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Abstract

Following years in development, poly-adenosyl-ribose polymerase (PARP) inhibitors continue to advance the 
treatment of ovarian and breast cancers, particularly in patients with pathogenic BRCA mutations. Differences in 
clinical trial design have contributed to distinct indications for each of the PARP inhibitors. Toxicity patterns are 
also emerging that suggest agents differ in their normal tissue tolerance - beyond what might be expected by 
dose variations and/or exposure to prior treatment. PARP inhibitor resistance is an increasingly relevant issue as 
the drugs move to the forefront of advanced ovarian/breast cancer treatment, and is an active area of ongoing 
research. This review examines the PARP inhibitor clinical trials that have led to approved indications in ovarian 
and breast cancers, PARP inhibitor targets and pharmacological differences between the PARP inhibitors, emerging 
mechanisms of resistance, and key clinical questions for future development.
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INTRODUCTION 

The poly-adenosyl-ribose polymerase 1 (PARP1) and PARP2 enzymes are involved in base-excision repair 
of DNA single-strand breaks, and PARP1 also plays a role in nucleotide excision repair[1] and the regulation 
of both nonhomologous end-joining repair[2,3] and microhomology mediated end-joining repair[4,5] of 



DNA double-strand breaks. In patients with homologous recombination deficiency (HRD), including 
patients with germline BRCA1 or BRCA2 (gBRCA) mutations or with non-germline HRD-positive tumors, 
inhibition of PARP results in production of double-strand breaks of DNA which cannot be effectively 
repaired. Profound susceptibility of BRCA-deficient or BRCA-mutant cells to PARP inhibition[6,7] spurred 
the clinical development of this class of agents. 

Sensitivity to platinum compounds is a feature of HRD, and a population of platinum-sensitive patients 
is expected to be HRD-enriched and most likely to benefit from PARP inhibition. However, platinum 
compounds damage DNA by several mechanisms, and cellular vulnerability to such drugs differs to 
variable extents from vulnerabilities to PARP inhibitors (PARPis). In addition, combinations of existing 
DNA-damaging drugs and PARPis, having undergone wide clinical testing, have yet to attain a therapeutic 
role. The current review, therefore, with some exceptions, concentrates on the use of PARPis as single 
agents and their emerging role in BRCA dysfunction related malignancies. 

CHRONOLOGY OF PARP INHIBITOR DRUG DEVELOPMENT IN OVARIAN CANCER 
PARP’s role in DNA damage repair, and its inhibition with 3-aminobenzamide (which competes with 
the substrate of PARP), was a subject of study in the early 1980s[8,9]. However, when such strategies were 
explored in vivo, any improvement in the therapeutic index with the addition of 3-aminobenzamide 
to a lkylating drugs was far from certain[10].  Nevertheless, seeking more potent PARPis than 
3-aminobenzamide became the subject of structure-activity studies at Newcastle University, and 
subsequently in collaboration with Agouron Pharmaceuticals, AG014699 (rucaparib) was selected for 
pharmacologic and clinical studies by Calvert’s group[10-12]. 

In 2005, two groups reported on the remarkable cytotoxicity of PARPis towards cell lines lacking BRCA 
functionality, with Bryant et al.[6] studying a close structural analogue to AG014699, and Farmer et al.[7] 
using a Kudos compound forerunner of AZD2281, olaparib. These findings led to the concept of exploiting 
“synthetic lethality” - an example of how changes in two molecular pathways combine to have a lethal 
effect on cells although neither of them is harmful individually. In 2008, Rottenberg et al.[13] reported on 
the efficacy of olaparib in BRCA1-deficient triple negative breast cancer mouse models, while the phase I 
trial of this drug was ongoing. The findings in the phase I trial clearly demonstrated single agent activity 
among patients with BRCA-mutated ovarian cancer. After expansion to include more patients with BRCA-
mutated ovarian cancer, there was a significant association with platinum sensitivity and response to 
olaparib, across the platinum-sensitive, resistant and refractory subgroups, although responses were still 
noted in platinum-resistant patients (and even in a couple of platinum-refractory patients)[14] [Figure 1].  
below. This study then led to a randomized trial of pegylated liposomal doxorubicin (PLD) and olaparib in 
BRCA-mutated recurrent ovarian cancer that failed to show superiority for olaparib, perhaps because PLD 
over-performed in these patients who recurred within one year of first-line treatment[15].

OVERVIEW OF TRIALS LEADING TO PARP INHIBITOR APPROVAL IN OVARIAN CANCER
After years in development, several PARPis have achieved indications in ovarian cancer treatment. The 
approved roles of PARPis in ovarian cancer fall into two main approaches: treatment of recurrent disease 
(the PARP inhibitor is used to shrink the tumor), and maintenance after response to platinum-based 
chemotherapy. The approved roles of PARPis in ovarian cancer fall into two main approaches: treatment 
of recurrent disease (the PARP inhibitor is used to shrink the tumor), and maintenance after response to 
platinum-based chemotherapy. Table 1 summarizes clinically relevant PARP inhibitor ovarian cancer trials.

In the treatment of ovarian cancer, olaparib was the first PARPi to attain Food and Drug Administration 
(FDA) approval, with much of the initial clinical investigation efforts concentrated on women with 
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germline BRCA mutations. FDA approval followed a phase 2 trial, which showed a compelling objective 
response rate of 34% for women with germline BRCA mutations and recurrent advanced ovarian cancer 
who progressed after 3 lines of therapy and were treated with single agent olaparib[16]. In this trial and 
other similar ones, patients with platinum-sensitive disease had a better response to olaparib than patients 
with platinum-resistant disease[14,17]. Olaparib also showed activity in platinum-resistant ovarian cancer 
(in patients with germline BRCA mutations)[14,18]; this distinguishes the drug from other approved PARPis 
that have not yet shown efficacy in platinum-resistant disease. In 2014, the FDA approved olaparib capsules 
for the treatment of patients with deleterious or suspected deleterious germline BRCA-mutated advanced 
ovarian cancer who were treated with three or more prior lines of chemotherapy. Later, olaparib tablets 
were also approved for this indication.

Rucaparib showed a similarly compelling objective response rate as single agent treatment of relapsed 
ovarian cancer in phase 2 trials[19-21]. In contrast to the olaparib trials, part 1 of the two-part phase 2 
ARIEL2 trial evaluating rucaparib expanded eligibility beyond patients with germline BRCA mutations. 
Patients were classified into three subgroups; BRCA-mutant (either germline or somatic), BRCA-wild 
type and genomic loss of heterozygosity (LOH) high, and BRCA-wild type and LOH low. The primary 
endpoint was PFS, which was significantly longer in the BRCA-mutant (hazard ratio 0.27, P < 0.0001) and 
LOH high (hazard ratio 0.62, P = 0.011) subgroups compared to the LOH low subgroup[21]. Also in contrast 
to the olaparib data, part 1 of ARIEL2 and the other phase 2 rucaparib treatment trial, Study 10, limited 
enrollment to patients with platinum-sensitive recurrent ovarian cancer. Side effect profiles also differ 
slightly between the two drugs, affecting treatment choice (as discussed further below). In 2016, the FDA 
approved rucaparib for treatment of patients with deleterious BRCA mutation (germline and/or somatic)-
associated advanced ovarian cancer who have been treated with two or more chemotherapies. The slight 
differences in approved treatment indications for olaparib versus rucaparib ref lect differences in trial 
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Figure 1. Correlation of platinum sensitivity with response to olaparib (AZD2281) in BRCA -mutated ovarian cancer, taken from the 
presentation by Fong et al .[14] in the ASCO 2008 Annual Meeting. Longer complete and partial responses (CR/PR light green), and 
stable disease (SD, dark green), were seen in platinum-sensitive ovarian cancer, but also in some platinum-resistant and a brief signal in 
platinum- refractory ovarian cancer



design. Ongoing trials will evaluate the efficacy of PARP inhibition in platinum-resistant ovarian cancer 
(including part 2 of ARIEL2), and phase 3 trials will compare PARP inhibition to standard chemotherapy, 
which should yield important comparison data that has been lacking from the previously mentioned 
nonrandomized phase II studies.
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Table 1. Selected PARP inhibitor clinical trials in ovarian cancer

