
INTRODUCTION

Prostate cancer (PC) is a prevalent malignancy in 
males. While early-stage disease can be cured through 
surgery or radiotherapy, metastatic disease develop-
ment often leads to unfavorable outcomes. Androgen 
receptor (AR) signaling plays a crucial role in PC, and 
androgen deprivation therapy (ADT) is the primary 
treatment for advanced PC [1]. Resistance to ADT can 

arise through diverse mechanisms [2]. To address the 
need for more effective treatments in patients with 
advanced PC who have failed prior therapies, several 
new drugs have been introduced, showing promising 
results in delaying disease progression and extending 
survival [3]. However, more effective treatments are 
needed for patients with advanced PC for whom previ-
ous therapies have failed.

PARP inhibitors (PARPi), a novel class of targeted 
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Prostate cancer (PC) treatment has reached a milestone with the introduction of poly(ADP-ribose) polymerase (PARP) inhibi-
tors. PARP inhibitors (PARPi) induce breaks in single-stranded and/or double-stranded DNA, resulting in synthetic lethality in 
cancer cells lacking functional homologous recombination genes. Around 20% to 25% of patients with metastatic castration-
resistant prostate cancer harbor mutations in DNA damage repair genes, either somatic or germline. The success of PARPi in 
these patients has prompted studies exploring its potential in tumors classified as "BRCAness," which refers to tumors without 
germline BRCA1 or BRCA2 mutations. Additionally, there is a proposed connection between androgen receptor signaling and 
synthetic lethality of PARPi. The inclusion of genetic mutation tests in the treatment algorithm for PC is a significant step to-
wards precision and personalized medicine, marking a first in the field. The objectives of this review encompass understand-
ing the mechanism of action of PARPi in both monotherapy and combination therapy, exploring patient selection criteria, 
discussing pivotal studies that led to its approval, and offering future prospects. However, numerous unanswered questions 
remain, including the identification of the patient population that could benefit most from PARPi, determining whether to use 
PARPi as monotherapy or in combination, and finding the optimal timing of PARPi administration in advanced or localized 
disease. To address these questions, several ongoing clinical trials are being conducted.
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drugs, have been used in the treatment of various can-
cers, including metastatic castration-resistant prostate 
cancer (mCRPC) [4]. The primary mode of action of 
PARPi is impairing DNA function, leading to inhibi-
tion of tumor cell proliferation [5]. Initially approved 
for breast and ovarian cancer, PARPi has now found 
application in clinical management of PC [6]. Cur-
rently, olaparib and rucaparib are the PARPi globally 
approved for PC treatment [6].

Advances in clinical research have expanded the 
use of  PARPi from PC cases with BRCA1/2 gene 
mutations to patients with mutations associated with 
homologous recombination repair (HRR) [7]. Combin-
ing PARPi with novel hormonal therapies has shown 
potential in enhancing treatment effectiveness against 
mCRPC [6].

This article provides the latest evidence on the uti-
lization of PARPi in PC treatment, including insights 
into their mechanisms of action, clinical advancements, 
various mechanisms of PARPi resistance, and future 
prospects.

DNA REPAIR AND THE PRINCIPLE 
OF SYNTHETIC LETHALITY

The preservation of genetic material integrity heav-
ily relies on DNA repair mechanisms. DNA continu-
ously sustains damage from various internal and 
external factors, such as ultraviolet radiation, reactive 
oxygen species, and environmental toxins. Failure to 

repair DNA damage can result in mutations, genomic 
instability, and ultimately, the onset of cancer or other 
diseases [8].

Different types of DNA damage exist, including sin-
gle-strand breaks (SSBs), double-strand breaks (DSBs), 
base mismatch, and cross-linking (Fig. 1). Each type 
necessitates specific repair mechanisms to restore DNA 
integrity. SSBs are repaired through the base excision 
repair (BER) pathway, where specialized glycosylases 
identify and remove damaged bases, and subsequent 
endonucleases and DNA polymerases process the re-
sulting basic sites to reinstate the accurate nucleotide 
sequence. DDBs can be repaired through two primary 
pathways: non-homologous end joining (NHEJ) and 
homologous recombination (HR). NHEJ involves direct 
ligation of the broken DNA ends, potentially resulting 
in small insertions or deletions at the repair site. In 
contrast, HR requires a homologous DNA template for 
precise repair without introducing errors. Base dam-
age can be repaired through various pathways, includ-
ing BER and nucleotide excision repair (NER). NER is 
particularly vital for repairing bulky adducts induced 
by environmental carcinogens, whereas BER can ad-
dress damage caused by reactive oxygen species. Cross-
linking damage occurs when two DNA strands become 
covalently linked and is repaired through the Fanconi 
anemia pathway, which involves a complex sequence 
of steps to eliminate crosslinked DNA and restore the 
correct nucleotide sequence. DNA repair mechanisms 
are critical for preserving the stability and accuracy 
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Fig. 1. The different DNA damage response pathways. dsDNA: double-stranded DNA. Figure created with BioRender.com.
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of genetic material in living organisms. Deficiencies in 
DNA repair pathways can contribute to genomic in-
stability, which is associated with the development of 
cancer and other diseases [9].

