N, et al. (2016) 
BET bromodomain inhibition synergizes with PARP inhibitor in
epithelial ovarian cancer. Cell Reports 21: 3398-3405.

97. Muvarak NE, Chowdhury K, Xia L, Robert C, Choi EY, et al. (2016)
Enhancing the cytotoxic effects of PARP inhibitors with DNA
demethylating agents: A potential therapy for cancer. Cancer Cell 30:
637-650.

 

Citation: Bhatia DR, Gupta S (2018) Clinical Utility of Poly (ADP-Ribose) Polymerase Inhibitors in Ovarian Cancer. J Cancer Sci Ther 10: 240-252.
doi:10.4172/1948-5956.1000551

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 240-252 (2018) - 252

http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.5535
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.5535
http://dx.doi.org/10.1158/1078-0432.CCR-14-2565
http://dx.doi.org/10.1158/1078-0432.CCR-14-2565
http://dx.doi.org/10.1158/1078-0432.CCR-14-2565
http://dx.doi.org/10.1158/1078-0432.CCR-14-2565
http://dx.doi.org/10.18632/oncotarget.19266
http://dx.doi.org/10.18632/oncotarget.19266
http://dx.doi.org/10.18632/oncotarget.19266
http://dx.doi.org/10.18632/oncotarget.19266
http://dx.doi.org/10.1038/bjc.2017.36
http://dx.doi.org/10.1038/bjc.2017.36
http://dx.doi.org/10.1038/bjc.2017.36
http://dx.doi.org/10.1038/bjc.2017.36
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
http://dx.doi.org/10.1016/j.ygyno.2017.01.016
https://dx.doi.org/10.1016/S1470-2045(11)70214-5
https://dx.doi.org/10.1016/S1470-2045(11)70214-5
https://dx.doi.org/10.1016/S1470-2045(11)70214-5
https://dx.doi.org/10.1016/S1470-2045(11)70214-5
https://dx.doi.org/10.1016/S1470-2045(11)70214-5
https://dx.doi.org/10.1016/j.ejca.2013.05.020
https://dx.doi.org/10.1016/j.ejca.2013.05.020
https://dx.doi.org/10.1016/j.ejca.2013.05.020
https://dx.doi.org/10.1016/j.ejca.2013.05.020
https://dx.doi.org/10.1016/j.ejca.2013.05.020
https://dx.doi.org/10.1038/nm.2377
https://dx.doi.org/10.1038/nm.2377
https://dx.doi.org/10.1038/nm.2377
https://dx.doi.org/10.18632/oncotarget.12576
https://dx.doi.org/10.18632/oncotarget.12576
https://dx.doi.org/10.18632/oncotarget.12576
https://linkinghub.elsevier.com/retrieve/pii/S1476-5586(14)80006-7
https://linkinghub.elsevier.com/retrieve/pii/S1476-5586(14)80006-7
https://linkinghub.elsevier.com/retrieve/pii/S1476-5586(14)80006-7
https://linkinghub.elsevier.com/retrieve/pii/S1476-5586(14)80006-7
https://dx.doi.org/10.1158/1078-0432.CCR-15-1772
https://dx.doi.org/10.1158/1078-0432.CCR-15-1772
https://dx.doi.org/10.1158/1078-0432.CCR-15-1772
https://dx.doi.org/10.1158/1078-0432.CCR-15-1772
https://dx.doi.org/10.1186%2F1471-2407-8-17
https://dx.doi.org/10.1186%2F1471-2407-8-17
https://dx.doi.org/10.1186%2F1471-2407-8-17
https://doi.org/10.1016/j.celrep.2017.11.095
https://doi.org/10.1016/j.celrep.2017.11.095
https://doi.org/10.1016/j.celrep.2017.11.095
https://dx.doi.org/10.1016/j.ccell.2016.09.002
https://dx.doi.org/10.1016/j.ccell.2016.09.002
https://dx.doi.org/10.1016/j.ccell.2016.09.002
https://dx.doi.org/10.1016/j.ccell.2016.09.002

	Contents
	Clinical Utility of Poly (ADP-Ribose) Polymerase Inhibitors in Ovarian Cancer
	Abstract
	Keywords:
	Introduction
	Literature Review
	Mechanisms of DNA damage repair
	Role of BRCA in maintenance of genomic integrity
	Role of enzyme PARP in DNA repair
	Pharmacological development of PARP inhibitors for management of ovarian cancer
	Safety and tolerability of PARP inhibitors
	Development of resistance to PARP inhibitors
	Biomarkers for PARP inhibitor sensitivity in monotherapy
	Combination therapy with PARP inhibitors
	Utility of PARP inhibitors in BRCA-proficient cancers

	Discussion and Conclusion
	Acknowledgements
	References