Trial  Phase Eligibility  Arms  No. of Pts  PFS (mo)  OS (mo)
Study 19
NCT00753545 
(2012)[22]

2 Platinum-sensitive, high-grade serous 
ovarian cancer, received at least 2 
platinum-based regimens

Maintenance olaparib 
400 mg BID (capsule)

136 8.4 NSD

Placebo 129 4.8 NSD
SOLO2/
ENGOT-Ov21
NCT01874353 
(2017)[29]

3 Platinum-sensitive, high-grade 
serous ovarian cancer or high-grade 
endometrioid cancer, received at least 2 
lines of chemotherapy, with pathogenic 
BRCA  mutations

Maintenance olaparib 
300 mg BID

196 19.1 NM

Placebo 99 5.5 NM
SOLO1
NCT01844986
(2018)[27]

3 Newly diagnosed, high-grade serous or 
high grade endometrioid ovarian cancer 
with pathogenic BRCA  mutations

Maintenance olaparib 
300 mg BID

260 Not yet reached (hazard 
ratio 0.30, P  < 0.001)

NM

Placebo 131 13.8 NM
(2014)[18] 2 Germline BRCA  mutation and 

platinum-resistant ovarian cancer, 
breast cancer treated with three or 
more previous regimens, pancreatic 
cancer with previously administered 
gemcitabine, or prostate cancer 
previously treated with hormonal 
therapy and one systemic therapy

Treatment olaparib 
400 mg BID (capsule)

298 Primary endpoint ORR: 
26.2%;
In pts with ovarian 
cancer, response rate 
31.1%

Median 
OS in 
ovarian 
cancer 
pts: 16.6

ARIEL2, Part 1
NCT01891344 
(2017)[21]

2 Recurrent, platinum-sensitive high-
grade ovarian cancer, received at least 1 
platinum-based regimen

Treatment rucaparib 
600 mg BID

204 BRCA  mutated: 12.8
LOH high: 5.7
LOH low: 5.2

NR

ARIEL3
NCT01968213 
(2017)[24]

3 Platinum-sensitive, high-grade serous 
or endometrioid ovarian cancer, 
received at least 2 platinum-based 
regimens

Maintenance rucaparib 
600 mg BID

375 10.8 (BRCA -mutated 
cohort PFS 16.6, HRD 
cohort PFS 13.6) 

NM

Placebo 189 5.4 NM
ENGOT-OV16/
NOVA
NCT01847274 
(2016)[23]

3 Platinum-sensitive ovarian cancer, 
either germline BRCA  mutation or 
high-grade serous histology, received 
at least 2 platinum-based regimens

Maintenance niraparib 
300 mg daily

372 Germline BRCA -mutated 
cohort: PFS 21.0 vs.  5.5
Non-germline BRCA  
mutated, HRD positive 
cohort: PFS 12.9 vs.  3.8
Overall non-germline 
BRCA mutated cohort: 
PFS 9.3 vs.  3.9

NM

Placebo 181
NCT01116648 
(2014)[30]

2 Platinum-sensitive ovarian cancer, 
either high-grade serous cancer or 
germline BRCA  mutation 

Olaparib 200 mg BID 
(capsule) + cediranib 
30 mg daily  

44  17.7   NR 

Olaparib 400 mg 
BID (capsule)

46  9.0  NR 

NCT01081951 
(2015)[31]

2 Platinum-sensitive, high-grade serous 
ovarian cancer, received up to 3 courses 
of platinum-based chemotherapy 

Olaparib 200 mg BID 
(capsule) + paclitaxel 
175 mg/(m2) + 
carboplatin AUC 4, 
then maintenance 
olaparib 400 mg BID 
(capsule)  

81  12.2  NR 

Paclitaxel 175 mg/(m2) 
+ carboplatin AUC 6 

81  9.6  NR 

TOPACIO 
(ovarian cancer 
cohort)
NCT02657889
(2018)[32]

1/2 Recurrent, platinum-resistant/
refractory ovarian cancer

Niraparib 200 mg daily 
+ pembrolizumab 200 
mg IV every 21 days

62 Primary endpoint ORR: 
25%

NR

High-grade serous ovarian cancer as described here includes fallopian tube and primary peritoneal cancer. Unless otherwise specified, 
the olaparib formulation is the tablet formulation. The maintenance designation implies maintenance after complete or partial response 
to platinum-based chemotherapy. The clinicaltrials.gov identifier is included where available. Progression-free survival data is statistically 
significant. AUC: area under the curve; BID: twice a day; HRD: homologous recombination deficient; NM: not mature; No.: number; NR: 
not reported; NSD: no statistically significant difference; ORR: objective response rate; OS: overall survival; PFS: progression-free survival; 
Pts: patients



Niraparib, olaparib, and rucaparib are FDA-approved for maintenance therapy of patients with platinum-
sensitive, recurrent ovarian cancer, regardless of BRCA mutation status, based on randomized trials that 
demonstrated improvement in PFS with PARPi maintenance compared to placebo following a complete 
or partial response to platinum-based treatment[22-24]. A better response was demonstrated in patients with 
germline BRCA mutations compared to the general population. Niraparib and rucaparib maintenance 
trials also showed that patients with deficiencies in HR, as defined by various assays, have a better response 
to PARPi maintenance than patients without any deficiency in DNA repair[23,24]. Further validation of 
HRD assays is ongoing. Because bevacizumab yields improved PFS in the treatment (in combination with 
carboplatin and either gemcitabine or paclitaxel) and maintenance of platinum-sensitive recurrent ovarian 
cancer when compared to standard chemotherapy alone[25,26], with a trend towards improved overall 
survival in one trial[26], it is an alternative to PARPi maintenance, especially for patients without pathogenic 
BRCA mutations or other deficiencies in HR. 

More recently, PARPis are moving to the frontline maintenance setting in ovarian cancer, particularly in 
germline BRCA-mutation carriers. SOLO1 is a randomized phase 3 trial evaluating olaparib as maintenance 
therapy in BRCA-mutated patients with newly diagnosed advanced ovarian cancer who had a complete or 
partial response to platinum chemotherapy. Almost all patients had germline BRCA mutations; only 2 of 
391 patients had a somatic BRCA mutation. The primary endpoint was PFS, which was significantly longer 
in the olaparib arm compared to placebo (hazard ratio 0.30, P < 0.001)[27]. While compelling and practice 
changing, the generalizability of this data depends in part on the definition of a deleterious germline BRCA 
mutation, especially since there are growing databases evaluating “variants of unknown significance”. As 
Spriggs and Longo noted in an editorial, SOLO1 did not include any information on the actual identity or 
distribution of the deleterious germline BRCA variants, which could have been useful in assigning clinical 
effects to specific variants[28]. Also, overall survival data are not yet mature, and therefore bevacizumab 
remains a standard maintenance option. Niraparib is also being evaluated in a frontline maintenance 
therapy trial, with results pending (NCT01847274). This study is not limited to patients with BRCA 
mutations; eligible patients could have either a germline BRCA mutation or high-grade serous histology.

OVERVIEW OF TRIALS LEADING TO PARP INHIBITOR APPROVAL IN BREAST CANCER 
OlympiAD and EMBRACA were randomized phase 3 trials that compared olaparib and talazoparib, 
respectively, with physician’s choice chemotherapy (not including platinum chemotherapy) in patients 
with germline BRCA mutations and metastatic HER2-negative breast cancer who had received prior 
chemotherapy[33,34]. Patients must not have progressed on platinum-based chemotherapy in the metastatic 
setting. The primary endpoint, progression-free survival, was significantly longer in the PARP inhibitor 
arms, leading to FDA approval for both of these drugs. Overall survival data is still immature for 
EMBRACA. OlympiAD was not powered to detect a difference in overall survival, although there was a 
nonsignificant trend towards improvement in the olaparib arm.