Synthetic lethality is a concept utilized in molecular 
biology and pharmacology, describing a phenomenon 
where the simultaneous inactivation of two genes re-
sults in cell death, whereas the inactivation of either 
gene alone is non-lethal. In cancer research, this concept 
is employed as a therapeutic strategy to selectively elim-
inate cancer cells with deficiencies in DNA repair path-
ways. The discovery of synthetic lethality originated 
from genetic studies conducted on model organisms such 
as fruit flies and yeast. Researchers observed that muta-
tions in two non-essential genes, which individually did 
not impact the organism's viability, became lethal when 
combined. Expanding on this principle, it was later real-
ized that many tumors carry gene mutations that create 
vulnerabilities exploitable through synthetic lethality-
based therapies. The principle of synthetic lethality, in 
which specific tumor-cell mutations can be exploited 
to selectively kill cancer cells, has been used in cancer 
research. This approach involves targeting a pathway 

or protein that is essential specifically for cancer cell 
survival only (Fig. 2), with the goal to create a synthetic 
lethal interaction between a drug and a specific genetic 
defect or mutation in cancer cells [9,10].

PARPi represent a class of drugs capable of creating 
synthetic lethal interactions in cancer cells with im-
pairments in the HR DNA repair pathway. HR repairs 
DSBs, and mutations in genes like BRCA1 and BRCA2, 
involved in this pathway, generate vulnerabilities that 
can be exploited using PARPi. By blocking the repair of 
SSBs, PARPi leads to the accumulation of DSBs, proving 
lethal in cells with HR deficiencies. synthetic lethality 
demonstrates promise as a cancer therapy strategy due 
to its selectivity, resulting in fewer adverse effects and 
improved outcomes for patients [11].

RATIONALE FOR USE OF PARPi IN PC

1. �DNA repair pathways and the role of DNA 
damage repair genes in PC

The integrity of DNA is constantly under threat 
from various agents and processes, which can directly 
or indirectly modify its sequence. When DNA is dam-
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Fig. 2. The principle of synthetic lethality. The concept of synthetic lethality is based on the idea that DNA damage is often repaired by multiple 
pathways. In this example, pathways A and B are functional in normal cells, while pathway A is impaired in cancer cells. (A) In the absence of an 
inhibitor for pathway B, cancer cells can survive because the alternative pathway B compensates for the defect in pathway A. (B) When cancer cells 
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aged or repaired inaccurately, mutations that initiate 
and promote tumor formation can arise. To mitigate 
the effects of DNA damage, healthy cells have devel-
oped a set of molecular pathways collectively known 
as the DNA damage response (DDR). These pathways 
enable the detection of damage, temporary halting of 
the cell cycle, and subsequent repair, all crucial for pre-
serving genome stability [12].

The DDR encompasses interconnected pathways 
responsible for repairing various types of damage. 
Repair of DNA DSBs can be accomplished through 
HR or NHEJ. SSB repair involves the BER pathway. 
Critical proteins such as BRCA1, BRCA2, PALB2, 
ATM, CHEK1, CHEK2, and RAD51 play roles in HR, 
while PARP1 and PARP2 are essential for BER [13]. 
These proteins contribute to DSB repair by promoting 
HR activation and inhibiting less conservative repair 
mechanisms like NHEJ. The absence of PARPs can 
lead to impaired HR, resulting in a prevalence of non-
conservative DNA repair pathways [14].

1) DDR and HRR Mutations in PC
Mutations affecting the DDR have been detected 

in both localized PC and mPC. The most frequently 
mutated DDR genes in PC include BRCA1, BRCA2, 
ATM, CHEK2, and RAD51D. Among these muta-
tions, BRCA2 mutations are the most commonly ob-
served (12%–18%), followed by ATM (3%–6%), CHEK2 
(2%–5%), and BRCA1 (<2%) in the context of HRR 
[15,16]. The prevalence of DDR mutations ranges from 
5% to 30%, depending on the study population and 
methodology employed. However, patients with ad-
vanced PC and those with a family history of PC tend 
to exhibit a higher prevalence of DDR mutations. In a 
study involving 692 patients with mCRPC, 23% exhib-
ited alterations in DDR genes [17].