STATUS OF TRIALS WITH OTHER PARPIS
Veliparib has demonstrated less toxicity in combination with chemotherapy than the other PARPis, 
and continues to be evaluated in ongoing combination chemotherapy therapy trials. A phase 1 study of 
veliparib in combination with carboplatin and paclitaxel in advanced solid malignancies showed acceptable 
toxicity and promising antitumor activity[35]. Another phase 1 trial of veliparib this time in combination 
with low dose oral cyclophosphamide in refractory solid tumors and lymphomas also demonstrated 
acceptable toxicity and activity, but the maximum tolerated veliparib dose was much lower[36]. The drug 
has also shown single agent activity. A phase 2 study of single agent veliparib in patients with recurrent 
ovarian cancer who carry a germline BRCA mutation demonstrated an objective response rate (the primary 
endpoint) of 26%. 60% of the patients were platinum resistant, and these patients had a lower objective 
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response rate compared to platinum sensitive patients (20% vs. 35%, respectively)[37].

Talazoparib is the most potent PARP trapper of the PARPis[38], and is being actively evaluated in several 
clinical trials. The drug is being evaluated in the neoadjuvant setting as a single agent for triple negative 
breast cancer, as a single agent for advanced solid tumors, in combination with temozolamide in the 
treatment of recurrent small cell lung cancer, alone and in combination with enzalutamide in metastatic 
prostate cancer, and in combination with immunotherapy (avelumab, in untreated advanced ovarian 
cancer) and chemotherapy [clinicaltrials.gov]. 

Other PARPis are in early clinical development. The PARP 1/2 and Tanykyrase 1/2 inhibitor E7449 was 
evaluated in a phase 1 clinical trial as monotherapy for patients with advanced solid tumors, and showed 
evidence of antitumor activity with low toxicity[39]. CEP-9722 is another PARP 1/2 inhibitor which was 
evaluated in a phase 1 dose-escalation trial alone and in combination with temozolomide in patients 
with advanced solid tumors, and showed only limited clinical activity but acceptable tolerability[40]. CEP-
9722 was also assessed in combination with gemcitabine and cisplatin in a small dose escalation study in 
patients with advanced solid tumors or mantle cell lymphoma, but the study was discontinued early due to 
toxicities (mainly chemotherapy associated myelosuppression)[41].

In 2011, there was initial excitement about the putative PARP inhibitor iniparib following encouraging 
results from a phase 2 trial that evaluated the drug in combination with chemotherapy in the treatment 
of triple negative breast cancer, but the subsequent phase 3 trial failed to demonstrate any statistically 
significant PFS or OS benefit[42]. Trials evaluating iniparib in other cancers and in vitro studies later 
indicated that iniparib does not does not function as a true PARP inhibitor[43].

SPECIFIC DRUG FEATURES
PARP function, inhibitor targets, and PARP trapping 
PARP enzymes catalyze poly-ADP-ribosylation (PARylation) of nuclear proteins, including themselves. 
Rapid PARylation at DNA damage sites is a pivotal component of the cell’s DNA damage response. Base 
excision repair is one of several pathways involved in the repair of single-strand DNA breaks, and relies on 
PARylation to recruit DNA repair complexes to the site of the break[44,45].
 
PARP1 is also involved in maintaining genomic stability through the regulation of double-strand DNA 
repair processes, including the error-prone nonhomologous end-joining and microhomology-mediated 
end-joining processes[2,5]. More specifically, in vitro studies have found that PARP1 functions in the 
microhomology-mediated end-joining pathway, and that inhibition or depletion of proteins involved in 
this pathway, including PARP1, is synthetically lethal in cells with HRD[46,47]. This suggests that another 
mechanism for PARPi/HRD synthetic lethality is the simultaneous loss of HR and microhomology-
mediated end-joining[4]. Overall, inhibition of PARP can induce genomic instability by shifting the balance 
of several DNA repair processes, which may be synthetically lethal in HRD cells.

The major substrate for the PARP enzymes is NAD+. PARPis compete with NAD+ for the PARP 
catalytic site. The resulting PARP inhibition affects DNA repair not just through inhibition of PARP’s 
catalytic activity, but also by interfering with PARP’s ability to disassociate from the damaged DNA, 
which is termed PARP trapping. In vitro studies found that PARP trapping is more cytotoxic than 
unrepaired single-strand breaks caused by PARP depletion[48], conceivably because trapped PARP is more 
likely to cause stalled replication forks and double-strand DNA breaks[49]. Thus, PARP trapping is another 
explanation for the synthetic lethality of PARP inhibition in tumors with HRD.
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PARP Veliparib Rucaparib Olaparib Niraparib Talazoparib
Targets PARP1 PARP1 PARP1 PARP1 PARP1

PARP2 PARP2 PARP2 PARP2 PARP2
PARP3 PARP3

Figure 2. PARP inhibitor targets 

PARP trapping potency varies considerably among the PARPis, with talazoparib demonstrating the highest 
PARP trapping potency[50,51]. Olaparib may be a weaker PARP trapper than talazoparib, and veliparib may 
be a weaker PARP trapper than olaparib, based mostly on in vitro studies[48,50]. However, it is important 
to note that efficacy and monotherapy activity of different PARPis does not correlate clearly with PARP 
trapping potency. Nevertheless, an individual PARPi’s trapping potency may correlate with the maximum 
tolerated dose and the tolerability of the drug in combination therapy (both are inversely correlated with 
PARP trapping potency)[50,51].

The PARP family of enzymes consists of at least 17 members, of which PARP1 and PARP2 have been clearly 
found to participate in DNA repair. PARP1 is the best characterized and most abundant. More recently, 
PARP3 was found to be involved in the repair of single-strand DNA breaks[52], among other functions. 
Detailed analysis of the differences between known PARP family members is beyond the scope of this 
review, and is an emerging area of research. PARP inhibitor targets include PARP1, PARP2, and PARP3; all 
of the clinical PARPis target PARP1 and PARP2, with some additionally targeting PARP3 [Figure 2]. 

It is also important to note that PARP1 and PARP2 have other functions beyond involvement in DNA 
break repair, which include roles in transcription, replication, modulating chromatin structure, and 
stabilization of replication forks. Hence, PARP inhibition has complex repercussions on cellular stability, 
much of which remains to be elucidated. 

Clinical findings (activity, toxicity, pharmacological features) 
It is difficult to directly compare the activity of different PARPis since head-to-head studies are lacking. 
However, similarly designed clinical trials evaluating different PARPis have tended to show similar 
results. For example, the phase 3 ARIEL3 and ENGOT-OV16/NOVA trials evaluating rucaparib and 
niraparib, respectively, as maintenance treatment in platinum-sensitive recurrent ovarian cancer have 
demonstrated comparably improved PFS in the PARP inhibitor arms compared to placebo. The OlympiAD 
and EMBRACA trials in metastatic breast cancer, which evaluated olaparib and talazoparib, respectively, 
also showed a similarly improved PFS in the PARP inhibitor arms compared to physician’s choice 
chemotherapy.

Differences in toxicities between the PARPis, however, have emerged from these as well as other clinical 
trials. One cannot exclude that differences reflect not only the dosing of the agent but patient selection and 
prior treatment exposure to genotoxic agents. Proteome-wide profiling of the clinical PARPis also suggest 
that specific PARPis may have differing off target effects[53], but it is not yet known whether these differences 
translate to unique toxicities. Common toxicities for all PARPis are fatigue, gastrointestinal toxicities 
(nausea/vomiting, abdominal pain, diarrhea) and cytopenias. Most of these are mild (grade 1-2). Overall, 
grade 3 or greater toxicities occurred in approximately 35%-56% of patients treated with the approved 
PARPis, of which a majority were hematological toxicities, based on data from phase 2 and 3 trials[21-24,33,34]. 
Less than 1% to 2% of patients treated with PARPis have also gone on to develop myelodysplastic syndrome 
or acute myeloid leukemia (AML), but it had been unclear whether this development was due to exposure 
to PARP inhibitor, prior chemotherapy (alkylating agents or anthracyclines), or additive effects of 
treatment. The recently published SOLO-1 trial evaluating frontline olaparib maintenance also showed 
a 1% incidence of AML in the treatment arm (compared to 0% in the placebo arm), which is worrisome 
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because it suggests that AML may be a toxicity specific to PARP inhibitor treatment, and not related to 
prior chemotherapy, since these were patients treated in the frontline setting[27].

Rucaparib can cause significant anemia (19%-22% of patients with grade 3 or worse anemia) and 
transaminitis (10%-12% of patients with grade 3 or worse transaminitis), but the transaminitis is rarely 
symptomatic and bilirubin does not typically increase[21,24]. Olaparib’s most common grade 3 toxicity 
is anemia, reported in 5%-22% of patients[22,33], and to a lesser extent, the drug is also associated with 
neutropenia. Niraparib more commonly causes thrombocytopenia than the other PARPis, with grade 3 or 
4 thrombocytopenia reported in 34% of patients in the ENGOT-OV16/NOVA trial, although no patients 
experienced grade 3 or 4 bleeding events. Grade 3 or worse anemia (25% of patients), neutropenia (20%), 
and hypertension (8%) were also reported[23]. The most frequent grade 3 or 4 toxicity for talazoparib was 
anemia, which was reported by 39.2% of patients enrolled in EMBRACA[34]. In EMBRACA, more patients in 
the talazoparib arm experienced grade 3-4 adverse events than patients in the standard chemotherapy arm (in 
contrast to olaparib in OlympiAD), although quality-of-life measurements were reassuring (talazoparib had 
a significant delay in the time to deterioration in health compared to the standard chemotherapy arm)[34]. A 
phase 2 trial evaluating single agent veliparib in 50 recurrent ovarian cancer patients showed a low incidence 
of grade 3 - 4 toxicities; the main grade 4 toxicity was thrombocytopenia in 2% of patients, and grade 
3 adverse events were limited to fatigue in 6% of patients, nausea in 5% of patients, leukopenia in 2% of 
patients, and neutropenia in 2% of patients[37].

Pharmacological features of the clinical PARPis are summarized in Table 2. We note that half-life informs 
dosing schedule, and that drug-specific metabolic pathways (involving major cytochrome P450 enzymes) 
tie into drug interactions. 

ADDRESSING PARP INHIBITOR RESISTANCE 
As indications for PARPis expand, and PARPis become incorporated into earlier lines of therapy, the issue of 
PARP inhibitor resistance becomes increasingly important and one that a clinician caring for patients with 
ovarian cancer will certainly have to face. There are several mechanisms of PARPi resistance, reflecting 
the complex interplay of PARP enzymes with DNA repair, replication, and other pathways. The field is an 
active area of research, and more resistance mechanisms are likely to emerge. 

Mechanisms of PARP inhibitor resistance can be conceptualized as falling into one of a few categories: 
restoration of HR, replication fork dynamics, PARylation balance, loss of PARP1, and drug efflux. Since 
BRCA dysfunction is a key factor for the synthetic lethality of PARPis, reconstitution of BRCA protein and 
restoration of HR was early on recognized as a cause of resistance to DNA damaging agents. Incomplete 
data exists for PARP inhibitor resistance - but study of tumor organoids may be a way of addressing 
this component of resistance. Another possible feature of such reversion of BRCA expression is that the 
resistance to a PARP inhibitor may be clonal.

1. As noted above, restoration of HR: Restoration of HR abrogates the synthetically lethal effect of PARP 
inhibition, and can therefore confer PARPi resistance. The development of BRCA reversion mutations 
may be the most well described mechanism of HR restoration, and consequently also of PARPi resistance. 
Norquist et al.[56] evaluated 46 primary and recurrent ovarian cancer specimens from patients with a 
history of germline BRCA mutations who were treated with platinum chemotherapy, and found that 28% 
of the recurrent ovarian cancer specimens had reversion mutations which restored the functional BRCA 
protein, compared to only 3% of the corresponding primary tumors. This percentage was significantly 
higher in the platinum-resistant recurrent tumors compared to the platinum-sensitive recurrent tumors 
(46% vs. 5%, P = 0.003). Another study evaluated patients with germline BRCA2 mutations and advanced 
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cancers, who had progressed on olaparib[57]. Pre- and post-treatment biopsies were analyzed through DNA 
sequencing. Secondary BRCA2 mutations that restored the full-length BRCA2 protein were found in the 
recurrent tumors. Several more recent studies evaluated pre- and post-treatment tumor biopsy samples 
and pre- and post-treatment circulating cell-free DNA from patients with ovarian and prostate cancer, 
respectively, who were treated with PARPis, and found reversion mutations in BRCA as well as other HR 
genes (RAD51C, RAD51D, and PALB2) that correlated with progression[58-60].

Besides mutations that restore BRCA proteins, other changes that affect the balance between HR and 
alternative error-prone double strand DNA break repair mechanisms could also effectively restore HR, 
leading to PARPi resistance. P53-binding protein 1 (53BP1) acts together with another protein, RIF1, to 
inhibit the end resection step of HR, antagonizing the function of BRCA1 and promoting nonhomologous 
end joining (an alternative, error-prone double strand DNA repair process). Correspondingly, loss of 53BP1 
has been shown to restore HR, even in cells with BRCA deficiency[61,62]. Hurley et al.[63] evaluated archival 
ovarian cancer tissue specimens from a single-agent PARPi trial. The group found that PARPi responses 
were found exclusively in the subset of tumors with HRD, but as expected, not all the tumors with HRD 
responded to the PARPi. However, in the subset of tumors with HRD, the 53BP1 histochemistry score 
showed a strong correlation with tumor response. This study was one of the first to evaluate 53BP1 in a 
clinical setting, and the results highlight 53BP1’s potential role as a clinically useful biomarker to predict 
sensitivity to PARP inhibition.

Table 2. Pharmacological features of PARP inhibitors

PARP inhibitor 
(trade name) Dose/formulation Mean half-life Metabolism Renal dose adjustment Hepatic dose 

adjustment
Veliparib (ABT-
888)

Not yet approved for 
any indication; differing 
doses in clinical trials; 
recommended phase II 
dose (MTD) for single 
agent veliparib is 400 
mg BID[54] 

5.2 hours[54] Metabolism has a secondary 
role in clearance (mostly 
renal clearance). CYP2D6 is 
major enzyme metabolizing 
veliparib, with minor 
contribution from CYP1A2[55]

Not yet available Not yet available

Rucaparib 
(Rubraca)

Two 300 mg tablets BID 17-19 hours Primarily hepatic by CYP1A2, 
CYP2D6, CYP3A4 

CrCl ≥ 30 mL/min: 
no dose adjustment 
necessary;
CrCl < 30 mL/min: 
has not been studied

Mild impairment: 
no dose adjustment 
necessary;
Moderate-severe 
impairment: has not 
been studied

Olaparib 
(Lynparza)

Two 150 mg tablets BID, 
or three 100 mg tablets 
BID (replacing 400 mg 
capsules BID)

14.9 +/- 8.2 
hours

Primarily hepatic by CYP3A4 CrCl 51-80 mL/min: 
no dose adjustment;
CrCl 31-50 mL/min: 
dose reduction;
CrCl < 30 mL/min: 
has not been studied

Mild to moderate 
impairment: no 
dose adjustment 
necessary;
Severe impairment: 
has not been studied*

Niraparib 
(Zejula)

Three 100 mg capsules 
once daily

36 hours Primarily by 
carboxylesterases

CrCl ≥ 30 mL/min: 
no dose adjustment 
necessary;
CrCl < 30 mL/min: 
has not been studied

Mild impairment: 
no dose adjustment 
necessary;
Moderate-severe 
impairment: has not 
been studied

Talazoparib 
(Talzenna)

1 mg capsule once daily 90 hours Minimal hepatic metabolism; 
metabolic pathways 
include mono-oxidation, 
dehydrogenation, cysteine 
conjugation of mono-
desfluoro-talazoparib, and 
glucuronide conjugation

CrCl 60-89 mL/min: 
no dose adjustment;
CrCl 30-59 mL/min: 
dose adjustment;
CrCl < 30 mL/min: 
has not been studied

Mild impairment: 
no dose adjustment 
necessary;
Moderate-severe 
impairment: has not 
been studied

MTD: maximum tolerated dose; BID: twice a day; CrCl: creatinine clearance; *: For olaparib tablet formulation
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Analogously to 53BP1, the protein encoding by the gene REV7 also antagonizes HR, and in vitro studies in 
mouse and human cell lines have shown that loss of REV7 restores HR and leads to PARPi resistance[64]. 