Numerous studies have established a strong associa-
tion between frequent deleterious mutations in DDR 
genes and advanced PC. Specifically, germline muta-
tions in BRCA1/2 have been linked to an increased risk 
of aggressive PC, as well as a higher likelihood of nodal 
involvement and distant metastasis at the time of di-
agnosis [18]. Germline BRCA2 mutations, in particular, 
elevate the risk of developing PC by eight-fold at the 
age of 65 [19]. In localized disease, germline BRCA1/2 
mutations are associated with disease progression in 
patients under active surveillance, a high recurrence 
rate following curative treatment [20], and a more ag-

gressive disease course [21]. The prevalence of germline 
mutations varies across countries and ethnic groups 
[22]. The International Stand-Up to Cancer/PC Foun-
dation (SU2C-PCF) team conducted a study involving 
150 patients with mPC and identified germline DDR 
mutations in 8% of cases and somatic DDR mutations 
in 23% of cases. BRCA2 was the most commonly mu-
tated gene (13%), followed by ATM  (7.3%), MSH2 (2%), 
BRCA1, FANCA, MLH1, RAD51B, and RAD51C [23]. 
Pritchard et al [24] investigated germline mutations in 
692 men with mCRPC without a family history and 
detected 84 deleterious mutations in 20 DNA repair 
genes among 82 men (11.8%), with BRCA2 being the 
most prevalent (5.3%). Nicolosi et al [25] analyzed 3,607 
men with PC and identified germline mutations in 620 
individuals (17.2%), with 30.7% having BRCA1/2 muta-
tions. Other mutated genes included ATM, PALB2, 
CHEK2, and mismatch repair genes PMS2  and 
MLH1/2/6.

Somatic mutations contribute to carcinogenesis [26]. 
Robinson et al [23] discovered that 23% of patients 
with mCRPC had somatic mutations in DNA repair 
pathway genes, and BRCA2 and ATM  were the most 
commonly mutated genes [13]. Several studies reported 
that 12% of patients with PC carry BRCA1/2 muta-
tions, whereas 8% have ATM mutations, with a higher 
occurrence in patients with mCRPC [27]. Abida et al [16] 
observed somatic BRCA2 mutations in tumors before 
their progression to metastatic disease. Somatic BRCA2 
mutations occurred early in tumors of patients who 
later develop metastatic disease, whereas ATM altera-
tions were more prevalent in CRPC.

2) Mechanism of action of PARPi in PC
Patients with PC with the BRCA2 mutation have 

a more favorable response to carboplatin-based che-
motherapy than those without the BRCA2 mutation. 
When carboplatin-based chemotherapy is administered 
in the presence of DNA strand breaks caused by HRR 
damage, it can generate synergistic lethal effects on 
tumor cells. These findings elucidate the mechanisms 
underlying PARPi [28].

PARPi exert a pharmacologically similar function 
to nicotinamide and primarily operate through two 
mechanisms (Fig. 3) [11]. First, they inhibit the catalytic 
activity of PARP by competitively binding to the ac-
tive site of NAD+, thereby impeding the repair of SSBs 
and leading to their conversion into DSBs [29]. Second, 
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PARPi trap PARP-1 on damaged DNA by inhibiting 
auto-poly(ADP-ribosyl)lation (PARylation) or enhanc-
ing DNA affinity for the catalytic site by inducing 
allosteric changes in the PARP-1 structure [30]. Addi-
tionally, PARP-1 contributes to the delay in replication 
fork progression, impeding DSBs repair and ultimately 
resulting in cell death [31]. Importantly, PARP trapping 
cannot occur independently of the catalytic inhibition 
of PARylation because PARP-1 and PARP-2 cannot be 
disengaged from DNA until PARPi dissociate from the 
active site after successful capture [32]. These mecha-
nisms provide the basis for the concept of synthetic 
lethality, in which the deficiency of BRCA1/2 genes 
and PARP inhibition synergistically induce tumor 
cell death [33]. Tumor cells with BRCA mutations are 
considerably more sensitive to PARPi, exhibiting an 
approximately 1000-fold higher sensitivity than wild-
type BRCA cells [34]. Consequently, the initial focus 
of PARPi development was on populations harboring 
BRCA1/2 mutations. However, with advances in molec-