Targeting upstream mediators of the DNA damage response, such as ATM and ATR, in combination with 
PARP inhibition, could be a strategy to circumvent the development of PARPi resistance from 53BP1 or 
REV7 loss. 

2. Replication fork dynamics: Besides their role in DNA repair, PARP and the BRCA proteins are 
also involved in DNA replication and the stabilization of replication forks. A preclinical study 
showed that protection and stabilization of replication forks rescues BRCA-deficient stem cells, 
independent of any effect on HR[65]. This same study found that a mechanism of replication fork protection 
is the inhibition of nuclease recruitment to stalled replication forks, which protected the nascent DNA 
strands from degradation. The resulting replication fork stabilization conferred resistance to PARPis and 
platinum chemotherapy[65]. Interestingly, Hill et al.[66] evaluated patient-derived ovarian cancer organoids, 
and found that a functional defect in HR in the organoids correlated with PARP inhibitor sensitivity, 
whereas a functional defect in replication fork protection correlated more strongly with carboplatin 
sensitivity. Since some patients with platinum-resistant ovarian cancer do respond to subsequent PARP 
inhibition (and vice versa), PARP inhibitor and platinum resistance mechanisms do not completely overlap. 
Differing effects of these two drug classes on DNA repair and replication fork dynamics may underlie the 
differences in responses.

The complex relationship between numerous factors and pathways in replication fork stabilization, 
including modulators of the cell cycle, is an active area of research, and therapeutic strategies addressing 
this mechanism of PARPi resistance are emerging (topoisomerase inhibition, cell cycle control).

3. PARylation effects: PARP’s function in DNA repair depends on its ability to catalyze PARylation of 
nuclear proteins. Poly-ADP-ribose glycohydrolase (PARG) is an antagonizing enzyme that digests poly-
ADP-ribose moieties into ADP-ribose, and effectively “undoes” PARylation. Endogenous PARG seems to 
be crucial for the success of PARP inhibitor treatment, based on preclinical studies that have shown that 
PARG depletion partially rescues PARP1 signaling in the setting of PARP inhibitor treatment[67]. The same 
authors were also able to show that a subset of human serous ovarian and triple negative breast tumors not 
yet treated with PARP inhibition have PARG-negative clones, suggesting that PARG-negativity could be 
a biomarker predicting lack of response to PARP inhibition. Further clinical validation of this concept is 
needed.

4. Loss of PARP1: Immunohistochemistry studies have shown widely variable PARP1 levels in patients 
with ovarian and breast cancer, irrespective of BRCA status, but association with outcomes has been 
mixed[68,69]. Because the clinical PARPis vary in their PARP targets, chemical structures, and PARP 
trapping capabilities, treatment with a secondary PARPi could potentially be efficacious in a resistant 
tumor, but further study is needed[70].

5. Drug eff lux: Resistance to any drug can develop from up-regulation of drug eff lux pumps 
(p-glycoproteins). In the case of PARPis, mouse models of BRCA1-deficient breast tumors treated with 
olaparib showed up-regulation of p-glycoproteins with ongoing treatment and maintenance. Furthermore, 
treatment with a p-glycoprotein inhibitor (tariquidar) following relapse on olaparib re-sensitized the 
tumor to olaparib and led to tumor regression[13]. Because p-glycoprotein inhibitors lack specificity and 
are associated with significant toxicity, targeting upstream regulators of these drug efflux pumps may be a 
better tolerated strategy, and is being evaluated[70].

Page 674                                                 Murthy et al . Cancer Drug Resist  2019;2:665-79  I  http://dx.doi.org/10.20517/cdr.2019.002



Many other resistance mechanisms are emerging, and with them, strategies to evade resistance, or to 
use gene or protein expression as predictive biomarkers, are also developing. We note that epigenetic 
changes, including BRCA gene methylation, and microRNA and long non-coding RNA regulation, have 
been found to correlate with PARPi resistance[71,72], and could be developed into biomarkers. Since HR is 
highly cell cycle dependent (depends on the sister chromatid for DNA repair), regulation of the cell cycle 
may be a way to re-establish an HRD state in tumors with HR reversion mutations. Inhibition of WEE1, a 
cell cycle regulator, had activity in some patients with BRCA-deficient tumors in a phase 1 clinical trial[73]. 
Combination therapies of cell cycle regulators with PARP inhibition may therefore hold promise as a 
way to circumvent PARPi resistance, if toxicities are manageable. Targeting complimentary DNA repair 
pathways, such as the microhomology-mediated end-joining pathway, together with PARP inhibition could 
represent another strategy to prevent or mitigate resistance, by augmenting synthetic lethality in a tumor 
with HRD.

FUTURE PERSPECTIVES
Biomarkers 
There is much interest in evaluating biomarkers for PARP inhibition, both because intrinsic or developing 
resistance are concerns, and also to more precisely expand the eligible patient population beyond patients 
with BRCA mutations. So far, the main clinically validated biomarker for response to PARPis is the 
presence of germline or somatic BRCA mutations. Assays for HRD, as used in the ARIEL and NOVA 
trials, require further clinical validation before they are used in clinic, and continue to be evaluated, such 
as in the QUADRA trial[74]. Many other potential biomarkers are emerging, as above, and may predict 
for PARP inhibitor resistance. Correlative studies in PARP inhibitor trials should yield valuable data on 
these emerging biomarkers. An ongoing clinical trial is evaluating long-term responders on olaparib 
(NCT02489058), and may show important information on predictive factors for response.

A central difficulty in the clinical use of biomarkers for PARP inhibitor response is the evolving nature of 
the tumor; a marker may represent genomic scarring, or evidence of prior repair deficiency, and may not 
represent the current state and capabilities of the tumor. Therefore, frequent genomic assessment of the 
tumor may be required to dynamically assess resistance and fully inform treatment decisions. Because 
tissue biopsies require invasive procedures, “liquid biopsies”, or plasma circulating tumor DNA, would 
capture emerging biomarkers and may provide sufficient information to guide treatment decisions in the 
future[59,60].

Monotherapy versus combination therapy
Preclinical and some clinical data indicate that immune checkpoint inhibition may synergize with PARP 
inhibition in tumors with HRD, and that tumors with defective DNA repair are especially sensitive 
to immunotherapy[75-77]. One study evaluated BRCA1-deficient mice with triple negative breast cancer 
and found that cisplatin combined with dual checkpoint blockade augmented antitumor immunity, 
attenuated tumor growth, and improved survival. BRCA1-deficient tumor models were also found to have 
an increased somatic mutation burden, greater number of tumor-infiltrating lymphocytes, and increased 
expression of immunomodulatory genes (PD-1 and CTLA4) compared to BRCA-wild type tumor models[78]. 
Compelled by these and other data, several ongoing clinical trials are evaluating PARPis in combination 
with immune checkpoint inhibitors in breast and ovarian cancers. Angiogenesis inhibitors (cediranib) in 
combination with PARP inhibition have demonstrated encouraging activity in a phase 2 platinum-sensitive 
ovarian cancer clinical trial[30], with notable activity even in patients without BRCA mutations. Several 
other ongoing clinical trials are evaluating angiogenesis inhibitors in combination with PARP inhibition in 
ovarian and other cancers.
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Novel agents, such as ATM, ATR, and WEE1 inhibitors, are also being evaluated in combination with 
PARPis, as part of strategies to evade PARP inhibitor resistance and augment synthetic lethality, as 
described in the above PARP inhibitor resistance sections. Combinations of PARPis plus chemotherapy, 
and PARPis plus signal transduction inhibitors such as PI3 kinase inhibitors (NCT01623349) are 
additionally being studied.

Based on earlier data that has motivated many of these combination therapy trials, we may anticipate 
positive signals from at least a few of the ongoing studies. Ultimately, however, the tolerability of 
combination regimens will need to be assessed and may be an impediment to eventual use in the clinic.

Sequencing PARP inhibitor treatment 
An unresolved question in the treatment of BRCA-associated advanced breast cancer is how to 
sequence PARPis with platinum chemotherapy, since both these agents are active in the disease 
and work through DNA damage. Ovarian cancer data demonstrates olaparib responses even in 
platinum-resistant patients, and the phase 2 ABRAZO trial that evaluated talazoparib in patients with 
advanced breast cancer and germline BRCA mutations showed a PFS of 4 months for patients who had 
progressed at least 8 weeks after the last dose of platinum chemotherapy[79]. Therefore, treating with a 
PARP inhibitor following progression on platinum-based chemotherapy has some basis. There is less data 
on treating first with a PARP inhibitor followed by platinum chemotherapy. A phase 2 trial of patients 
with germline BRCA 1/2-mutated metastatic breast cancer assessed single-agent veliparib, another PARPi, 
followed by veliparib plus carboplatin at disease progression. The post-progression treatment with veliparib 
and carboplatin at the maximum tolerated doses (150 mg BID, and AUC of 5, respectively) yielded minimal 
benefit; only one patient out of 30 had a response[80]. However, since PARPis are reasonably well tolerated, 
treatment with a PARP inhibitor early in the disease course may be the preferred approach for some 
patients. Overall, the optimal sequence of DNA damaging agent treatment in breast cancer still needs to be 
determined. 

The activity of PARPis and platinum chemotherapy following progression on the other agent also needs 
to be further investigated in ovarian and other cancers. Differences in resistance mechanisms between 
platinum compounds and PARPis could inform these treatment decisions in the future, but at this point, 
requires further study. Even less is known about the potential activity of a specific PARP inhibitor following 
progression on another PARP inhibitor, but because the clinical PARPis have different chemical structures, 
targets, trapping potency, and other off-target effects, this would be a valuable clinical question to explore. 

DECLARATIONS
Authors’ contributions
Conception and writing of this review article: Murthy P, Muggia F

Availability of data and materials 
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Page 676                                                Murthy et al . Cancer Drug Resist  2019;2:665-79  I  http://dx.doi.org/10.20517/cdr.2019.002



Consent for publication
Not applicable.

Copyright
© The Author(s) 2019.

REFERENCES
1. 	 Flohr C, Bürkle A, Radicella JP, Epe B. Poly (ADP-ribosyl) ation accelerates DNA repair in a pathway dependent on Cockayne 

syndrome B protein. Nucleic Acids Res 2003;31:5332-37.
2. 	 Patel AG, Sarkaria JN, Kaufmann SH. Nonhomologous end joining drives poly (ADP-ribose) polymerase (PARP) inhibitor lethality in 

homologous recombination-deficient cells. Proc Natl Acad Sci U S A 2011;108:3406-11.
3. 	 Couto CA, Wang HY, Green JC, Kiely R, Siddaway R, et al. PARP regulates nonhomologous end joining through retention of Ku at 

double-strand breaks. J Cell Biol 2011;194:367-75.
4. 	 Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D’Andrea AD. Homologous recombination deficiency: exploiting the fundamental 

vulnerability of ovarian cancer. Cancer Discov 2015;5:1137-54.
5. 	 Sfeir A, Symington LS. Microhomology-mediated end joining: a back-up survival mechanism or dedicated pathway? Trends Biochem 

Sci 2015;40:701-14.
6. 	 Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, et al. Specific killing of BRCA2-deficient tumours with inhibitors of poly 

(ADP-ribose) polymerase. Nature 2005;434:913-7.
7. 	 Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic 

strategy. Nature 2005;434:917-21.
8. 	 Durkacz BW, Omidiji O, Gray DA, Shall S. (ADP-ribose) n participates in DNA excision repair. Nature 1980;283:593-6.
9. 	 Purnell MR, Whish WJ. Novel inhibitors of poly (ADP-ribose) synthetase. Biochem J 1980;185:775-7.
10. 	 Calvert H, Azzariti A. The clinical development of inhibitors of poly (ADP-ribose) polymerase. Ann Oncol 2011;22(suppl_1):i53-9.
11. 	 Calabrese CR, Batey MA, Thomas HD, Durkacz BW, Wang LZ, et al. Identification of potent nontoxic poly (ADP-Ribose) 

polymerase-1 inhibitors: chemopotentiation and pharmacological studies. Clin Cancer Res 2003;9:2711-8.
12. 	 Plummer R1, Jones C, Middleton M, Wilson R, Evans J, et al. Phase I study of the poly (ADP-ribose) polymerase inhibitor, AG014699, 

in combination with temozolomide in patients with advanced solid tumors. Clin Cancer Res 2008;14:7917-7923.
13. 	 Rottenberg S, Jaspers JE, Kersbergen A, van der Burg E, Nygren AO,et al. High sensitivity of BRCA1-deficient mammary tumors to 

the PARP inhibitor AZD2281 alone and in combination with platinum drugs. Proc Natl Acad Sci U S A 2008;105:17079-84.
14. 	 Fong PC, Yap TA, Boss DS, Carden CP, Mergui-Roelvink M, et al. Poly (ADP)-ribose polymerase inhibition: frequent durable 

responses in BRCA carrier ovarian cancer correlating with platinum-free interval. J Clin Oncol 2010;28:2512-9. 
15. 	 Kaye SB, Lubinski J, Matulonis U, Ang JE. Phase II, open-label, randomized, multicenter study comparing the efficacy and safety 

of olaparib, a poly (ADP-ribose) polymerase inhibitor, and pegylated liposomal doxorubicin in patients with BRCA1 or BRCA2 
mutations and recurrent ovarian cancer. J Clin Oncol 2011;30:372-9.

16. 	 Domchek SM, Aghajanian C, Shapira-Frommer R, Schmutzler RK, Audeh MW, et al. 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 
2016;140:199-203.

17. 	 Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B, et al. Oral poly (ADP-ribose) polymerase inhibitor olaparib in 
patients with BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a proof-of-concept trial. The Lancet 2010;376:245-51.

18. Kaufman B, R Shapira-Frommer, Schmutzler RK, Audeh MW, Friedlander M, et al. Olaparib monotherapy in patients with advanced 
cancer and a germline BRCA1/2 mutation. J Clin Oncol 2014;33:244-50.

19. 	 Kristeleit RS, Shapira-Frommer R, Oaknin A, Balmaña J, Ray-Coquard IL,et al. Clinical activity of the poly (ADP-ribose) polymerase 
(PARP) inhibitor rucaparib in patients (pts) with high-grade ovarian carcinoma (HGOC) and a BRCA mutation (BRCAmut): Analysis 
of pooled data from Study 10 (parts 1, 2a, and 3) and ARIEL2 (parts 1 and 2). Ann Oncol 2016;27:856O.

20. 	 Kristeleit R, Shapiro GI, Burris HA, Oza AM, LoRusso P, et al. A phase I-II study of the oral PARP inhibitor rucaparib in patients 
with germline BRCA1/2-mutated ovarian carcinoma or other solid tumors. Clin Cancer Res 2017;23:4095-106.

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

22. 	 Ledermann J, Harter P, Gourley C, Friedlander M, Vergote I, et al. Olaparib maintenance therapy in platinum-sensitive relapsed 
ovarian cancer. N Engl J Med 2012;366:1382-92.

23. 	 Mirza MR, Monk BJ, Herrstedt J, S DM, Oza AM, et al. Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian 
cancer. N Engl J Med 2016;375:2154-64.

24. 	 Coleman RL, Oza AM, Lorusso D, Aghajanian C, Oza AM, et al. Rucaparib maintenance treatment for recurrent ovarian 
carcinoma after response to platinum therapy (ARIEL3): a randomised, double-blind, placebo-controlled, phase 3 trial. The Lancet 
2017;390:1949-61.