ular biology, PARPi therapy has gradually expanded 
to include defects in other DDR genes, including ATM, 
ATR, CHK1, CHK2, DSS1, RPA1, NBSI, FANCD2, 
F ANC A, C DK12 , P ALB2 , BRI P1, R AD51B, 
RAD51C, RAD51D, and RAD54 [35]. In the PRIMA 
trial, PARPi extended the survival of some patients 
with cancer without HRR-associated genetic altera-
tions. In patients with advanced ovarian cancer who 
responded to platinum-based chemotherapy, niraparib, 
a PARPi, as first-line maintenance therapy, has shown 
significant improvements in progression-free survival 
(PFS) regardless of patient HRR biomarker status. 
Consequently, the U.S. Food and Drug Administration  
(FDA) granted approval for the first PARPi therapy 
in April 2020 for use in this population without BRCA 
mutations [36]. Nonetheless, the full therapeutic po-
tential of PARPi for the treatment of tumors requires 
comprehensive exploration and further investigation.
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Fig. 3. Mechanism of action of PARP inhibitors. Initially, it was hypothesized that PARP inhibitors exerted their effects by inhibiting PARylation and 
inducing cytotoxicity. However, subsequent findings revealed that the primary mechanism underlying tumor cell death was the entrapment of 
the PARP1 enzyme at sites of DNA damage. When DNA damage occurs, resulting in single-strand breaks (SSBs), PARP1 plays a crucial role in their 
precise repair. However, when PARP1 becomes entrapped, it poses a significant threat to the progression of replication forks during the S phase 
of the cell cycle. Consequently, this leads to the collapse of replication forks and the generation of double-strand breaks (DSBs). In cells with 
intact BRCA genes, these breaks can be accurately repaired through the process of homologous recombination (HR) without introducing errors. 
Conversely, cells deficient in BRCA1/2 exhibit impaired HR and instead rely on error-prone DNA end-joining (EJ) pathways, such as classical non-
homologous EJ or alternative EJ, to mend the DSBs arising from replication fork collapse. This process triggers the accumulation of chromosomal 
abnormalities and ultimately culminates in cell death through mitotic catastrophe. PARP: poly(ADP-ribose) polymerase, PARylation: poly(ADP-
ribosyl)ation. Figure created with BioRender.com.



Whi-An Kwon: PARP Inhibitors in Prostate Cancer

295www.wjmh.org

CLINICAL DEVELOPMENT OF PARPi 
MONOTHERAPIES IN PC

Olaparib, the initial drug of its kind, was initially 
developed for breast and ovarian cancer, and subse-
quently for pancreatic cancer and PC. It became the 
first PARPi to receive FDA approval for use in PC [37].

The PROfound phase III trial, which was based on 
two phase II clinical trials (TOPARP-A and TOPARP-
B), assessed the effectiveness of olaparib in men with 
mCRPC who had mutations in DNA repair genes, 
particularly BRCA1, BRCA2, and ATM, and experi-
enced disease progression after prior treatment with 
enzalutamide or abiraterone acetate plus prednisone. 
Patients with mutations were randomly assigned to 
receive either olaparib or abiraterone/enzalutamide. 
The trial consisted of two cohorts: cohort A, consisting 
of patients with mutations in BRCA1, BRCA2, or ATM 
(245 patients), and cohort B, consisting of patients with 
alterations in 12 other specified genes (142 patients). 
The study demonstrated positive results with olaparib, 
showing improved PFS based on imaging (radiographic 
PFS) in cohort A. The olaparib group exhibited a lon-
ger radiographic PFS compared to the control group 
(7.4 months vs. 3.6 months, hazard ratio: 0.34, 95% 
confidence interval [CI]: 0.25–0.47; p<0.001). Moreover, 
the olaparib group demonstrated a higher objective re-
sponse rate and overall survival (OS) in cohort A: 33% 
vs. 2%, and 19.1 months vs. 14.7 months, respectively 
(hazard ratio: 0.69, 95% CI: 0.50–0.97, p=0.0175). How-
ever, 67% of patients in the control arm switched to 
olaparib after radiographic progression. There was no 
statistically significant PFS benefit in the combined co-
hort. The frequency of severe adverse events (AEs) was 
higher in the olaparib group compared to the control 
group. Anemia, nausea, and fatigue or weakness were 
the most common AEs of any severity in the olaparib 
group. The olaparib group reported a total of 11 cases 
(4% of patients) of pulmonary embolism, in contrast 
to 1 case (1%) in the control group, with no resulting 
fatalities [38]. In May 2020, the FDA-approved olaparib 
for the treatment of mCRPC that had progressed after 
AR inhibitor therapy in patients with somatic muta-
tions in any DNA repair gene or germline mutations in 
BRCA1, BRCA2, or ATM  genes. Testing for relevant 
alterations in germline and somatic DNA is now con-
sidered standard care for these patients [39]. In Europe, 
the approval by the European Medicines Agency (EMA) 

is limited to patients with alterations in BRCA1 or 
BRCA2 genes.