25. 	 Aghajanian C, Blank SV, Goff BA, Judson PL, Teneriello MG, et al. OCEANS: a randomized, double-blind, placebo-controlled 
phase III trial of chemotherapy with or without bevacizumab in patients with platinum-sensitive recurrent epithelial ovarian, primary 

Murthy et al . Cancer Drug Resist  2019;2:665-79  I  http://dx.doi.org/10.20517/cdr.2019.002                                               Page 677



peritoneal, or fallopian tube cancer. J Clin Oncol 2012;30:2039-45.
26. 	 Coleman RL, Brady MF, JHerzog T, Sabbatini P, ArmstrongColeman DK, et al. Bevacizumab and paclitaxel-carboplatin 

chemotherapy and secondary cytoreduction in recurrent, platinum-sensitive ovarian cancer (NRG Oncology/Gynecologic Oncology 
Group study GOG-0213): a multicentre, open-label, randomised, phase 3 trial. Lancet Oncol 2017;18:779-791.

27. 	 Moore K, Colombo N, Scambia G, Kim BG, Oaknin A, et al. Maintenance Olaparib in patients with newly diagnosed advanced 
ovarian Cancer. N Engl J Med 2018;379:2495-505.

28. 	 Spriggs DR, Longo DL. Progress in BRCA-Mutated Ovarian Cancer. N Engl J Med 2018;379:2567-68.
29. 	 Pujade-Lauraine E, Ledermann JA, Selle F,Gebski V, Penson RT, et al. Olaparib tablets as maintenance therapy in patients with 

platinum-sensitive, relapsed ovarian cancer and a BRCA1/2 mutation (SOLO2/ENGOT-Ov21): a double-blind, randomised, placebo-
controlled, phase 3 trial. Lancet Oncol 2017;18:1274-84.

30. 	 Liu JF, Barry WT, Birrer M, Lee JM, Buckanovich RJ, et al. Combination cediranib and olaparib versus olaparib alone for women 
with recurrent platinum-sensitive ovarian cancer: a randomised phase 2 study. Lancet Oncol 2014;15:1207-14.

31. 	 Oza AM, Cibula D, Benzaquen AO, Poole C, Mathijssen RH, et al. Olaparib combined with chemotherapy for recurrent platinum-
sensitive ovarian cancer: a randomised phase 2 trial. Lancet Oncol 2015;16:87-97.

32. 	 Konstantinopoulos PA, Waggoner SE, Vidal GA, Mita MM, Fleming GF, et al. TOPACIO/Keynote-162 (NCT02657889): A phase 1/2 
study of niraparib+ pembrolizumab in patients (pts) with advanced triple-negative breast cancer or recurrent ovarian cancer (ROC)—
Results from ROC cohort. J Clin Oncol 2018;36:106.

33. 	 Robson M, Im SA, Senkus E, Xu B, Domchek SM, et al. Olaparib for metastatic breast cancer in patients with a germline BRCA 
mutation. N Engl J Med 2017;377:523-33.

34. 	 Litton JK, Rugo HS, Ettl J, Hurvitz SA, Gonçalves A, et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline 
BRCA Mutation. N Engl J Med 2018;379:753-63.

35. 	 Pahuja S, Beumer JH, Appleman LJ, Tawbi HAH, Stoller RG,et al. A phase I study of veliparib (ABT-888) in combination with 
weekly carboplatin and paclitaxel in advanced solid malignancies and enriched for triple-negative breast cancer (TNBC). J Clin Oncol 
2015;33:1015.

36. 	 Kummar S, Ji J, Morgan R, Lenz HJ, Puhalla SL, et al. A phase I study of veliparib in combination with metronomic 
cyclophosphamide in adults with refractory solid tumors and lymphomas. Clin Cancer Res 2012;18:1726-34.

37. 	 Coleman RL, Sill MW, Bell-McGuinn K, Aghajanian C, Gray HJ, et al. A phase II evaluation of the potent, highly selective PARP 
inhibitor veliparib in the treatment of persistent or recurrent epithelial ovarian, fallopian tube, or primary peritoneal cancer in 
patients who carry a germline BRCA1 or BRCA2 mutation—an NRG oncology/gynecologic oncology group study. Gynecol Oncol 
2015;137:386-91.

38. 	 Murai J, Huang SY, Renaud A, Zhang Y, Ji J, et al. Stereospecific PARP trapping by BMN 673 and comparison with olaparib and 
rucaparib. Mol Cancer Ther 2014;13:433-43.

39. 	 Plummer ER, Dua D, Cresti N, Suder A, Drew Y, et al. First-in-human phase 1 study of the PARP/tankyrase inhibitor 2X-121 (E7449) 
as monotherapy in patients with advanced solid tumors and validation of a novel drug response predictor (DRP) mRNA biomarker. J 
Clin Oncol 2018;36:2505.

40.	 Plummer R, Stephens P, Aissat-Daudigny L, Cambois A, Moachon G, et al. Phase 1 dose-escalation study of the PARP inhibitor CEP-
9722 as monotherapy or in combination with temozolomide in patients with solid tumors. Cancer Chemoth Pharm 2014;74:257-65. 

41. 	 Awada A, Campone M, Varga A, Aftimos P, Frenel JS, et al. An open-label, dose-escalation study to evaluate the safety and 
pharmacokinetics of CEP-9722 (a PARP-1 and PARP-2 inhibitor) in combination with gemcitabine and cisplatin in patients with 
advanced solid tumors. Anti-cancer Drugs 2016;27:342-8. 

42. O’Shaughnessy J, Schwartzberg L, Danso MA, Miller KD, Rugo HS, et al. Phase III study of iniparib plus gemcitabine and carboplatin 
versus gemcitabine and carboplatin in patients with metastatic triple-negative breast cancer. J Clin Oncol 2014;32:3840-7.

43. 	 Patel AG, De Lorenzo SB, Flatten KS, Poirier GG, Kaufmann SH. Failure of iniparib to inhibit poly(ADP-Ribose) polymerase in vitro. 
Clin Cancer Res 2012;18:1655-62.

44. 	 Gagné JP, Isabelle M, Lo KS, Bourassa S, Hendzel MJ, et al. Proteome-wide identification of poly(ADP-ribose) binding proteins and 
poly(ADP-ribose)-associated protein complexes. Nucleic Acids Res 2008;36:6959-76.

45. 	 El-Khamisy SF, Masutani M, Suzuki H, Caldecott KW. A requirement for PARP-1 for the assembly or stability of XRCC1 nuclear foci 
at sites of oxidative DNA damage. Nucleic Acids Res 2003;31:5526-33.

46. 	 Ceccaldi R, Liu JC, Amunugama R, Hajdu I, Primack B, et al. Homologous-recombination-deficient tumours are dependent on Polθ-
mediated repair. Nature 2015;518:258-62.

47. 	 Mateos-Gomez PA, Gong F, Nair N, Miller KM, Lazzerini-Denchi E, et al. Mammalian polymerase θ promotes alternative NHEJ and 
suppresses recombination. Nature 2015;518:254-7.

48. 	 Murai J, Huang SN, Das BB, Renaud A, Zhang Y, et al. Trapping of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res 
2012;72:5588-99.

49. 	 Caldecott KW. Protein ADP-ribosylation and the cellular response to DNA strand breaks. DNA repair 2014;19:108-113.
50. 	 Hopkins TA, Shi Y, Rodriguez LE, Solomon LR, Donawho CK, et al. Mechanistic Dissection of PARP1 Trapping and the Impact on 

In Vivo Tolerability and Efficacy of PARP Inhibitors. Mol Cancer Res 2015;13:1465-77.
51. 	 Hopkins TA, Ainsworth WB, Ellis PA, Donawho CK, DiGiammarino EL, et al. PARP1 Trapping by PARP Inhibitors Drives 

Cytotoxicity in Both Cancer Cells and Healthy Bone Marrow. Mol Cancer Res 2019;17:409-419.
52. 	 Grundy GJ, Polo LM, Zeng Z, Rulten SL, Hoch NC, et al. PARP3 is a sensor of nicked nucleosomes and monoribosylates histone 

Page 678                                                Murthy et al . Cancer Drug Resist  2019;2:665-79  I  http://dx.doi.org/10.20517/cdr.2019.002



H2B(Glu2). Nat Commun 2016;7:12404.
53. 	 Knezevic CE, Wright G, Rix LLR, Kim W, Kuenzi BM, et al. Proteome-wide Profiling of Clinical PARP Inhibitors Reveals 

Compound-Specific Secondary Targets. Cell Chem Biol 2016;23:1490-1503.
54. 	 Puhalla S, Beumer JH, Pahuja S, Appleman LJ, Tawbi HAH, et al. Final results of a phase 1 study of single-agent veliparib (V) in 

patients (pts) with either BRCA1/2-mutated cancer (BRCA+), platinum-refractory ovarian, or basal-like breast cancer (BRCA-wt). J 
Clin Oncol 2014;32:2570.

55. 	 Li J, Kim S, Sha X, Wiegand R, Wu J, et al. Complex disease-, gene-, and drug-drug interactions: impacts of renal function, CYP2D6 
phenotype, and OCT2 activity on veliparib pharmacokinetics. Clin Cancer Res 2014;20:3931-44.

56. 	 Norquist B, Wurz KA, Pennil CC, Garcia R, Gross J, et al. Secondary somatic mutations restoring BRCA1/2 predict chemotherapy 
resistance in hereditary ovarian carcinomas. J Clin Oncol 2011;29:3008-15.

57. 	 Barber LJ, Sandhu S, Chen L, Campbell J, Kozarewa I, et al. Secondary mutations in BRCA2 associated with clinical resistance to a 
PARP inhibitor. J Pathol 2013;229:422-9.

58. 	 Kondrashova O, Nguyen M, Shield-Artin K, Tinker AV, Teng NNH, et al. Secondary Somatic Mutations Restoring RAD51C and 
RAD51D Associated with Acquired Resistance to the PARP Inhibitor Rucaparib in High-grade ovarian carcinoma. Cancer Discov 
2017;7:984-998. 

59. 	 Goodall J, Mateo J, Yuan W, Mossop H, Porta N, et al. Circulating cell-free DNA to guide prostate cancer treatment with PARP 
inhibition. Cancer Discov 2017;7:1006-17.

60. 	 Quigley D, Alumkal JJ, Wyatt AW, Kothari V, Foye A, et al. Analysis of Circulating Cell-Free DNA Identifies Multiclonal 
Heterogeneity of BRCA2 Reversion Mutations Associated with Resistance to PARP Inhibitors. Cancer Discov 2017;7:999-1005.

61. 	 Isono M, Niimi A, Oike T, Hagiwara Y, Sato H, et al. BRCA1 Directs the Repair Pathway to Homologous Recombination by 
Promoting 53BP1 Dephosphorylation. Cell Rep 2017;18:520-32.

62. 	 Bunting SF, Callén E, Wong N, Chen HT, Polato F, et al. 53BP1 inhibits homologous recombination in Brca1-deficient cells by 
blocking resection of DNA breaks. Cell 2010;141:243-54.

63. 	 Hurley RM, Wahner Hendrickson AE, Visscher DW, Ansell P, Harrell MI, et al. 53BP1 as a potential predictor of response in PARP 
inhibitor-treated homologous recombination-deficient ovarian cancer. Gynecol Oncol 2019;153:127-134.

64. 	 Xu G, Chapman JR, Brandsma I, Yuan J, Mistrik M, et al. REV7 counteracts DNA double-strand break resection and affects PARP 
inhibition. Nature 2015;521:541-4.

65. 	 Chaudhuri AR, Callen E, Ding X, Gogola E, Duarte AA, et al. Replication fork stability confers chemoresistance in BRCA-deficient 
cells. Nature 2016;535:382-7.

66. 	 Hill SJ, Decker B, Roberts EA, Horowitz NS, Muto MG, et al. Prediction of DNA Repair Inhibitor Response in Short-Term Patient-
Derived Ovarian Cancer Organoids. Cancer Discov 2018;8:1404-21.

67. 	 Gogola E, Duarte AA, de Ruiter JR, Wiegant WW, Schmid JA, et al. Selective Loss of PARG Restores PARylation and Counteracts 
PARP Inhibitor-Mediated Synthetic Lethality. Cancer Cell 2019;35:950-952.

68. 	 Godoy H, Mhawech-Fauceglia P, Beck A, Miller A, Lele S, et al. Expression of poly (adenosine diphosphate-ribose) polymerase and 
p53 in epithelial ovarian cancer and their role in prognosis and disease outcome. Int J Gynecol Pathol 2011;30:139-44.

69. 	 Mazzotta A, Partipilo G, De Summa S, Giotta F, Simone G, et al. Nuclear PARP1 expression and its prognostic significance in breast 
cancer patients. Tumour Biol 2016;37:6143-53.

70. 	 Bitler BG, Watson ZL, Wheeler LJ, Behbakht K. PARP inhibitors: Clinical utility and possibilities of overcoming resistance. Gynecol 
Oncol 2017;147:695-704.

71. 	 Kondrashova O, Topp M, Nesic K, Lieschke E, Ho GY, et al. Methylation of all BRCA1 copies predicts response to the PARP inhibitor 
rucaparib in ovarian carcinoma. Nat Commun 2018;9:3970.

72. 	 Neijenhuis S, Bajrami I, Miller R, Lord CJ, Ashworth A. Identification of miRNA modulators to PARP inhibitor response. DNA 
Repair 2013;12:394-402. 

73. 	 Do K, Wilsker D, Ji J, Zlott J, Freshwater T, et al. Phase I study of single-agent AZD1775 (MK-1775), a Wee1 kinase inhibitor, in 
patients with refractory solid tumors. J Clin Oncol 2015; 33:3409-15.

74. 	 Moore KN, Secord AA, Geller MA, Miller DS, Cloven NG, et al. QUADRA: A phase 2, open-label, single-arm study to evaluate 
niraparib in patients (pts) with relapsed ovarian cancer (ROC) who have received≥ 3 prior chemotherapy regimens. J Clin Oncol 
2018;36:5514.

75. 	 Jiao S, Xia W, Yamaguchi H, Wei Y, Chen MK, et al. PARP inhibitor upregulates PD-L1 expression and enhances cancer-associated 
immunosuppression. Clin Cancer Res 2017;23:3711-20.

76. 	 Vinayak S, Tolaney SM, Schwartzberg LS, Mita MM, McCann GAL, et al. TOPACIO/Keynote-162: Niraparib+ pembrolizumab in 
patients (pts) with metastatic triple-negative breast cancer (TNBC), a phase 2 trial. J Clin Oncol 2018;36:1011.

77. 	 Teo MY, Seier K, Ostrovnaya I, Regazzi AM, Kania BE, et al. Alterations in DNA damage response and repair genes as potential 
marker of clinical benefit from PD-1/PD-L1 blockade in advanced urothelial cancers. J Clin Oncol 2018;36:1685-94.

78. 	 Nolan E, Savas P, Policheni AN, Darcy PK, Vaillant F, et al. Combined immune checkpoint blockade as a therapeutic strategy for 
BRCA1-mutated breast cancer. Sci Transl Med 2017;9:eaal4922.

79. 	 Turner NC , Balmaña J, Fasching PA, Hurvitz SA, Telli ML, et al. A phase 2 study (2-stage, 2-cohort) of the oral PARP inhibitor 
talazoparib (BMN 673) in patients with germline BRCA mutation and locally advanced and/or metastatic breast cancer (ABRAZO). J 
Clin Oncol 2015;33:TPS1108.

80. 	 Somlo G, Frankel PH, Arun BK, Ma CX, Garcia AA, et al. Efficacy of the PARP inhibitor veliparib with carboplatin or as a single 
agent in patients with germline BRCA1- or BRCA2-associated metastatic brea. Clin Cancer Res 2017;23:4066-76.

Murthy et al . Cancer Drug Resist  2019;2:665-79  I  http://dx.doi.org/10.20517/cdr.2019.002                                              Page 679