Rucaparib is another PARPi that has shown prom-
ise in the treatment of PC. A single-arm phase II trial 
called TRITON-2 assessed the efficacy of rucaparib 
in patients with mCRPC who had mutations in DNA 
repair genes and experienced disease progression after 
receiving 1–2 AR inhibitors and paclitaxel. The cohort 
with BRCA1/2 mutations demonstrated an objective 
response rate of 43.5% and a prostate-specific antigen 
(PSA) response rate of 54.8%. The most common grade 
≥3 AEs were anemia (25.2%). Rucaparib exhibited sig-
nificant anti-tumor activity and an acceptable safety 
profile in treating mCRPC patients with deleterious 
BRCA gene mutations [40]. Consequently, the FDA 
granted accelerated approval for rucaparib in May 
2020 for use in adult patients with mCRPC associated 
with deleterious BRCA mutations (germline and/or 
somatic) who had previously received AR inhibitors 
and paclitaxel. Rucaparib is currently being evaluated 
in the phase III TRITON3 trial (NCT02975934), which 
compares rucaparib to the physician's choice of abi-
raterone or enzalutamide in patients with mCRPC and 
deleterious BRCA1, BRCA2, or ATM  mutations.

Niraparib is a highly selective oral inhibitor of 
PARP1 and PARP2 with superior trapping potency 
and cytotoxicity compared to olaparib [41]. The GA-
LAHAD trial, a single-arm study, evaluated the safety 
and efficacy of niraparib in patients who experienced 
disease progression after prior treatment with pacli-
taxel and an AR inhibitor. As of May 23, 2019, interim 
findings from the study indicated that niraparib treat-
ment resulted in an overall response rate (ORR) of 
41%, a complete response rate of 63%, and median ra-
diographic PFS (rPFS) and OS of 8.2 and 12.6 months, 
respectively, in patients with BRCA1/2 mutations [42]. 
In October 2019, the FDA designated niraparib as a 
breakthrough therapy for the treatment of mCRPC 
patients with BRCA1/2 mutations who had previously 
been treated with paclitaxel and an AR inhibitor.

Talazoparib is a potent PARPi that exhibits high 
catalytic enzyme inhibition and effective trapping of 
PARP1 DNA errors [43]. The drug was assessed in the 
open-label phase II trial TALAPRO-1, which enrolled 
patients with metastatic mCRPC and mutations in 
DNA damage response-homologous recombination re-
pair (DDR-HRR) genes (ATM, ATR, BRCA1, BRCA2, 
CHEK2, FANCA, MLH1, MRE11A, NBN, PALB2, 
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and RAD51C). The study demonstrated a radiological 
response rate of 29.8%, with a higher response rate ob-
served in patients with BRCA1/2 mutations. The most 
common grade 3–4 AEs requiring emergency treat-
ment included anemia, thrombocytopenia, and neutro-
penia. TALAPRO-1 trial provided evidence of sustained 
anti-tumor activity of talazoparib in heavily pretreated 
patients with mCRPC and DDR-HRR mutations [44].

While there have been no clinical trials directly com-
paring different PARPi, preclinical studies indicate 
variations in the ability of PARPi to trap PARP en-
zymes across different tumor cells, including PC cells. 
Among the tested inhibitors, talazoparib exhibited the 
highest PARP trapping capacity, followed by niraparib, 
olaparib, and rucaparib (Fig. 4) [45].

Currently, PARPi is approved as a monotherapy 
and demonstrates effectiveness only in a small popu-
lation of PC patients with BRCA1/2 gene mutations 
or mutations in HRR-related genes. The incidence of 
these mutations in mCRPC patients is low (only 8.8% 
for BRCA1/2) [46]. Therefore, it is crucial to urgently 
investigate the efficacy of PARPi in other PC patients 
without BRCA1/2 mutations. Additionally, similar to 
other targeted therapies, advanced PC patients may 
develop resistance to PARPi. Hence, combining PARPi 
with other therapies could be a valuable strategy to 
enhance efficacy or overcome resistance.

PARPi COMBINATION THERAPIES IN 
PC

Combining PARPi treatments serves two primary 
objectives: firstly, to extend the efficacy of PARPi ther-

apy by delaying resistance development, and secondly, 
to broaden the scope of patients who can derive ben-
efits from PARPi treatment by overcoming potential 
resistance associated with monotherapy [47].

1. Combinations with AR-signaling inhibitors
The primary focus of PC treatment revolves around 

targeting the AR pathway [48]. Previous investiga-
tions have explored the synergistic potential between 
the AR and DDR pathways, supported by preclini-
cal evidence. These studies have revealed three key 
mechanisms through which these drug groups interact. 
Firstly, PARPi enhance the anti-androgenic effect by 
inhibiting PARP, thereby promoting AR transcription 
[49]. Secondly, ADT can enhance sensitivity to PARPi 
by inducing PARP overexpression [50]. Lastly, anti-
androgen therapy can suppress the expression of DDR 
genes, leading to genomic instability and an increased 
likelihood of DDR mutations. Consequently, this phe-
nomenon is referred to as the BRCAness phenotype [50].

Numerous combinations of PARPi and anti-androgen 
agents have been investigated, yielding varied out-
comes. A phase II trial evaluating the combination of 
veliparib and abiraterone found no discernible differ-
ences in outcomes [51]. However, a double-blind, placebo-
controlled study comparing olaparib plus abiraterone 
to abiraterone alone demonstrated a statistically sig-
nificant increase in rPFS among patients with mCRPC 
[52]. Retrospective analysis of genomic profiles indicat-
ed that both HRR mutation carriers and non-carriers 
derived benefits from this combination therapy [53].

In 2022, Kim N Chi et al [54] presented the prelimi-
nary findings of the MAGNITUDE trial (NCT03748641) 
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at the ASCO-GU Conference. This phase III trial was 
a randomized, double-blind study that aimed to evalu-
ate the efficacy of niraparib in combination with abi-
raterone acetate and prednisone as a first-line therapy 
for patients with mCRPC. The trial enrolled patients 
who tested positive or negative for HRR biomarkers. 
Eligible participants were mCRPC patients who had 
received up to four months of prior abiraterone treat-
ment. The enrolled patients were divided into two 
groups: those with specific gene alterations related to 
HRR biomarkers (ATM, BRCA1, BRCA2, BRIP1, 
CDK12, CHEK2, F ANCA, HDAC2, and PALB2) 
and those without these gene alterations. They were 
randomly assigned in a 1:1 ratio to receive either ni-
raparib 200 mg once daily in combination with abi-
raterone or placebo in combination with abiraterone. 
The primary endpoint of the study was rPFS, and 
the secondary endpoints included time to initiation of 
cytotoxic chemotherapy, time to symptomatic progres-
sion, OS, time to PSA progression, and ORR. A total of 
423 HRR biomarker-positive patients were random-
ized to receive either niraparib+abiraterone (n=212) 
or placebo+abiraterone (n=211). The median age of 
the patients was 69 years, with 23% having received 
prior treatment with abiraterone, 21% having visceral 
metastases, and 53% having BRCA1/2 mutations. The 
median follow-up period was 18.6 months. In the sub-
group of patients with BRCA1/2 mutations, the combi-
nation of niraparib + abiraterone showed a significant 
47% improvement in rPFS compared to the placebo + 
abiraterone group (16.6 vs. 10.9 months). Similarly, in 
all HRR biomarker-positive patients, the combination 
therapy demonstrated a 26% improvement in rPFS (16.5 
vs. 13.7 months; hazard ratio 0.74, 95% CI: 0.57–0.97). 
The results of rPFS assessed by investigators were 
consistent with those of a blinded, independent central 
review. However, the planned analysis of 233 HRR 
biomarker-negative patients showed no benefit from 
adding niraparib to abiraterone for the composite 
endpoint (first occurrence of PSA progression or rPFS; 
hazard ratio: 1.09, 95% CI: 0.75–1.59). Among HRR 
biomarker-positive patients, 67% and 46.4% experi-
enced grade 3/4 AEs in the niraparib+abiraterone and 
placebo+abiraterone groups, respectively, and the treat-
ment discontinuation rates were 9% and 3.8%, respec-
tively. There were no significant differences in overall 
quality of life between the two treatment groups, as 
assessed using the Functional Assessment of Cancer 

Therapy-Prostate (FACT-P) scale [54].
The phase III double-blind PROpel trial (NCT03732820) 

presented notable findings at the 2022 ASCO-GU Con-
ference. The trial enrolled men with mCRPC who had 
not previously received abiraterone and had discontin-
ued another androgen receptor pathway inhibitor more 
than a year before enrollment. Participants were cat-
egorized based on the location of distant metastasis and 
prior receipt of docetaxel for metastatic hormone-sensi-
tive PC (mHSPC). They were then randomly assigned to 
receive either full-dose abiraterone (1,000 mg daily) with 
placebo or full-dose olaparib (300 mg BID). The primary 
endpoint of the trial was the time until disease progres-
sion, as assessed by the investigator rPFS. The analysis 
included 399 patients in the abiraterone plus olaparib 
group and 397 patients in the abiraterone plus placebo 
group. The incidence of HRR mutations was comparable 
between the two groups (28% in the olaparib group and 
29% in the placebo group). The trial demonstrated a 34% 
reduction in progression or death when olaparib was 
added to abiraterone (rPFS hazard ratio=0.66, 95% CI: 
0.54–0.81; p<0.0001). The addition of olaparib extended 
the median rPFS by 8.2 months (24.8 months vs. 16.6 
months). These findings were confirmed by a blinded 
independent central review, which showed a 39% im-
provement in rPFS and an 11.2-month improvement in 
rPFS with olaparib treatment. The results were consis-
tent across all predefined subgroups, with no signifi-
cant differences observed. However, patients with HRR 
mutations had a hazard ratio of 0.50 (95% CI: 0.34–0.73), 
indicating greater benefit, while those without HRR 
mutations had a hazard ratio of 0.76 (95% CI: 0.60–0.97). 
Preliminary data suggested a trend towards improved 
OS when olaparib was added to abiraterone, with a haz-
ard ratio of 0.86 (95% CI: 0.66–1.12; p=0.29). The combina-
tion of abiraterone and olaparib resulted in a toxicity 
profile similar to previous reports. The occurrence of 
AEs or AE-related deaths was comparable between the 
two groups. However, a higher percentage of patients 
receiving abiraterone plus olaparib (47%) experienced 
grade 3 or higher AEs compared to those receiving abi-
raterone plus placebo (38%). The most common AE ob-
served in patients receiving olaparib was anemia, which 
occurred in 46% of patients and was grade 3 or higher 
in 15% of patients [55]. The phase III PROpel study, 
presented at the 2023 ASCO GU Cancers Symposium, 
revealed the final results indicating that the addition 
of olaparib to standard care abiraterone as a first-line 
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treatment for mCRPC resulted in longer PFS compared 
to abiraterone alone, and there was a tendency towards 
improved median OS. Although the OS data were still 
premature, in the intention-to-treat population, the me-
dian OS was 42.1 months with olaparib plus abiraterone, 
while it was 34.7 months with abiraterone plus placebo 
(with a maturity rate of 47.9%). The hazard ratio was 0.81 
(95% CI: 0.67–1.00, p=0.0544), suggesting a potential sur-
vival advantage with the combination therapy. Notably, 
the greatest survival benefits were observed in patients 
who tested positive for the BRCA mutation [56].

These two combination trials exhibit significant dif-
ferences in their outcomes. The efficacy of olaparib 
seems to be independent of the patients' HRR status, 
whereas niraparib demonstrates benefits limited to 
cancers with HRR mutations. These findings carry 
several immediate implications: firstly, olaparib is 
currently recommended as the preferred PARPi for 
mCRPC: secondly, these results position PARPi as a 
first-line treatment for mCRPC; and thirdly, the re-
sults demonstrate a therapeutic advantage for patients 
regardless of their HRR status, which distinguishes it 
from other PARPi. Presently, numerous ongoing clini-
cal trials are investigating these combinations in other 
clinical populations, such as mHSPC, non-mCRPC, and 
high-risk, non-metastatic/localized PC. The outcomes of 
these trials will become available in the coming years, 
as summarized in Table 1.

2. Combinations with immunotherapy
Studies have also explored the combination of PARPi 

with immunotherapy. It is important to note that cur-
rently, there is no FDA approval for immune check-
point inhibitors (ICI) specifically for PC, except for 
pembrolizumab's tissue-agnostic approval in tumors 
with a high tumor mutational burden (TMB) or mic-
rosatellite instability. However, emerging data on ICI 
suggest that certain patient populations may benefit 
from incorporating them into their treatment strate-
gies. The combination of PARPi and ICI has been in-
vestigated in several studies, with the hypothesis that 
PARPi-induced DNA damage may influence the tumor 
immune microenvironment [47].

Studies on tumors with high TMB have indicated 
that TMB can serve as a surrogate marker for neoan-
tigen load and potentially predict the response to ICI 
[57,58]. There is also evidence suggesting a potential 
association between high TMB and HRR [59]. There-

fore, combining PARPi with ICI appears to be a logical 
approach for targeting the responses of patients with 
HRR deficiency. Additionally, it is hypothesized that 
the DNA repair disruption caused by PARPi could en-
hance the neoantigen load, leading to increased TMB 
and potentially making tumors more susceptible to ICI 
therapy.

The KEYNOTE-365 study is a phase Ib/II trial in-
vestigating pembrolizumab in combination with other 
agents in patients with mCRPC who had previously 
received docetaxel chemotherapy [60]. HRR alterations 
were not mandatory for enrollment, but there were 
challenges in determining the HRR status due to issues 
with the circulating tumor DNA assay used. In cohort 
A, patients received pembrolizumab and olaparib. The 
study's primary endpoints were safety, PSA response 
rate of 50% (PSA50), and ORR as evaluated by an in-
dependent review. Out of the 102 treated patients, 29% 
were PD-L1 positive. A PSA50 response was observed 
in 15% of patients, with an ORR of 8.5% and a disease 
control rate of 26%. The median rPFS was 4.5 months, 
and the median OS was 14 months. Immune-mediated 
AEs occurred in 12 patients (12%), with approximately 
4% experiencing grade 3–5 toxicity.

Currently, the JAVELIN PARP Medley trial is un-
derway, investigating the combination of talazoparib 
and avelumab [61]. This trial follows a phase Ib/II bas-
ket design and includes patients with advanced solid 
tumors, including mCRPC, irrespective of HRR status. 
Patients enrolled in the trial receive a combination 
of avelumab and talazoparib. In the phase II trial's 
mCRPC cohort, no confirmed objective responses (OR) 
were reported; however, two out of 21 patients showed 
PSA responses. Among the HRR-positive mCRPC sub-
group, the ORR was 11.1%. These preliminary findings 
lay the groundwork for future clinical trials in this 
area.

3. Combinations with chemotherapy
The combination of PARPi and cytotoxic chemo-

therapy has been investigated to capitalize on the cy-
totoxic effects of chemotherapy in synthetic lethality. 
A small study involving 25 patients with mCRPC ex-
plored the combination of veliparib and temozolomide 
[62]. Eligible patients had experienced disease progres-
sion after at least one docetaxel-based chemotherapy 
regimen. The treatment regimen consisted of cycles of 
veliparib and temozolomide. The trial results indicated 
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tolerability but limited efficacy. No OR were observed, 
and only two out of 25 patients had a confirmed PSA 
decline of 30% or more. The study did not assess HRR 
status, and the lack of activity could be attributed to 
the absence of patient selection based on HRR status, 
the use of veliparib (which is relatively less potent 
compared to other PARPi), or the selection of temo-
zolomide (which is not commonly used as a cytotoxic 
agent in PC management). Currently, an ongoing trial 
is recruiting participants to evaluate the combination 
of talazoparib and temozolomide for the treatment of 
mCRPC (NCT04019327).

The use of a combination of chemotherapy and a 
PARPi in clinical studies is uncommon due to concerns 
about increased toxicity. However, the role of PARPi 
as maintenance therapy following cytotoxic treatment 
is currently being investigated. Two ongoing studies 
(NCT03442556 and NCT03263650) specifically address 
this question.

RESISTANCE TO PARPi

Despite the favorable treatment outcomes observed, 
a significant number of patients eventually develop 
resistance to PARPi. Acquired resistance mechanisms 
vary and include frame shift or nonsense mutations, 
multiple reversion mutations in HRR genes such as 
BRCA-1, BRCA-2, RAD51C, RAD51D, and PALB2, 
protection of DNA replication fork, expression of dif-
ferent BRCA-1 variants, and demethylation of promot-
er regions of BRCA-1 and RAD51C [63-65] Resistance to 
PARPi can also arise from mechanisms that promote 
the phosphorylation of PARP-1, leading to a reduction 
in PARP trapping [66]. Additionally, the presence of 
ABC transporters can diminish the effectiveness of 
PARPi [67]. Understanding these resistance mecha-
nisms, particularly PARPi's involvement in processes 
unrelated to DNA repair, is crucial for enhancing the 
efficacy of PARPi as anticancer agents and developing 
strategies to overcome resistance and enhance sensitiv-
ity to PARPi. Numerous studies have demonstrated 
that combining PARPi with other agents can improve 
therapeutic efficacy and overcome drug resistance. For 
instance, in the phase Ib/II KEYNOTE-365 study, the 
combination of olaparib and pembrolizumab exhibited 
anticancer efficacy and showed promising safety pro-
files in patients with mCRPC [68]. Another phase II 
trial revealed that patients who received the combina-

tion of olaparib and abiraterone had improved survival 
outcomes compared to those who received placebo plus 
abiraterone [69]. Moving forward, it will be crucial to 
focus on evaluating the potential of combining PARPi 
with additional drugs, creating more opportunities for 
the treatment of mCRPC.

CONCLUSION AND FUTURE 
PERSPECTIVE

PARPi represent the first therapeutic agent based on 
the synthetic lethal concept. The initial studies involv-
ing PARPi in PC marked the first biomarker-driven 
phase II-III trials in this field. Over the years, evidence-
based investigations have consistently demonstrated 
the efficacy and safety of PARPi, particularly in pa-
tients with mCRPC harboring HRR-related genetic 
mutations, with a particular emphasis on BRCA1/2 
mutations. As the first FDA-approved targeted therapy 
for biomarker-selected advanced PC patients, PARPi is 
currently indicated as monotherapy in the second-line 
setting or beyond.

Although defects in HRR genes have been identi-
fied in approximately 20% to 25% of advanced PC 
patients, the therapeutic implications of these defects 
are not yet fully elucidated. Research on PARPi has 
shown significant anti-tumor activity, but the optimal 
set of genetic markers to consider for patient selection 
remains unclear. Despite concerns regarding PARPi 
resistance, combination strategies have emerged as a 
potential means to circumvent or delay resistance de-
velopment. Furthermore, combination therapies offer 
a way to incorporate PARPi into patient management, 
even in the absence of underlying HRR alterations.

Future research endeavors should prioritize ad-
dressing crucial questions, such as identifying patient 
subgroups that can derive the greatest benefits from 
PARPi treatment, determining the optimal treatment 
stages for its implementation, and refining combina-
tion approaches. With ongoing clinical trials producing 
additional results, PARPi holds substantial promise as 
a treatment strategy that can be potentially employed 
across various stages of cancer progression.
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